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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>
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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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

Theta term in Quantum Chromodynamics

<latexit sha1_base64="56mMYK4vFoHiqxN30PXnwyydiHY="></latexit>

<latexit sha1_base64="/8jhPZ2sHMiqt6sDkLyrZnO1NDk="></latexit>
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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

<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>
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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

<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>
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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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
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<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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

<latexit sha1_base64="JjnrZ6wGyUGMQ+gveNXoFgaEz/w="></latexit>

[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]
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Strong CP Puzzle

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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

<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]

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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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="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]

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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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>



Page 16

Peccei-Quinn Extension of Standard Model

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Axion couplings to SM at energies below QCD scale

• „Invisible axion“: 

• Couplings to SM suppressed by inverse power of
• Since mass inversely proportional to decay constant: couplings proportional to mass

• Least model-dependent couplings:

• EDM coupling: 
• Photon coupling:
• Nucleon couplings:

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

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

[Grilli di Cortona et al. `16]
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Current Constraints on Axion Couplings

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Coupling to the photon

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01] [Axel Lindner]

a a

a a

a a

Laser shining through a wall (LSW) 

Sun shining through a wall (Helioscope) 

DM shining through a wall (Haloscope) 
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Current Constraints on Axion Couplings

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Coupling to protons and neutrons

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
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Constraints on Axion/ALP Couplings

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Coupling to the electron and the neutron EDM    

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
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Light-Shining-through-a-Wall Searches 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• Axion experiences mixing with photon in an external electromagnetic field

• Probability, that photon converted in axion after having traversed a distance in magnetic field: 

• For very light axion:

• Light-shining-through a wall: 

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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]
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Light-Shining-through-a-Wall Searches 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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:

[Ballou et al. 15]

[Ehret et al. 10]
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Light-Shining-through-a-Wall Searches 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

ALPS II at DESY

• HERA tunnel on about 300 m cleared

• 24 magnets straightened, tested and in-
stalled  

• Everything on track for data taking 
starting in fourth quarter of this year 
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Light-Shining-through-a-Wall Searches 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• ALPS II will probe previously uncharted territory, in particular part of parameter space relevant for astro hints:

[Irastorza, Redondo, 18]
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Light-Shining-through-a-Wall Searches

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Astrophysical hints for axions

• Apart from dark matter, there are also other hints
from astrophysics which may explained by axions:

• Excessive energy losses of stars in various stages of
their evolution

[Copyright Addison Wesley]

[Giannotti, Irastorza, Redondo, AR 15]
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Light-Shining-through-a-Wall Searches

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Astrophysical hints for axions

• Apart from dark matter, there are also other hints
from astrophysics which may explained by axions:

• Excessive energy losses of stars in various stages of
their evolution: may be explained by axion production
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[Giannotti et al.  17]
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Light-Shining-through-a-Wall Searches

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• Apart from dark matter, there are also other hints
from astrophysics which may explained by axions:

• Excessive energy losses of stars in various stages of
their evolution

• Excessive transparency of the universe for TeV gamma
rays

[Horns,Meyer 12]

Astrophysical hints for axions
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Light-Shining-through-a-Wall Searches

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• Apart from dark matter, there are also other hints
from astrophysics which may explained by axions

• Excessive energy losses of stars in various stages of
their evolution

• Excessive transparency of the universe for TeV gamma
rays: may be explained by photon axion conversion

[Meyer,Horns,Raue 13]
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[Manuel Meyer 12]   

Astrophysical hints for axions
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Searches for Solar Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• Flux of solar axions/ALPs produced by two photon process in core:

[adapted from Irastorza `16]
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[Giannotti `16]
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[Adriamonje et al. `07]
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Searches for Solar Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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]
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[adapted from Irastorza `16]

ALPs

[Redondo `13]
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Searches for Solar Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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

[adapted from Irastorza `16]

ALPs

Tra
nsverse m

agnetic
 fie

ld (B
)

X ra
y

X ra
y

dete
cto

r

[Sikivie 1983]
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Searches for Solar Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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

• Construction site: DESY

• Funded by DESY, CERN and

• 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• (Baby)IAXO probes meV mass axion:  

[Irastorza, Redondo, 18]
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Searches for Solar Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• (Baby)IAXO also sensitive to electron coupling hinted at by stellar energy losses: 

[Armengaud et al. 19]
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Axion or Axion-Like-Particle (ALP)? 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion:

[Irastorza, Redondo, 18]
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Axion or Axion-Like-Particle (ALP)? 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion

• In case of discovery by those experiments, it can still be an axion in models with

• increased values of , for fixed value of
• smaller values of , for fixed values of

[Di Luzio, Gavela, Quilez, AR 2102.00012]

[Di Luzio et al. 16, Farina et al. 16, Agrawal et al. 17]

[Hook 18, Di Luzio et al. 21]
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Axion or Axion-Like-Particle (ALP)? 

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• (Most of) Parameter range accessible by ALPS II (BabyIAXO) seems far away from expectation for axion

• In case of discovery by those experiments, it can still be an axion in models with

• increased values of , for fixed value of
• smaller values of , for fixed values of

[Di Luzio et al. 16, Farina et al. 16, Agrawal et al. 17]

[Hook 18, Di Luzio et al. 21]
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Production via misalignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

[Peking University]
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Production via misalignment 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

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Production via misalignment 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:

• 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 decay constant

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Tamarit]   
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Production via misalignment 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:

• 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 decay constant

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Post-inflationary PQ SSB scenario

• If PQ symmetry broken after inflation, need to
average over random initial axion field values: 

• Observed CDM abundance puts lower bound on 
axion mass: 
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[Borsanyi et al., Nature `16 [1606.0794]]

[Tamarit]   
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Post-inflationary PQ SSB scenario

• If PQ symmetry broken after inflation, need to
average over random initial axion field values: 

• Observed CDM abundance puts lower bound on 
axion mass: 

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

• Very active research field: 
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[Hiramatsu et al. ]   

[Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa `16; 
Klaer,Moore `17; Gorghetto,Hardy,Villadoro `18; Buschmann et al. 19; 
Hindmarsh 19; Gorghetto,Hardy,Villadoro ‘20]

[Borsanyi et al., Nature `16 [1606.0794]]
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Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Dark Matter axion mass spans a huge range

[Saikawa]   
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

[Budker et al. 14]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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 

• In phase III: probes axion dark matter in mass range
predicted by GUTs

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

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

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>

CASPEr-Electric

[Ernst,Di Luzio,AR,Tamarit 18]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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 

• In phase III: probes axion dark matter in mass range
predicted by GUTs

• In phase I and II: probes ZN axion dark matter  

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit> <latexit sha1_base64="rnAJOIRW4tXRkGSGo+PiNtctXOM=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMi6DFEBI8RzAKZMfR0KkmTnoXummAYcvHir3jxoIhX/8Gbf2NnOWjig4LHe1VU1QsSKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVo2AaZAigioKlNBIFLAwkFAP+ldjvz4ApUUc3eEwAT9k3Uh0BGdopJZ95A2A03Ir81RI4QFHXgIqodf3HtPYsgtO0ZmALhJ3RgpkhkrL/vLaMU9DiJBLpnXTdRL0M6ZQcAmjvJdqSBjvsy40DY1YCNrPJl+M6IlR2rQTK1MR0on6eyJjodbDMDCdIcOenvfG4n9eM8XOpZ+JKEkRIj5d1EklxZiOI6FtoYCjHBrCuBLmVsp7TDGOJri8CcGdf3mR1M6KrlN0b88LpfIsjhw5JMfklLjkgpTIDamQKuHkkTyTV/JmPVkv1rv1MW1dsmYzB+QPrM8f/G6YPA==</latexit>

<latexit sha1_base64="duWbqEA34Z/lM7hFvr7p+Q6ZRxY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GOpF48V7Ac0IWy203bp7ibsbool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxMNnEloGWY4dFMFRMQcOvH4bu53JqA0S+SjmaYQCjKUbMAoMVaKXDeYAMWNKA+UwPBkZpFb9WreAnid+AWpogLNyP0K+gnNBEhDOdG653upCXOiDKMcZpUg05ASOiZD6FkqiQAd5ovLZ/jCKn08SJQtafBC/T2RE6H1VMS2UxAz0qveXPzP62VmcBvmTKaZAUmXiwYZxybB8xhwnymghk8tIVQxeyumI6IINTasig3BX315nbSvar5X8x+uq/VGEUcZnaFzdIl8dIPq6B41UQtRNEHP6BW9Obnz4rw7H8vWklPMnKI/cD5/ABSvk0o=</latexit>

<latexit sha1_base64="HSfWR/KrHb4xgxypQ8fU7ZrpLIc=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpgl6EUi8eRCrYD2hC2Gyn7dLdJOxuxBJ69OJf8eJBEa/+BG/+G5M2B219MPB4b4aZeX7EmdKW9W0UlpZXVteK66WNza3tHXN3r6XCWFJo0pCHsuMTBZwF0NRMc+hEEojwObT90WXmt+9BKhYGd3ocgSvIIGB9RolOJc88dEIBA+Jd4wtcxY6IvRtc9xJHCgwPelLyzLJVsabAi8TOSRnlaHjml9MLaSwg0JQTpbq2FWk3IVIzymFScmIFEaEjMoBuSgMiQLnJ9JEJPk6VHu6HMq1A46n6eyIhQqmx8NNOQfRQzXuZ+J/XjXX/3E1YEMUaAjpb1I851iHOUsE9JoFqPk4JoZKlt2I6JJJQnWaXhWDPv7xIWtWKbVXs29NyrZ7HUUQH6AidIBudoRq6Qg3URBQ9omf0it6MJ+PFeDc+Zq0FI5/ZR39gfP4AGGaYGg==</latexit>

<latexit sha1_base64="xKOoMqGlx0jN++DcAYuVs0suEws=">AAACFHicbZDJSgNBEIZ7XGPcoh69NAYhIoQZEfQYFMGTRDQLZGLo6akkTXoWumsCYchDePFVvHhQxKsHb76NneWgiT80fPxVRXX9XiyFRtv+thYWl5ZXVjNr2fWNza3t3M5uVUeJ4lDhkYxU3WMapAihggIl1GMFLPAk1Lze5ahe64PSIgrvcRBDM2CdULQFZ2isVu7YhVgLafCOun3g1G/dFPDI5X6EE+PqIXWZxiHNtnJ5u2iPRefBmUKeTFVu5b5cP+JJACFyybRuOHaMzZQpFFzCMOsmGmLGe6wDDYMhC0A30/FRQ3poHJ+2I2VeiHTs/p5IWaD1IPBMZ8Cwq2drI/O/WiPB9nkzFWGcIIR8sqidSIoRHSVEfaGAoxwYYFwJ81fKu0wxjibHUQjO7MnzUD0pOnbRuT3Nly6mcWTIPjkgBeKQM1Ii16RMKoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sj5/AMTynVo=</latexit>

<latexit sha1_base64="wpl4asMsv8SoAaTc1JOIQ1MSsPA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7AcksWy2m3bpZjfsTgol9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkpr6xubW+Xtys7u3v5B9fCobVSmKWtRJZTuRsQwwSVrAQfBuqlmJIkE60Sj25nfGTNtuJKPMElZmJCB5DGnBKzkB2NG8d1TQAz0qjW37s6BV4lXkBoq0OxVv4K+olnCJFBBjPE9N4UwJxo4FWxaCTLDUkJHZMB8SyVJmAnz+clTfGaVPo6VtiUBz9XfEzlJjJkkke1MCAzNsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/cZ9rRkFMLCFUc3srpkOiCQWbUsWG4C2/vEraF3XPrXsPl7XGTRFHGZ2gU3SOPHSFGugeNVELUaTQM3pFbw44L86787FoLTnFzDH6A+fzB8b9kOk=</latexit>

[Graham,Rajendran 13; Budker et al. 14]

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

<latexit sha1_base64="hR9fWeftDG5REBfTunJ1tP+oMKw=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EaI2lhYRDAfkJzH3mYvWbK7d+zuKeHI/7CxUMTW/2Lnv3GTXKGJDwYe780wMy9MONPGdb+dwtLyyupacb20sbm1vVPe3WvqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ6vJ37rkSrNYnlvRgn1Be5LFjGCjZUeurGgfRzcogskgsugXHGr7hRokXg5qUCOelD+6vZikgoqDeFY647nJsbPsDKMcDoudVNNE0yGuE87lkosqPaz6dVjdGSVHopiZUsaNFV/T2RYaD0Soe0U2Az0vDcR//M6qYnO/YzJJDVUktmiKOXIxGgSAeoxRYnhI0swUczeisgAK0yMDapkQ/DmX14kzZOq51a9u9NK7SqPowgHcAjH4MEZ1OAG6tAAAgqe4RXenCfnxXl3PmatBSef2Yc/cD5/ACsukaA=</latexit>

<latexit sha1_base64="j6OfP57Vr/0BZnAq3pewxQ66ldg="></latexit>
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[Di Luzio, Gavela, Quilez, AR 2102.00012]

[Di Luzio, Gavela, Quilez, AR 2102.00012]
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| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

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

[Salemi ‘21]
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| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

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

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Salemi ‘21]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Searching for Axion-induced Magnetic Fields

• Toroidal (solenoidal) magnet with fixed field B0:

• Axion DM generates oscillating effective current
Jeff parallel to B0

• ... generating oscillating magnetic flux Ba through
center (azimuthal magnetic flux)

• ... which can be read out by pickup structure

• Pathfinder experiments:

• ABRACADABRA
• ADMX SLIC
• SHAFT

• DM-Radio Cubic Meter Consortium: aims to reach the
canonical axion band, even reaching predictions from
GUTs

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

[Ouellet et al. 19]

[Crisosto et al. 20]

[Gramolin et al. 21]

[Salemi ‘21]

[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Microwave Cavities

• Currently running:

• ADMX

• CAPP
• HAYSTACK
• ORGAN
• QUAX

• Projected to probe deep into
the axion band in the mass
range between 1 and 40 micro-
eV 

[adapted from Lindner,Majorovits,AR, to appear]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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

• 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

• Dish antenna for photon signal
concentration

• Broadband acquisition (16 GHz 
bandwidth, 107 channels)        
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Dish Antennas

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

[Le Hoang Nguyen, Patras Workshop 2019]



Page 61

Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Dish Antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   
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Searches for Dark Matter Axions

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

Dish Antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Dish Antennas

• MADMAX projected to probe deep into axion band in the mass range prefered by the post-inflationary PQ 
symmetry breaking scenario:  

[Lindner,Majorovits,AR, to appear]
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Searches for Dark Matter Axions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Dish Antennas

• MADMAX prototype can already probe ZN axion:
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Conclusions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• 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 parameter space will be tackled in the upcoming decade by a number of terrestrial
experiments: 

• Light-shining-through-a-wall experiments (ALPS II, ...)
• Solar axion searches ((Baby)IAXO, ...)
• Axion dark matter searches (ADMX, BRASS, CAPP, CASPEr, DM RADIO, HAYSTAC, MADMAX, ORGAN, QUAX, ...) 

• 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 Axion Mediated Forces

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

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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Searches for FCNC Interactions

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

• Introduce right-handed singlet neutrinos       and 
complex scalar field      with flavor-dependent spon-
taneously broken global chiral               Froggatt-
Nielsen (FN)  symmetry

• Explains SM fermionic mass hierarchies and mixings 
by FN mechanism

• Explains neutrino masses and mixing by seesaw
• FN symmetry is at the same time a PQ symmetry

• Nambu-Goldstone boson of FN breaking solves also 
strong CP problem (“axion”): “flaxion” or “axiflavon” 

• Flaxion has flavor changing neutral current (FCNC)  
interactions
• Currently best bound from    

Minimal flavored SMASH 
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• Flaxion properties:

• Decay constant: 

• Typically large domain wall number 
• Viable example:

• Coupling to photon:

• For example above:

• NA62: reach in decay constant increased by order of 
magnitude!
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Indirect Detection of Axion Dark Matter

| The Hunt for the Axion | Andreas Ringwald, GGI Tea Break Web-Seminar,  03 Februay 2021

Telescope searches 

• In presence of axion DM, monochromatic radio
signals are emitted from neutron stars (NSs) due 
to axion-photon conversion within high magnetic
field regions in NS magnetosphere

• Forthcoming radiotelescopes such as SKA can
search for those

• In dwarf spheroidal magnetic fields expected to
be small enough that monochromatic radio line
due to axion DM decay dominates over signal
due to axion-photon conversion in magnetic field

• SKA sensitivity not enough to probe QCD axion DM, 
but sufficient for ALP DM  

[Huang et al. `18; Hook et al. `18]
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Telescope searches 

• In presence of axion DM, monochromatic radio
signals are emitted from neutron stars (NSs) due 
to axion-photon conversion within high magnetic
field regions in NS magnetosphere

• Forthcoming radiotelescopes such as SKA can
search for those

• In dwarf spheroidal magnetic fields expected to
be small enough that monochromatic radio line
due to axion DM decay dominates over signal
due to axion-photon conversion in magnetic field

• SKA sensitivity not enough to probe QCD axion DM, 
but sufficient for ALP DM  

[Huang et al. `18; Hook et al. `18]

[Caputo et al. `18]
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