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Today’s Plan  

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Vacuum Structure in Quantum Chromodynamics

• Strong CP Puzzle

• The Axion (continued)

• Axion Dark Matter

• Axion Experiments   
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The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

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

<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]

Recap: Replace theta parameter by dynamical theta field
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The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

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

• Can eliminate QCD    -parameter

by shift

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

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

<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>

Recap: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]
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The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only 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

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

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

<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]

Recap: Replace theta parameter by dynamical theta field

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

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]
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The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Add to SM Nambu-Goldstone field,                                        , respecting a non-linearly realized             sym-
metry (                                ), broken only 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: “axion”
• It is a pseudo Nambu-Goldstone boson with mass parametrically suppressed by inverse PQ scale:

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

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

<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]

[Weinberg 78; Wilczek 78]

Recap: Replace theta parameter by dynamical theta field

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Peccei,Quinn 77]



Page 7

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

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

[Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Coupling to the nucleon EDM
• Axion has a model-independent coupling to the

EDM of the nucleon:

• This is phenomenologically important for experi-
ments searching for axion dark matter via osci-
llating nucleon electric dipole moments such as
nEDM and CASPEr-electric

[Pospelov,Ritz 00]
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[adapted from https://github.com/cajohare/AxionLimits]
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Coupling to photons
• From mixing with the pion, the axion inherits at 

energy scales below the QCD scale, a model-
independent contribution to its coupling with two
photons:

• LO chiral perturbation theory:

• Precise NLO determination

• Phenomenologically important for experiments
searching for axions via coupling to photons

[Kaplan 85;Srednicki `85]

[Grilli di Cortona et al. `16]
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Coupling to nucleons
• From mixing with the pion, the axion inherits at 

energy scales below the QCD scale, a model-
independent contribution to its coupling with the
nucleon

• NLO chiral determination:

• Phenomenologically important for experiments
searching for axions via coupling to the nucleon

[Grilli di Cortona et al. `16]

10�
22
10�

21
10�

20
10�

19
10�

18
10�

17
10�

16
10�

15
10�

14
10�

13
10�

12
10�

11
10�

10
10�

9
10�

8
10�

7
10�

6
10�

5
10�

4
10�

3
10�

2

ma [eV]

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

|g
an

n|

KSVZDFSZ

Old comagnetometers
Old comagnetometers

NASDUCKNASDUCK
CASPEr-Z

ULF

CASPEr-Z
ULFCASPEr-comag.CASPEr-comag.

nn/nHgnn/nHg

SN1987ASN1987A

Neutron star coolingNeutron star cooling

K-3He comagnetometerK-3He comagnetometer

Torsion balanceTorsion balance
SNOSNO

10�
7
10�

6
10�

5
10�

4
10�

3
10�

2
10�

1
100

101
102

103
104

105
106

107
108

109
1010

1011
1012

na [Hz]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]



Page 11

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Add to SM a singlet complex scalar field   , featuring a spontaneously broken global              symmetry and a 
vector-like fermion                          in the fundamental of colour, singlet under                and neutral under 
hypercharge.

KSVZ model

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Add to SM a singlet complex scalar field   , featuring a spontaneously broken global              symmetry and a 
vector-like fermion                          in the fundamental of colour, singlet under                and neutral under 
hypercharge.

• Assuming that under               the fields transform as

the most general renormalizable Lagrangian can be written as

KSVZ model

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Kim 79;Shifman,Vainshtein,Zakharov 80]
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KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Decomposing the scalar field in polar coordinates,

we see that this model features three BSM particles

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Raffelt]
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• Decomposing the scalar field in polar coordinates,

we see that this model features three BSM particles

1. Excitation of Goldstone field          : massless at tree level

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Raffelt]
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• Decomposing the scalar field in polar coordinates,

we see that this model features three BSM particles

1. Excitation of Goldstone field          : massless at tree level

2. Excitation of radial field          :

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Raffelt]
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• Decomposing the scalar field in polar coordinates,

we see that this model features three BSM particles

1. Excitation of Goldstone field          : massless at tree level

2. Excitation of radial field          :
3. New fermion: 

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Raffelt]
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• Decomposing the scalar field in polar coordinates,

we see that this model features three BSM particles

1. Excitation of Goldstone field          : massless at tree level

2. Excitation of radial field          :
3. New fermion: 

• For large PQ breaking scale     , the latter two are 
heavy and may be integrated out, if we are only 
interested at the effective theory at energies much less 
than the breaking scale  

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Raffelt]
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• Integrate out        :

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

• However, because the fermionic measure is not invariant under axial transformations, cf. 

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Fujikawa 79]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

• However, because the fermionic measure is not invariant under axial transformations, one gets in addition to 
the standard mass term also an           term:

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

• However, because the fermionic measure is not invariant under axial transformations, one gets in addition to 
the standard mass term also an           term:

• Now we can also safely integrate out the heavy fermion:

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

• However, because the fermionic measure is not invariant under axial transformations, one gets in addition to 
the standard mass term also an           term:

• Now we can also safely integrate out the heavy fermion:

• The Goldstone field                acts like a dynamical theta parameter: it is an axion

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Integrate out        :

• Last term can be brought to the form of a standard mass term by performing the field-dependent axial 
transformation,                            , that is

• However, because the fermionic measure is not invariant under axial transformations, one gets in addition to 
the standard mass term also an           term:

• Now we can also safely integrate out the heavy fermion:

• The Goldstone field                acts like a dynamical theta parameter: it is an axion

• KSVZ axion has decay constant               and its couplings to SM are the model-ind. ones discussed earlier       

KSVZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• If the vector-like quark carries also a U(1)Y 

charge, then also model dep. photon coupling:

KSVZ-like models
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• If the vector-like quark carries also a U(1)Y 

charge, then also model dep. photon coupling:

KSVZ-like models
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• If the vector-like quark carries also a U(1)Y 

charge, then also model dep. photon coupling:

• Exploiting more general representations for
vector-like exotic fermion leads to a „band“ of
predictions of photon coupling at low energies:   

KSVZ-like models

[Di Luzio,Mescia,Nardi 18]
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• If the vector-like quark carries also a U(1)Y 

charge, then also model dep. photon coupling:

• Exploiting more general representations for
vector-like exotic fermion leads to a „band“ of
predictions of photon coupling at low energies:   

• There is only a finite number which do not lead
to Landau poles at high energies

KSVZ-like models

[Di Luzio,Mescia,Nardi 18]
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• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

KSVZ-like models
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• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

• Qualitative reasoning: 

KSVZ-like models
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• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

• Qualitative reasoning: 
• The Dirac quantisation condition implies a 

minimum magnetic charge of an Abelian
monopole:

KSVZ-like models
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• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

• Qualitative reasoning: 
• The Dirac quantisation condition implies a 

minimum magnetic charge of an Abelian
monopole:

• Expect an enhancement in the photon coupling
by a factor:   

KSVZ-like models
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• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

• Qualitative reasoning: 
• The Dirac quantisation condition implies a 

minimum magnetic charge of an Abelian
monopole:

• Expect an enhancement in the photon coupling
by a factor:   

• Detailed calculation in Quantum Electro-
Magneto-Dynamics (QEMD) using
formulation:

KSVZ-like models

[Zwanziger 71]

[Sokolov,AR 21]



Page 36

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• May expect enhanced photon coupling if exotic
quark carries a magnetic charge

• Qualitative reasoning: 
• The Dirac quantisation condition implies a 

minimum magnetic charge of an Abelian
monopole:

• Expect an enhancement in the photon coupling
by a factor:   

• Detailed calculation in Quantum Electro-
Magneto-Dynamics (QEMD) using
formulation:

KSVZ-like models

[Zwanziger 71]

[Sokolov,AR 21] [Sokolov,AR 21]
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DFSZ model [Zhitnitsky 80;Dine,Fischler,Srednicki 81]
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• Add to SM a singlet complex scalar field   , featuring a spontaneously broken global              symmetry and 
extend the Higgs sector of the SM to a two Higgs doublet model of type II

DFSZ model

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Zhitnitsky 80;Dine,Fischler,Srednicki 81]
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• Add to SM a singlet complex scalar field   , featuring a spontaneously broken global              symmetry and 
extend the Higgs sector of the SM to a two Higgs doublet model of type II

• Assume that the fields transform under              as

with

DFSZ model

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

<latexit sha1_base64="NmVndTQU43zLm69a0LKRuRljRg0=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrTNQb0YtHSFwhgQ3pli40tN217ZKQDb/Diwc1Xv0z3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0d3Mb42p0iyWD2aS0EDggWQRI9hYKfCr3nkv6yqBGs1pr1xxa+4caJV4OalAjkav/NXtxyQVVBrCsdYdz01MkGFlGOF0WuqmmiaYjPCAdiyVWFAdZPOjp+jMKn0UxcqWNGiu/p7IsNB6IkLbKbAZ6mVvJv7ndVITXQcZk0lqqCSLRVHKkYnRLAHUZ4oSwyeWYKKYvRWRIVaYGJtTyYbgLb+8SvyL2k3Na15W6rd5GkU4gVOoggdXUId7aIAPBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A70RkPo=</latexit>

[Zhitnitsky 80;Dine,Fischler,Srednicki 81]
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• Add to SM a singlet complex scalar field   , featuring a spontaneously broken global              symmetry and 
extend the Higgs sector of the SM to a two Higgs doublet model of type II

• Assume that the fields transform under              as

with

• Leaves Yukawa interactions of type II 2HDM,                                                                         , invariant.

DFSZ model
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• Effective Lagrangian at energies below EW symmetry breaking scale, but above QCD scale:

DFSZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]
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• Effective Lagrangian at energies below EW symmetry breaking scale, but above QCD scale:

• Effective Lagrangian at energies below QCD scale:

• Photon coupling:

• Nucleon coupling:  

DFSZ model [Kim 79;Shifman,Vainshtein,Zakharov 80]

[Grilli di Cortona et al. `16]
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• Gauge coupling unification needs at least one
intermediate scale; often discussed SSB chain:

SO(10) x U(1)PQ  GUT model

[Di Luzio `11]

10
6

10
9

10
12

10
15

20

30

40

50

[Ernst, AR, Tamarit, arXiv:1801.04906]



Page 44

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

• Gauge coupling unification needs at least one
intermediate scale; often discussed SSB chain:

• SO(10) GUT with three copies of automatically
features

• neutrino masses and mixing
• baryogenesis via leptogenesis

SO(10) x U(1)PQ  GUT model

• Most general Yukawas:

• SSB vevs:

• Fermion masses/mixing:
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• Gauge coupling unification needs at least one
intermediate scale; often discussed SSB chain:

• SO(10) GUT with three copies of automatically
features

• neutrino masses and mixing
• baryogenesis via leptogenesis

• PQ extension adds

• predictivity of fermion masses/mixing

• solution of strong CP problem
• DM candidate: axion

SO(10) x U(1)PQ  GUT model

• PQ symmetry imposed:

• Most general Yukawas:

• SSB vevs:

• Fermion masses/mixing:

<latexit sha1_base64="6gEWmCM7n00NWC395WX0G3m8tew="></latexit>
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SO(10) x U(1)PQ  GUT model

• Axion decay constant:

• From gauge coupling unification, assuming minimal 
scalar threshold corrections:
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SO(10) x U(1)PQ  GUT model

• Axion decay constant:

• From gauge coupling unification, assuming minimal 
scalar threshold corrections:

• Taking into account scalar threshold corrections
and constraints from black hole superradiance and
proton decay:
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SO(10) x U(1)PQ  GUT model

• Axion decay constant:

• From gauge coupling unification, assuming minimal 
scalar threshold corrections:

• Taking into account scalar threshold corrections
and constraints from black hole superradiance and
proton decay:

• May be probed by axion DM experiments
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ZN axion in mirror world extension of SM 
• We consider now      copies of the SM that are interchanged under a        symmetry which is non-linearly 

realized by the axion field: 

• The most general Lagrangian implementing this symmetry describes      mirror worlds whose couplings take 
exactly the same values as in the SM, with the exception of the effective   -parameter: for each copy the 
effective    value is shifted by           with respect to that in the neighbour    sector,

• Each            sector contributes to the axion potential, which in leading order chiral expansion reads

[Hook, arXiv:1802.10093]



Page 50

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

ZN axion in mirror world extension of SM 
• For      odd, strong CP problem solved: potential has     minima located at                             , for                

, , including the origin,  
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ZN axion in mirror world extension of SM 
• In the large     limit: 

• In particular:

• Mass exponentially smaller by factor                        as 
compared to the canonical axion mass        

0 10 20 30 40 50 60 70 80 90 100

Number of worlds N

10�16

10�14

10�12

10�10

10�8

10�6

10�4

10�2

100

102

ma

mQCD
a

Numerical result

Hook’s fit m2
af

2
a ' m2

⇡f2
⇡ 8 z

(1+z)2 (1/2)N

Holomorphicity bound

This work m2
af

2
a ' m2

⇡f2
⇡p

⇡

q
1�z
1+z N 3/2 zN

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]



Page 52

The Axion

| Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

ZN axion in mirror world extension of SM 
• Universal increase of axion couplings to SM by factor                     : 
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Stellar energy loss constraints
• Evolution of stars (Main Sequence – Red-Giant (RG) – Helium Burning (HB) – White Dwarf (WD)) sensitive 

to additional energy losses

[Copyright Addison Wesley]   
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[adapted from Irastorza `16]
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Stellar energy loss constraints

• Axions may be produced in stellar plasma by
Primakoff process
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[Giannotti `16]
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• Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

Stellar energy loss constraints
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• Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

• Number of HB stars vs. number of RGs in color-mag-
nitude diagram of globular clusters agrees with SM:

Stellar energy loss constraints

[Ayala et al. 14]   

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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• Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

• Number of HB stars vs. number of RGs in color-mag-
nitude diagram of globular clusters agrees with SM:

• Brightness of tip of RG branch in color-magnitude 
diagram of globular clusters agrees with SM:

• White dwarf luminosity function agrees with SM:

Stellar energy loss constraints

[Ayala et al. 14]   

[Capozzi,Raffelt 20;Straniero et al. 20]   

[Isern et al. 08-12]   

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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• Axions may be produced in stellar plasma by
Primakoff process or bremsstrahlung

• Number of HB stars vs. number of RGs in color-mag-
nitude diagram of globular clusters agrees with SM:

• Brightness of tip of RG branch in color-magnitude 
diagram of globular clusters agrees with SM:

• White dwarf luminosity function agrees with SM:

• Duration of neutrino burst of SN1987A and temperatu-
re evolution of neutron stars agees with SM: upper
bounds on nucleon couplings

Stellar energy loss constraints

[Ayala et al. 14]   

[Capozzi,Raffelt 20;Straniero et al. 20]   

[Isern et al. 08-12]   

[Raffelt 08;  Fischer et al. 16; Giannotti et al. 17; Chang et al. 18; Carenza et al. 19]   

[Keller,Sedrakian 13; Sedrakian 16; Hamaguchi et al. 18; Beznogov et al. 18]   
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[adapted from https://github.com/cajohare/AxionLimits]
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Astrophysical hints for axions

• There are hints from astrophysics which may ex-
plained 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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Astrophysical hints for axions

• There are hints from astrophysics which may ex-
plained by axions:

• Excessive energy losses of stars in various stages of
their evolution: may be explained by axion production
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• There are hints from astrophysics which may ex-
plained 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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• There are hints from astrophysics which may ex-
plained 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]

<latexit sha1_base64="(null)">(null)</latexit>

[Manuel Meyer 12]   

Astrophysical hints for axions


