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Strong CP Problem

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• Most general gauge invariant Lagrangian of QCD:

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

Theta term in QCD 

<latexit sha1_base64="Aq4h1UpMqEJoTapE20RtphYs33A=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gGdoWTSTBuaSYbkTqEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OlApuwPO+ncrG5tb2TnW3trd/cHjkHp90jMo0ZW2qhNK9iBgmuGRt4CBYL9WMJJFg3WhyX/jdKdOGK/kEs5SFCRlJHnNKwEoD1w2UtYs0DmDMgAzcutfwFsDrxC9JHZVoDdyvYKholjAJVBBj+r6XQpgTDZwKNq8FmWEpoRMyYn1LJUmYCfPF5XN8YZUhjpW2TwJeqL8TOUmMmSWRnUwIjM2qV4j/ef0M4tsw5zLNgEm6XBRnAoPCRQ14yDWjIGaWEKq5vRXTMdGEgi2rZkvwV7+8TjpXDd9r+I/X9eZdWUcVnaFzdIl8dIOa6AG1UBtRNEXP6BW9Obnz4rw7H8vRilNmTtEfOJ8/l1uTnQ==</latexit>

<latexit sha1_base64="Foc0ICd51YK0uvVP03daZ34sxck="></latexit>

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• Most general gauge invariant Lagrangian of QCD:

• Parameters: strong coupling , quark masses and theta angle  

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

• Most sensitive probe of P and T 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 QCD 

<latexit sha1_base64="Aq4h1UpMqEJoTapE20RtphYs33A=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gGdoWTSTBuaSYbkTqEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OlApuwPO+ncrG5tb2TnW3trd/cHjkHp90jMo0ZW2qhNK9iBgmuGRt4CBYL9WMJJFg3WhyX/jdKdOGK/kEs5SFCRlJHnNKwEoD1w2UtYs0DmDMgAzcutfwFsDrxC9JHZVoDdyvYKholjAJVBBj+r6XQpgTDZwKNq8FmWEpoRMyYn1LJUmYCfPF5XN8YZUhjpW2TwJeqL8TOUmMmSWRnUwIjM2qV4j/ef0M4tsw5zLNgEm6XBRnAoPCRQ14yDWjIGaWEKq5vRXTMdGEgi2rZkvwV7+8TjpXDd9r+I/X9eZdWUcVnaFzdIl8dIOa6AG1UBtRNEXP6BW9Obnz4rw7H8vRilNmTtEfOJ8/l1uTnQ==</latexit>

<latexit sha1_base64="Foc0ICd51YK0uvVP03daZ34sxck="></latexit>



Page 4

Strong CP Problem

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• Most general gauge invariant Lagrangian of QCD:

• Parameters: strong coupling , quark masses and theta angle  

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

• Most sensitive probe of P and T 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

[Baker et al. 06]

Theta term in QCD 

<latexit sha1_base64="Aq4h1UpMqEJoTapE20RtphYs33A=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gGdoWTSTBuaSYbkTqEM/RM3LhRx65+482/MtLPQ1gOBwzn3cG9OlApuwPO+ncrG5tb2TnW3trd/cHjkHp90jMo0ZW2qhNK9iBgmuGRt4CBYL9WMJJFg3WhyX/jdKdOGK/kEs5SFCRlJHnNKwEoD1w2UtYs0DmDMgAzcutfwFsDrxC9JHZVoDdyvYKholjAJVBBj+r6XQpgTDZwKNq8FmWEpoRMyYn1LJUmYCfPF5XN8YZUhjpW2TwJeqL8TOUmMmSWRnUwIjM2qV4j/ef0M4tsw5zLNgEm6XBRnAoPCRQ14yDWjIGaWEKq5vRXTMdGEgi2rZkvwV7+8TjpXDd9r+I/X9eZdWUcVnaFzdIl8dIOa6AG1UBtRNEXP6BW9Obnz4rw7H8vRilNmTtEfOJ8/l1uTnQ==</latexit>

<latexit sha1_base64="Foc0ICd51YK0uvVP03daZ34sxck="></latexit>

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

[Crewther et al. 79;...; Pospelov,Ritz 00]

<latexit sha1_base64="fXSMhoY+E95/6tnSSdA65R/cDyA="></latexit>
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Axionic Solution of Strong CP Puzzle

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• 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 …
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Axionic Solution of Strong CP Puzzle

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• 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

<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>

In a nutshell …
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Axionic Solution of Strong CP Puzzle

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• 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

<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>
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[Peccei,Quinn 77]
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<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 …

<latexit sha1_base64="of35sCfJyPJOXBMsrvZuyHvx3b4="></latexit>

<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]
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Axionic Solution of Strong CP Puzzle

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• 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]

[Weinberg 78; Wilczek 78]

In a nutshell …
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Peccei-Quinn Extension of Standard Model

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• A singlet complex scalar field   , featuring a global            
symmetry, is added to SM 

• Symmetry is broken by vev

• Excitation of modulus: 

• Excitation of phase: NGB

UV completions of SM yielding axion  

U(1)PQ

<latexit sha1_base64="DU6ANE38KbAm8i3i0TyaKmtVs/U=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXcXQRshaGOZgHlAdhNmJ5NkyMzsMjMbCJv8g42/YmOhiK2NnX/jJNlCEw9cOJxzL/feE8aMKu0439bK6tr6xmZuK7+9s7u3bx8c1lSUSEyqOGKRbIRIEUYFqWqqGWnEkiAeMlIPB3dTvz4kUtFIPOhRTAKOeoJ2KUbaSG373GdI9BiBY1/RHkfjlufLuXIDh+3UlxyWK5OWd+G17YJTdGaAy8TNSAFkKLftL78T4YQToTFDSjVdJ9ZBiqSmmJFJ3k8UiREeoB5pGioQJypIZz9N4KlROrAbSVNCw5n6eyJFXKkRD00nR7qvFr2p+J/XTHT3OkipiBNNBJ4v6iYM6ghOA4IdKgnWbGQIwpKaWyHuI4mwNjHmTQju4svLpOYVXafoVi4Lpdssjhw4BifgDLjgCpTAPSiDKsDgETyDV/BmPVkv1rv1MW9dsbKZI/AH1ucPgy6dPw==</latexit>

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

[Raffelt]



Page 10

Peccei-Quinn Extension of Standard Model

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• A singlet complex scalar field   , featuring a global            
symmetry, is added to SM 

• Symmetry is broken by vev

• Excitation of modulus: 

• Excitation of phase: NGB

• Colored fermions (SM or extra) carry PQ charges such 
that             is broken due to gluonic triangle anomaly:

UV completions of SM yielding axion  

U(1)PQ

<latexit sha1_base64="DU6ANE38KbAm8i3i0TyaKmtVs/U=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXcXQRshaGOZgHlAdhNmJ5NkyMzsMjMbCJv8g42/YmOhiK2NnX/jJNlCEw9cOJxzL/feE8aMKu0439bK6tr6xmZuK7+9s7u3bx8c1lSUSEyqOGKRbIRIEUYFqWqqGWnEkiAeMlIPB3dTvz4kUtFIPOhRTAKOeoJ2KUbaSG373GdI9BiBY1/RHkfjlufLuXIDh+3UlxyWK5OWd+G17YJTdGaAy8TNSAFkKLftL78T4YQToTFDSjVdJ9ZBiqSmmJFJ3k8UiREeoB5pGioQJypIZz9N4KlROrAbSVNCw5n6eyJFXKkRD00nR7qvFr2p+J/XTHT3OkipiBNNBJ4v6iYM6ghOA4IdKgnWbGQIwpKaWyHuI4mwNjHmTQju4svLpOYVXafoVi4Lpdssjhw4BifgDLjgCpTAPSiDKsDgETyDV/BmPVkv1rv1MW9dsbKZI/AH1ucPgy6dPw==</latexit>

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

U(1)PQ

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• A singlet complex scalar field   , featuring a global            
symmetry, is added to SM 

• Symmetry is broken by vev

• Excitation of modulus: 

• Excitation of phase: NGB

• Colored fermions (SM or extra) carry PQ charges such 
that             is broken due to gluonic triangle anomaly:

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

UV completions of SM yielding axion  

U(1)PQ

<latexit sha1_base64="DU6ANE38KbAm8i3i0TyaKmtVs/U=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXcXQRshaGOZgHlAdhNmJ5NkyMzsMjMbCJv8g42/YmOhiK2NnX/jJNlCEw9cOJxzL/feE8aMKu0439bK6tr6xmZuK7+9s7u3bx8c1lSUSEyqOGKRbIRIEUYFqWqqGWnEkiAeMlIPB3dTvz4kUtFIPOhRTAKOeoJ2KUbaSG373GdI9BiBY1/RHkfjlufLuXIDh+3UlxyWK5OWd+G17YJTdGaAy8TNSAFkKLftL78T4YQToTFDSjVdJ9ZBiqSmmJFJ3k8UiREeoB5pGioQJypIZz9N4KlROrAbSVNCw5n6eyJFXKkRD00nR7qvFr2p+J/XTHT3OkipiBNNBJ4v6iYM6ghOA4IdKgnWbGQIwpKaWyHuI4mwNjHmTQju4svLpOYVXafoVi4Lpdssjhw4BifgDLjgCpTAPSiDKsDgETyDV/BmPVkv1rv1MW9dsbKZI/AH1ucPgy6dPw==</latexit>

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

U(1)PQ

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

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

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

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Axion couplings to SM at energies below QCD scale

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

• EDM coupling: 

• Photon coupling:

• Nucleon couplings:

• Electron coupling very model-dependent

• Strong CP problem solved for any value of !            

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

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

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

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

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

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



Page 13

Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• Later 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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

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

• QCD input from lattice: 

• Equation of state

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

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

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

• QCD input from lattice: 

• Equation of state

• Topological susceptibility

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

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

[Borsanyi et al., Nature `16 [1606.0794]]
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<latexit sha1_base64="imnYfAHbSMeWGFnUXl5iXM41JUI=">AAACGXicbVDJSgNBEO2JW4zbqEcvjUGIlzAjgl6ERC8eo2SDTBh6Oj1Jk57F7holDPMbXvwVLx4U8agn/8bOctDEBwWP96qoqufFgiuwrG8jt7S8srqWXy9sbG5t75i7e00VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vOHV2G/dM6l4FNZhFLNuQPoh9zkloCXXtJxb3h8AkTJ6wIFbLdWP8QV2fElo6qg7CalDBxxrOctS361mrlm0ytYEeJHYM1JEM9Rc89PpRTQJWAhUEKU6thVDNyUSOBUsKziJYjGhQ9JnHU1DEjDVTSefZfhIKz3sR1JXCHii/p5ISaDUKPB0Z0BgoOa9sfif10nAP++mPIwTYCGdLvITgSHC45hwj0tGQYw0IVRyfSumA6JTAR1mQYdgz7+8SJonZdsq2zenxcrlLI48OkCHqIRsdIYq6BrVUANR9Iie0St6M56MF+Pd+Ji25ozZzD76A+PrByHKn8A=</latexit>
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Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Pre-inflationary PQ SSB scenario

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

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Saikawa]   
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Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Pre-inflationary PQ SSB scenario

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

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

• Upper bound on scale of inflation from isocurvature
fluctuations produced by the axion during inflation
and not erased afterwards:

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Wilczek,Turner `91; Beltran et al. 06; 
Hertzberg,Tegmark,Wilczek 08; Visinelli,Gondolo 09; 
Hamann et al. 09; Wantz,Shellard 09]

<latexit sha1_base64="ORc0iHq91//QpQEwzjn2/SxmACk="></latexit>
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Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for
<latexit sha1_base64="1RW9OYUF8Golb9iE5oPl7AvzW9M="></latexit>

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Saikawa]   

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

• Axions also produced by collapse of network of 

topological defects – strings and domain-walls –

• Need field theoretic simulations to determine their 

contribution to dark matter

<latexit sha1_base64="1RW9OYUF8Golb9iE5oPl7AvzW9M="></latexit>

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Hiramatsu et al. ]   

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

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Post-inflationary PQ SSB scenario

• For           , exploiting results from field theoretic lattice simulations, updated to latest determination of 
topological susceptibility, find CDM explained for     

• Still large unknown theoretical error because simulations can be done only at unrealistic values of string tension

• Result from new simulation technique designed to work directly at high string tension: 

• Evolution of axion spectrum crucial for reliable estimate of axion abundance from strings

• For           , domain wall problem can be avoided if PQ symmetry explicitely broken, e.g. by Planck 
suppressed operators,                                     , for                 , 

• May postulate discrete symmetry to forbid lower dimensional operators

• A DFSZ axion (            ) in this mass range explains excessive stellar energy losses 

<latexit sha1_base64="6wGQuvIK7VBsZA4LPr2h+UsvHZo="></latexit>

<latexit sha1_base64="L/a6SVDhWYsq/wG18Yt+8TsyEQ4=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoVJCS1qBuh6sZlBfuAJoTJdNoOnZmEmYlQQn/Ajb/ixoUibt27829M2iy09cCFwzn3cu89QcSo0rb9bSwsLi2vrBbWiusbm1vb5s5uU4WxxKSBQxbKdoAUYVSQhqaakXYkCeIBI61geJP5rQciFQ3FvR5FxOOoL2iPYqRTyTcPuX91Wa6cWRXoRhyeWtVj98TlceJKDklzXMzgmyXbsieA88TJSQnkqPvml9sNccyJ0JghpTqOHWkvQVJTzMi46MaKRAgPUZ90UioQJ8pLJt+M4VGqdGEvlGkJDSfq74kEcaVGPEg7OdIDNetl4n9eJ9a9Cy+hIoo1EXi6qBczqEOYRQO7VBKs2SglCEua3grxAEmEdRpgFoIz+/I8aVYsx7acu2qpdp3HUQD74ACUgQPOQQ3cgjpoAAwewTN4BW/Gk/FivBsf09YFI5/ZA39gfP4AwSmXig==</latexit>

[Hiramatsu et al. 11,12,13; 
Kawasaki,Saikawa,Segikuchi 15;
Borsanyi et al. 16;
Ballesteros et al. 16]

[Klaer,Moore `17]   

<latexit sha1_base64="2gnA0ReVJzWjeYqL8fzZShOi/j4="></latexit>

[Kawasaki,Saikawa,Sekiguchi `15;
AR,Saikawa `16]       

e.g. [Dias et al. `14]   

<latexit sha1_base64="MxYLVlmwyySr3Rr75XX63gJybWw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KomIHweh6MWTVDS20Iay2W7bpZtN2J0IJfQnePGg4tV/5M1/47bNQVsfDDzem2FmXphIYdB1v52FxaXlldXCWnF9Y3Nru7Sz+2jiVDPus1jGuhFSw6VQ3EeBkjcSzWkUSl4PB9djv/7EtRGxesBhwoOI9pToCkbRSve3l6ftUtmtuBOQeeLlpAw5au3SV6sTszTiCpmkxjQ9N8EgoxoFk3xUbKWGJ5QNaI83LVU04ibIJqeOyKFVOqQba1sKyUT9PZHRyJhhFNrOiGLfzHpj8T+vmWL3PMiESlLkik0XdVNJMCbjv0lHaM5QDi2hTAt7K2F9qilDm07RhuDNvjxP/OPKRcW7OylXr/I0CrAPB3AEHpxBFW6gBj4w6MEzvMKbI50X5935mLYuOPnMHvyB8/kDDaqNLQ==</latexit>

[Giannotti,Irastorza,Redondo,AR,Saikawa`17]       

[Gorghetto,Hardy,Villadoro `18]   
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Summary 

• Dark-matter axion mass spans a huge range:

• Particularly well-motivated range: 
<latexit sha1_base64="Tx07CLfvB3t1pc9Jn0bPgQaNJd4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRiyep0C9oQtlsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZIrRFEp6oboQ15UzSlmGG026qKBYRp51ofD/3OxOqNEtk00xTGgo8lCxmBBsr9V03D5RAj0mAmplkcjjru1Wv5i2A1olfkCoUaPTdr2CQkExQaQjHWvd8LzVhjpVhhNNZJcg0TTEZ4yHtWSqxoDrMF5fP0IVVBihOlC1p0EL9PZFjofVURLZTYDPSq95c/M/rZSa+DXMm08xQSZaL4owjk6B5DGjAFCWGTy3BRDF7KyIjrDAxNqyKDcFffXmdtK9qvlfzn66r9bsijjKcwTlcgg83UIcHaEALCEzgGV7hzcmdF+fd+Vi2lpxi5hT+wPn8ARhAk0w=</latexit>
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| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Reminder ... 

• KSVZ-type extension of SM plus three SM singlet
neutrinos, getting their Majorana masses also through
PQ vev

• no strong CP problem
• dark matter
• inflation
• neutrino masses and mixing

• baryogenesis via leptogenesis

SM*Axion*Seesaw*Higgs Portal Inflation

[Shin `88 ; Dias et al. `14; Ballesteros et al. `16]

<latexit sha1_base64="tMKcSvxKQ0MsCGp3i51WcsONuJ8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C1YvHCvYD2nXJptk2NMkuSbZSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408Z1v53Cyura+kZxs7S1vbO7V94/aOo4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVDm+nfmtElWaxfDDjhPoC9yWLGMHGSo+joKtZX2B0haLgOihX3Ko7A1omXk4qkKMelL+6vZikgkpDONa647mJ8TOsDCOcTkrdVNMEkyHu046lEguq/Wx29QSdWKWHoljZkgbN1N8TGRZaj0VoOwU2A73oTcX/vE5qoks/YzJJDZVkvihKOTIxmkaAekxRYvjYEkwUs7ciMsAKE2ODKtkQvMWXl0nzrOq5Ve/+vFK7yeMowhEcwyl4cAE1uIM6NICAgmd4hTfnyXlx3p2PeWvByWcO4Q+czx9t0ZHL</latexit>
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Non-Minimal Chaotic PQ Modulus Inflation

• Mixture of PQ modulus,                   , with Higgs

modulus is viable inflaton candidate, if it has non-

minimal coupling to gravity,

with

[ Ballesteros et al. `16]

[Ballesteros,Redondo, AR,Tamarit `16]

<latexit sha1_base64="6Ft3d45d7m/rbb8JBzXmADy5eCA=">AAACJXicbVBLSwMxEM7WV62vVY9egkXwVHaLogeRopceK9gHdNeSTdM2NPtoMiuWpX/Gi3/FiweLCJ78K2bbPWjrQJiPb+abzHxeJLgCy/oyciura+sb+c3C1vbO7p65f9BQYSwpq9NQhLLlEcUED1gdOAjWiiQjvidY0xvepvXmI5OKh8E9jCPm+qQf8B6nBDTVMa+cJ95xFO/7BOvksxEuO6Czwrb1cK65kYTEEXpil2SNE3yNU1m1YxatkjULvAzsDBRRFrWOOXW6IY19FgAVRKm2bUXgJkQCp4JNCk6sWETokPRZW8OA6D3cZHblBJ9opot7odQvADxjfysS4is19j3d6RMYqMVaSv5Xa8fQu3QTHkQxsIDOP+rFAkOIU8twl0tGQYw1IFRyvSumAyIJBW1sQZtgL568DBrlkm2V7LuzYuUmsyOPjtAxOkU2ukAVVEU1VEcUPaNX9I6mxovxZnwYn/PWnJFpDtGfML5/AKR4pLQ=</latexit>

CMB-S4 (r=0.01)
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Non-Minimal Chaotic PQ Modulus Inflation

• Mixture of PQ modulus,                   , with Higgs
modulus is viable inflaton candidate, if it has non-
minimal coupling to gravity,

with

• Very predictive reheating: 

• For , PQ symmetry restored after 
inflation already in preheating stage

• Dark-matter axion mass: 

<latexit sha1_base64="hsgKwjPgytHR/flZP7zEMXB/aDU=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBg5SsiHqsetBjBfsBTS2b7aRdupuE3Y1QQq5e/CtePCji1X/gzX9j0vagrQ8GHu/NMDPPiwTXxnG+rcLC4tLySnG1tLa+sbllb+80dBgrBnUWilC1PKpB8ADqhhsBrUgBlZ6Apje8yv3mAyjNw+DOjCLoSNoPuM8ZNZnUtbHfvXAFaK25xMS5T8hp6h4lrpL4GhppqdS1y07FGQPPEzIlZTRFrWt/ub2QxRICwwTVuk2cyHQSqgxnAtKSG2uIKBvSPrQzGlAJupOMP0nxQab0sB+qrAKDx+rviYRKrUfSyzolNQM96+Xif147Nv55J+FBFBsI2GSRHwtsQpzHgntcATNilBHKFM9uxWxAFWUmCy8Pgcy+PE8axxXiVMjtSbl6OY2jiPbQPjpEBJ2hKrpBNVRHDD2iZ/SK3qwn68V6tz4mrQVrOrOL/sD6/AHZW5h8</latexit>

[ Ballesteros et al. `16]
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[Ballesteros,Redondo, AR,Tamarit `16]

<latexit sha1_base64="8J0WUaGZfAQOS6EXT9MT72B9INI=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJUAEowFFsYi0YfURJHjOq1V24lsB6mKurPwKywMIMTKD7DxNzhpBmg5kqWjc87V9T1hwqjSjvNtLS2vrK6tVzaqm1vbO7v23n5HxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8k/vdByIVjcW9niTE52goaEQx0kYK7BoPrqA31CbB4ZnjnWSe5NDjKSSdabVAYNedhlMALhK3JHVQohXYX94gxiknQmOGlOq7TqL9DElNMSPTqpcqkiA8RkPSN1QgTpSfFbdM4ZFRBjCKpXlCw0L9PZEhrtSEhybJkR6peS8X//P6qY4u/YyKJNVE4NmiKGVQxzAvBg6oJFiziSEIS2r+CvEISYS1qS8vwZ0/eZF0Thuu03DvzuvN67KOCjgENXAMXHABmuAWtEAbYPAInsEreLOerBfr3fqYRZescuYA/IH1+QMNzZfR</latexit>

<latexit sha1_base64="6Ft3d45d7m/rbb8JBzXmADy5eCA=">AAACJXicbVBLSwMxEM7WV62vVY9egkXwVHaLogeRopceK9gHdNeSTdM2NPtoMiuWpX/Gi3/FiweLCJ78K2bbPWjrQJiPb+abzHxeJLgCy/oyciura+sb+c3C1vbO7p65f9BQYSwpq9NQhLLlEcUED1gdOAjWiiQjvidY0xvepvXmI5OKh8E9jCPm+qQf8B6nBDTVMa+cJ95xFO/7BOvksxEuO6Czwrb1cK65kYTEEXpil2SNE3yNU1m1YxatkjULvAzsDBRRFrWOOXW6IY19FgAVRKm2bUXgJkQCp4JNCk6sWETokPRZW8OA6D3cZHblBJ9opot7odQvADxjfysS4is19j3d6RMYqMVaSv5Xa8fQu3QTHkQxsIDOP+rFAkOIU8twl0tGQYw1IFRyvSumAyIJBW1sQZtgL568DBrlkm2V7LuzYuUmsyOPjtAxOkU2ukAVVEU1VEcUPaNX9I6mxovxZnwYn/PWnJFpDtGfML5/AKR4pLQ=</latexit>
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| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Non-Minimal Chaotic PQ Modulus Inflation

• Mixture of PQ modulus,                   , with Higgs
modulus is viable inflaton candidate, if it has non-
minimal coupling to gravity,

with

• Very predictive reheating: 

• For , PQ symmetry restored after 
inflation already in preheating stage

• Dark-matter axion mass: 
• Higgs component of inflaton allows for production of 

SM gauge bosons, resulting in large reheating
temperature: 
• Axion dark radiation:
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• SO(10) GUT with three copies of automatically
features

• neutrino masses and mixing

• baryogenesis via leptogenesis

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

The virtue of imposing a Peccei-Quinn symmetry
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Axion in Non-SUSY SO(10) GUT
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• SO(10) GUT with three copies of automatically
features

• neutrino masses and mixing

• baryogenesis via leptogenesis

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

• PQ extension adds

• predictivity of fermion masses/mixing

• solution of strong CP problem

• DM candidate: axion

The virtue of imposing a Peccei-Quinn symmetry

• PQ symmetry imposed:

• Most general Yukawas:

• SSB vevs:

• Fermion masses/mixing:
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Axion predictions and experimental prospects 

• Axion decay constant:

• From gauge coupling unification, assuming minimal 
scalar threshold corrections:
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Axion predictions and experimental prospects 

• 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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Axion predictions and experimental prospects 

• 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:

• Need finetuning of initial value inside
causally connected region which is inflated to
observable universe :

<latexit sha1_base64="Eb+06HAJkgPt2xZXTnA7j2sibEs=">AAACEHicbZC9TsMwFIWd8lfKX4CRxaJCMFUJIMFYYGFBKhJpKzVR5LhOa9Vxgu0gVVEegYVXYWEAIVZGNt4Gp80ALVey9emce2XfEySMSmVZ30ZlYXFpeaW6Wltb39jcMrd32jJOBSYOjlksugGShFFOHEUVI91EEBQFjHSC0VXhdx6IkDTmd2qcEC9CA05DipHSkm8ewtC/gK6kEbmHbigQzuw8O8mneOM7eTbQV80361bDmhScB7uEOiir5Ztfbj/GaUS4wgxJ2bOtRHkZEopiRvKam0qSIDxCA9LTyFFEpJdNFsrhgVb6MIyFPlzBifp7IkORlOMo0J0RUkM56xXif14vVeG5l1GepIpwPH0oTBlUMSzSgX0qCFZsrAFhQfVfIR4iHYXSGRYh2LMrz0P7uGFbDfv2tN68LOOogj2wD46ADc5AE1yDFnAABo/gGbyCN+PJeDHejY9pa8UoZ3bBnzI+fwDEE5xs</latexit>

<latexit sha1_base64="kx50R3xYSHriiFwiilwzkBTNYCA="></latexit>

<latexit sha1_base64="0rovZ4JOXlcHp6iu1R9ncXuE/6Y=">AAACEXicbVDLSgMxFM3UVx1foy7dBIvQhZSZIuiii6oblxXsAzpDyaRpG5pkhiQjlKG/4MZfceNCEbfu3Pk3ZtpBtPVA4HDOudzcE8aMKu26X1ZhZXVtfaO4aW9t7+zuOfsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD8XXmt++JVDQSd3oSk4CjoaADipE2Us8puxW36p+mvuRQkNYU1iDvXdaqFSPCH9W27Z5TMtEZ4DLxclICORo959PvRzjhRGjMkFJdz411kCKpKWZkavuJIjHCYzQkXUMF4kQF6eyiKTwxSh8OImme0HCm/p5IEVdqwkOT5EiP1KKXif953UQPLoKUijjRROD5okHCoI5gVg/sU0mwZhNDEJbU/BXiEZIIa1NiVoK3ePIyaVUrnlvxbs9K9au8jiI4AsegDDxwDurgBjRAE2DwAJ7AC3i1Hq1n6816n0cLVj5zCP7A+vgGbMOZmA==</latexit>

<latexit sha1_base64="McXNndRp7rogKc7Fn3wHuQ7Vilo=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6EVo9eKxgv2ANoTNdtMu3WzC7kQopUcv/hUvHhTx6k/w5r9x0+ZQWx8MPN6bYWZekAiuwXF+rKXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGt5nffGRK81g+wDBhXkR6koecEjCSbx91oM+A+Bxf46rPz0K/iosz8O2SU3YmwIvEzUkJ5aj59nenG9M0YhKoIFq3XScBb0QUcCrYuNhJNUsIHZAeaxsqScS0N5o8MsYnRuniMFamJOCJOjsxIpHWwygwnRGBvp73MvE/r51CeOWNuExSYJJOF4WpwBDjLBXc5YpREENDCFXc3IppnyhCwWSXheDOv7xIGudl1ym79xelyk0eRwEdomN0ilx0iSroDtVQHVH0hF7QG3q3nq1X68P6nLYuWfnMAfoD6+sXdnSUbg==</latexit>

<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit>

10-4

10-3

10-2

10-1

100

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103

1091010101110121013101410151016101710181019

post-inflation
misalignment
range

pre-inflation
initial angle

Θ
0

mA [µeV]

fA [GeV]

[Borsanyi et al. `16]



Page 31

Axion in Non-SUSY SO(10) GUT

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Axion predictions and experimental prospects 

• 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:

• Need finetuning of initial value inside

causally connected region which is inflated to
observable universe :

• May be probed by axion DM experiments
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<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit> [Ernst 18; CASPEr prospects from Kimball et al. 17]

CASPEr-Electric
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Axion predictions and experimental prospects 

• 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:

• Need finetuning of initial value inside

causally connected region which is inflated to
observable universe :

• May be probed by axion DM experiments

<latexit sha1_base64="Eb+06HAJkgPt2xZXTnA7j2sibEs=">AAACEHicbZC9TsMwFIWd8lfKX4CRxaJCMFUJIMFYYGFBKhJpKzVR5LhOa9Vxgu0gVVEegYVXYWEAIVZGNt4Gp80ALVey9emce2XfEySMSmVZ30ZlYXFpeaW6Wltb39jcMrd32jJOBSYOjlksugGShFFOHEUVI91EEBQFjHSC0VXhdx6IkDTmd2qcEC9CA05DipHSkm8ewtC/gK6kEbmHbigQzuw8O8mneOM7eTbQV80361bDmhScB7uEOiir5Ztfbj/GaUS4wgxJ2bOtRHkZEopiRvKam0qSIDxCA9LTyFFEpJdNFsrhgVb6MIyFPlzBifp7IkORlOMo0J0RUkM56xXif14vVeG5l1GepIpwPH0oTBlUMSzSgX0qCFZsrAFhQfVfIR4iHYXSGRYh2LMrz0P7uGFbDfv2tN68LOOogj2wD46ADc5AE1yDFnAABo/gGbyCN+PJeDHejY9pa8UoZ3bBnzI+fwDEE5xs</latexit>

<latexit sha1_base64="kx50R3xYSHriiFwiilwzkBTNYCA="></latexit>

<latexit sha1_base64="0rovZ4JOXlcHp6iu1R9ncXuE/6Y=">AAACEXicbVDLSgMxFM3UVx1foy7dBIvQhZSZIuiii6oblxXsAzpDyaRpG5pkhiQjlKG/4MZfceNCEbfu3Pk3ZtpBtPVA4HDOudzcE8aMKu26X1ZhZXVtfaO4aW9t7+zuOfsHLRUlEpMmjlgkOyFShFFBmppqRjqxJIiHjLTD8XXmt++JVDQSd3oSk4CjoaADipE2Us8puxW36p+mvuRQkNYU1iDvXdaqFSPCH9W27Z5TMtEZ4DLxclICORo959PvRzjhRGjMkFJdz411kCKpKWZkavuJIjHCYzQkXUMF4kQF6eyiKTwxSh8OImme0HCm/p5IEVdqwkOT5EiP1KKXif953UQPLoKUijjRROD5okHCoI5gVg/sU0mwZhNDEJbU/BXiEZIIa1NiVoK3ePIyaVUrnlvxbs9K9au8jiI4AsegDDxwDurgBjRAE2DwAJ7AC3i1Hq1n6816n0cLVj5zCP7A+vgGbMOZmA==</latexit>

ABRACADABRA

[Ernst 18; ABRACADABRA prospects from Kahn,Safdi,Thaler 16]

<latexit sha1_base64="McXNndRp7rogKc7Fn3wHuQ7Vilo=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6EVo9eKxgv2ANoTNdtMu3WzC7kQopUcv/hUvHhTx6k/w5r9x0+ZQWx8MPN6bYWZekAiuwXF+rKXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGt5nffGRK81g+wDBhXkR6koecEjCSbx91oM+A+Bxf46rPz0K/iosz8O2SU3YmwIvEzUkJ5aj59nenG9M0YhKoIFq3XScBb0QUcCrYuNhJNUsIHZAeaxsqScS0N5o8MsYnRuniMFamJOCJOjsxIpHWwygwnRGBvp73MvE/r51CeOWNuExSYJJOF4WpwBDjLBXc5YpREENDCFXc3IppnyhCwWSXheDOv7xIGudl1ym79xelyk0eRwEdomN0ilx0iSroDtVQHVH0hF7QG3q3nq1X68P6nLYuWfnMAfoD6+sXdnSUbg==</latexit>

<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit>
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A minimal GUT  

• Original non-SUSY SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

[Georgi, Glashow 74]
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A minimal GUT  

• Original non-SUSY SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

[StackExchange]

[Georgi, Glashow 74]
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A minimal GUT  

• Original non-SUSY SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

<latexit sha1_base64="4e54pd///R6ROLKoAaIDzqsAaic=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FQTxWsB/QhrLZbtqlm03YnQil9G948aCIV/+MN/+NmzYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3GZ+54lrI2L1iNOE+xEdKREKRtFK/Vp9cFfKMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9GdUo2CSz0v91PCEsgkd8Z6likbc+LPFzXNyYZUhCWNtSyFZqL8nZjQyZhoFtjOiODarXib+5/VSDK/9mVBJilyx5aIwlQRjkgVAhkJzhnJqCWVa2FsJG1NNGdqYshC81ZfXSbtW9dyq91CvNG7yOIpwBudwCR5cQQPuoQktYJDAM7zCm5M6L86787FsLTj5zCn8gfP5A995jk0=</latexit>

[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>
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A minimal GUT  

• Original non-SUSY SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and

• Gauge coupling unification: electroweak fermion and
scalar triplets,                         and , de-
lay meeting of and

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

<latexit sha1_base64="4e54pd///R6ROLKoAaIDzqsAaic=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FQTxWsB/QhrLZbtqlm03YnQil9G948aCIV/+MN/+NmzYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3GZ+54lrI2L1iNOE+xEdKREKRtFK/Vp9cFfKMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9GdUo2CSz0v91PCEsgkd8Z6likbc+LPFzXNyYZUhCWNtSyFZqL8nZjQyZhoFtjOiODarXib+5/VSDK/9mVBJilyx5aIwlQRjkgVAhkJzhnJqCWVa2FsJG1NNGdqYshC81ZfXSbtW9dyq91CvNG7yOIpwBudwCR5cQQPuoQktYJDAM7zCm5M6L86787FsLTj5zCn8gfP5A995jk0=</latexit>

[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>

<latexit sha1_base64="pxzmszqt8ZV9fmHBuRDqNsvvWlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0lE0GPRi8cK9gPaECbbTbt0swm7G7GU/hUvHhTx6h/x5r9x0wbR1gcDj/dmmJkXppwp7bpfVmltfWNzq7xd2dnd2z+wD6ttlWSS0BZJeCK7ISrKmaAtzTSn3VRSjENOO+H4Jvc7D1Qqloh7PUmpH+NQsIgR1EYK7GofeTrCwKv8ILBrbt2dw1klXkFqUKAZ2J/9QUKymApNOCrV89xU+1OUmhFOZ5V+pmiKZIxD2jNUYEyVP53fPnNOjTJwokSaEtqZq78nphgrNYlD0xmjHqllLxf/83qZjq78KRNppqkgi0VRxh2dOHkQzoBJSjSfGIJEMnOrQ0YokWgTVx6Ct/zyKmmf1z237t1d1BrXRRxlOIYTOAMPLqEBt9CEFhB4hCd4gVdrZj1bb9b7orVkFTNH8AfWxzdVpJC1</latexit>

<latexit sha1_base64="TkHgkv4orPaRVeB/Wk26yvoB1Dw=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSJ4KkkR9Fj04rGC/YA2hMl22y7dbMLuRiyhf8WLB0W8+ke8+W/ctEG09cHA470ZZuaFCWdKu+6Xtba+sbm1Xdop7+7tHxzaR5W2ilNJaIvEPJbdEBXlTNCWZprTbiIpRiGnnXByk/udByoVi8W9nibUj3Ak2JAR1EYK7EofeTLGoF7+QWBX3Zo7h7NKvIJUoUAzsD/7g5ikERWacFSq57mJ9jOUmhFOZ+V+qmiCZIIj2jNUYESVn81vnzlnRhk4w1iaEtqZq78nMoyUmkah6YxQj9Wyl4v/eb1UD6/8jIkk1VSQxaJhyh0dO3kQzoBJSjSfGoJEMnOrQ8YokWgTVx6Ct/zyKmnXa55b8+4uqo3rIo4SnMApnIMHl9CAW2hCCwg8whO8wKs1s56tN+t90bpmFTPH8AfWxzdXMpC2</latexit>

[Di Luzio, Mihaila 13]

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="ekdTIR0SQ0jpPL4eayhnsR77zmo=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixD0kmOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9GbmV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3vkv99gMVkoVBQ00i6vh4GLABI1hpyTWPGm4N3aCSXb4oW2eFH7hm0apYM6BlYmekCBnqrvnZ64ck9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVNMA+lU4ye2CKTrXSR4NQ6AoUmqm/JxLsSznxPd3pYzWSi14q/ud1YzW4dhIWRLGiAZkvGsQcqRClaaA+E5QoPtEEE8H0rYiMsMBE6czSEOzFl5dJ67xiWxX7/rJYvc3iyMMxnEAJbLiCKtSgDk0gMIUneIFX49F4Nt6M93lrzshmDuEPjI9vuA+Qqg==</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>
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A minimal GUT  

• Original non-SUSY SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and

• Gauge coupling unification: electroweak fermion and
scalar triplets,                         and , de-
lay meeting of and
• Clean correlation between effective electroweak

triplet mass and unification scale      

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

<latexit sha1_base64="4e54pd///R6ROLKoAaIDzqsAaic=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FQTxWsB/QhrLZbtqlm03YnQil9G948aCIV/+MN/+NmzYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3GZ+54lrI2L1iNOE+xEdKREKRtFK/Vp9cFfKMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9GdUo2CSz0v91PCEsgkd8Z6likbc+LPFzXNyYZUhCWNtSyFZqL8nZjQyZhoFtjOiODarXib+5/VSDK/9mVBJilyx5aIwlQRjkgVAhkJzhnJqCWVa2FsJG1NNGdqYshC81ZfXSbtW9dyq91CvNG7yOIpwBudwCR5cQQPuoQktYJDAM7zCm5M6L86787FsLTj5zCn8gfP5A995jk0=</latexit>

[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="ekdTIR0SQ0jpPL4eayhnsR77zmo=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixD0kmOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9GbmV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3vkv99gMVkoVBQ00i6vh4GLABI1hpyTWPGm4N3aCSXb4oW2eFH7hm0apYM6BlYmekCBnqrvnZ64ck9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVNMA+lU4ye2CKTrXSR4NQ6AoUmqm/JxLsSznxPd3pYzWSi14q/ud1YzW4dhIWRLGiAZkvGsQcqRClaaA+E5QoPtEEE8H0rYiMsMBE6czSEOzFl5dJ67xiWxX7/rJYvc3iyMMxnEAJbLiCKtSgDk0gMIUneIFX49F4Nt6M93lrzshmDuEPjI9vuA+Qqg==</latexit>

[Di Luzio, Mihaila 13]

<latexit sha1_base64="pxzmszqt8ZV9fmHBuRDqNsvvWlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0lE0GPRi8cK9gPaECbbTbt0swm7G7GU/hUvHhTx6h/x5r9x0wbR1gcDj/dmmJkXppwp7bpfVmltfWNzq7xd2dnd2z+wD6ttlWSS0BZJeCK7ISrKmaAtzTSn3VRSjENOO+H4Jvc7D1Qqloh7PUmpH+NQsIgR1EYK7GofeTrCwKv8ILBrbt2dw1klXkFqUKAZ2J/9QUKymApNOCrV89xU+1OUmhFOZ5V+pmiKZIxD2jNUYEyVP53fPnNOjTJwokSaEtqZq78nphgrNYlD0xmjHqllLxf/83qZjq78KRNppqkgi0VRxh2dOHkQzoBJSjSfGIJEMnOrQ0YokWgTVx6Ct/zyKmmf1z237t1d1BrXRRxlOIYTOAMPLqEBt9CEFhB4hCd4gVdrZj1bb9b7orVkFTNH8AfWxzdVpJC1</latexit>

<latexit sha1_base64="TkHgkv4orPaRVeB/Wk26yvoB1Dw=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSJ4KkkR9Fj04rGC/YA2hMl22y7dbMLuRiyhf8WLB0W8+ke8+W/ctEG09cHA470ZZuaFCWdKu+6Xtba+sbm1Xdop7+7tHxzaR5W2ilNJaIvEPJbdEBXlTNCWZprTbiIpRiGnnXByk/udByoVi8W9nibUj3Ak2JAR1EYK7EofeTLGoF7+QWBX3Zo7h7NKvIJUoUAzsD/7g5ikERWacFSq57mJ9jOUmhFOZ+V+qmiCZIIj2jNUYESVn81vnzlnRhk4w1iaEtqZq78nMoyUmkah6YxQj9Wyl4v/eb1UD6/8jIkk1VSQxaJhyh0dO3kQzoBJSjSfGoJEMnOrQ8YokWgTVx6Ct/zyKmnXa55b8+4uqo3rIo4SnMApnIMHl9CAW2hCCwg8whO8wKs1s56tN+t90bpmFTPH8AfWxzdXMpC2</latexit>

<latexit sha1_base64="PYTrSjzRgk+F+IW3Tbxue9SOr/Q=">AAACIHicbZDLSsNAFIYnXmu9VV26GSxC3dREK3UjFAXpskJv0EuYTCft0JkkzJwIJeRR3Pgqblwoojt9GtMLqK0/DHz85xzOnN8JBNdgmp/G0vLK6tp6aiO9ubW9s5vZ269rP1SU1agvfNV0iGaCe6wGHARrBooR6QjWcIY343rjninNfa8Ko4B1JOl73OWUQGLZmaK0z/EVbgvmQg5LO6rat3G3MKVyjNuK9wdw0o2s04s4/SM7kzXz5kR4EawZZNFMFTvz0e75NJTMAyqI1i3LDKATEQWcChan26FmAaFD0metBD0ime5EkwNjfJw4Pez6Knke4In7eyIiUuuRdJJOSWCg52tj879aKwT3shNxLwiBeXS6yA0FBh+P08I9rhgFMUqAUMWTv2I6IIpQSDIdh2DNn7wI9bO8Zeatu0K2dD2LI4UO0RHKIQsVUQmVUQXVEEUP6Am9oFfj0Xg23oz3aeuSMZs5QH9kfH0DNUGd5g==</latexit>

<latexit sha1_base64="SB968iY13DGUSvXOhU4SgV+jmLE=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh6LXjxWsB/QriWbZtvQJLskWaUs/R9ePCji1f/izX9jtl1QWx8MPN6bYWZeEHOmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTsYX2d++4EqzSJ5ZyYx9QUeShYygo2V7kX/vPSDfrniVt0Z0DLxclKBHI1++bM3iEgiqDSEY627nhsbP8XKMMLptNRLNI0xGeMh7VoqsaDaT2dXT9GJVQYojJQtadBM/T2RYqH1RAS2U2Az0oteJv7ndRMTXvopk3FiqCTzRWHCkYlQFgEaMEWJ4RNLMFHM3orICCtMjA0qC8FbfHmZtM6qnlv1bmuV+lUeRxGO4BhOwYMLqMMNNKAJBBQ8wQu8Oo/Os/PmvM9bC04+cwh/4Hx8A0hNjnM=</latexit>

<latexit sha1_base64="EixT1DdYQbplbhOU/cUGiG3LyVU=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiB70IFewHtGvJptk2NJtdkqxSlv4PLx4U8ep/8ea/MdsuqK0PBh7vzTAzz48F18ZxvlBhaXllda24XtrY3NreKe/uNXWUKMoaNBKRavtEM8ElaxhuBGvHipHQF6zljy4zv/XAlOaRvDPjmHkhGUgecEqMle5velelH/TKFafqTIEXiZuTCuSo98qf3X5Ek5BJQwXRuuM6sfFSogyngk1K3USzmNARGbCOpZKETHvp9OoJPrJKHweRsiUNnqq/J1ISaj0OfdsZEjPU814m/ud1EhOceymXcWKYpLNFQSKwiXAWAe5zxagRY0sIVdzeiumQKEKNDSoLwZ1/eZE0T6quU3VvTyu1izyOIhzAIRyDC2dQg2uoQwMoKHiCF3hFj+gZvaH3WWsB5TP78Afo4xs1WY5n</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>
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Axion in minimal GUT and experimental prospects  

• Require that complex and add

• Impose PQ symmetry: 

• Axion decay constant:

• Gauge coupling unification, taking into account LHC 
and Superkamiokande constraints:

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="AjZYNiaS8Iq61GmGHMztmToMiNo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbRU0lE0WPRS48V7AekoWy2m3bpZjfsToQS+jO8eFDEq7/Gm//GTZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJfe53n5g2XMlHmCYsiMlI8ohTAlbyr88HzcoCg2rNrbtz4FXiFaSGCrQG1a/+UNE0ZhKoIMb4nptAkBENnAo2q/RTwxJCJ2TEfEsliZkJsvnJM3xmlSGOlLYlAc/V3xMZiY2ZxqHtjAmMzbKXi/95fgrRbZBxmaTAJF0silKBQeH8fzzkmlEQU0sI1dzeiumYaELBppSH4C2/vEo6l3XPrXsPV7XGXRFHGZ2gU3SBPHSDGqiJWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5A52fjjE=</latexit>

<latexit sha1_base64="UZzMdMitoXP5uN0z5oApzrVSF7M="></latexit>

<latexit sha1_base64="iwc4dYz+b0GjqDgm/wVbFUu7KeA=">AAACK3icbZDLSgMxGIUz9V5voy7dBIvgqkzE27LWhW4EBatCpwyZNNOGZi4mGaGEvI8bX8WFLrzg1vcw085CrQcCh+/8IflPmHEmlee9O5Wp6ZnZufmF6uLS8sqqu7Z+LdNcENoiKU/FbYgl5SyhLcUUp7eZoDgOOb0JBydFfnNPhWRpcqWGGe3EuJewiBGsLArcZhQcQ1+ymN5BPxKYaGQ0QsayO6H0GB0YvW9MmZ8Hp0b3gn1TLRW4Na/ujQQnDSpNDZS6CNxnv5uSPKaJIhxL2UZepjoaC8UIp6bq55JmmAxwj7atTXBMZUePdjVw25IujFJhT6LgiP68oXEs5TAO7WSMVV/+zQr4X9bOVXTU0SzJckUTMn4oyjlUKSyKg10mKFF8aA0mgtm/QtLHthFl6y1KQH9XnjTXu3Xk1dHlXq3RLOuYB5tgC+wABA5BA5yBC9ACBDyAJ/AK3pxH58X5cD7HoxWnvLMBfsn5+gail6VS</latexit>

LHC ↓

HL-LHC ↓

SK →HK →

1-loop2-loop

3-loop

4 6 8 10
200

500

1000

2000

m� [neV]

m
3m
ax

[G
eV

]

[Di Luzio, AR, Tamarit, arXiv:1807.09769]

<latexit sha1_base64="mT+vb3GgYyM/vCXyE7AZ0j4yF24=">AAACEXicbVBNS8NAEN34WetX1aOXxSL0ICER0R6rXjxWsB/QhLLZTtvFzSbsTsQS+he8+Fe8eFDEqzdv/hvTD0FbHww83pthZl4QS2HQcb6shcWl5ZXV3Fp+fWNza7uws1s3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGcHs58ht3oI2I1A0OYvBD1lOiKzjDTGoXSmH7nHpC0daJXT6ip/ap71HqIdxjqqA+zP+gXSg6tjMGnSfulBTJFNV24dPrRDwJQSGXzJiW68Top0yj4BKGeS8xEDN+y3rQyqhiIRg/HX80pIeZ0qHdSGelkI7V3xMpC40ZhEHWGTLsm1lvJP7ntRLslv1UqDhBUHyyqJtIihEdxUM7QgNHOcgI41pkt1LeZ5pxzEIcheDOvjxP6se269ju9UmxcjGNI0f2yQEpEZeckQq5IlVSI5w8kCfyQl6tR+vZerPeJ60L1nRmj/yB9fENO+eYKw==</latexit>
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Axion in minimal GUT and experimental prospects  

• Require that complex and add

• Impose PQ symmetry: 

• Axion decay constant:

• Gauge coupling unification, taking into account LHC 
and Superkamiokande constraints:

• Window can be explored by axion DM experiments

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="AjZYNiaS8Iq61GmGHMztmToMiNo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbRU0lE0WPRS48V7AekoWy2m3bpZjfsToQS+jO8eFDEq7/Gm//GTZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJfe53n5g2XMlHmCYsiMlI8ohTAlbyr88HzcoCg2rNrbtz4FXiFaSGCrQG1a/+UNE0ZhKoIMb4nptAkBENnAo2q/RTwxJCJ2TEfEsliZkJsvnJM3xmlSGOlLYlAc/V3xMZiY2ZxqHtjAmMzbKXi/95fgrRbZBxmaTAJF0silKBQeH8fzzkmlEQU0sI1dzeiumYaELBppSH4C2/vEo6l3XPrXsPV7XGXRFHGZ2gU3SBPHSDGqiJWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5A52fjjE=</latexit>

<latexit sha1_base64="UZzMdMitoXP5uN0z5oApzrVSF7M="></latexit>

<latexit sha1_base64="iwc4dYz+b0GjqDgm/wVbFUu7KeA=">AAACK3icbZDLSgMxGIUz9V5voy7dBIvgqkzE27LWhW4EBatCpwyZNNOGZi4mGaGEvI8bX8WFLrzg1vcw085CrQcCh+/8IflPmHEmlee9O5Wp6ZnZufmF6uLS8sqqu7Z+LdNcENoiKU/FbYgl5SyhLcUUp7eZoDgOOb0JBydFfnNPhWRpcqWGGe3EuJewiBGsLArcZhQcQ1+ymN5BPxKYaGQ0QsayO6H0GB0YvW9MmZ8Hp0b3gn1TLRW4Na/ujQQnDSpNDZS6CNxnv5uSPKaJIhxL2UZepjoaC8UIp6bq55JmmAxwj7atTXBMZUePdjVw25IujFJhT6LgiP68oXEs5TAO7WSMVV/+zQr4X9bOVXTU0SzJckUTMn4oyjlUKSyKg10mKFF8aA0mgtm/QtLHthFl6y1KQH9XnjTXu3Xk1dHlXq3RLOuYB5tgC+wABA5BA5yBC9ACBDyAJ/AK3pxH58X5cD7HoxWnvLMBfsn5+gail6VS</latexit>

<latexit sha1_base64="mT+vb3GgYyM/vCXyE7AZ0j4yF24=">AAACEXicbVBNS8NAEN34WetX1aOXxSL0ICER0R6rXjxWsB/QhLLZTtvFzSbsTsQS+he8+Fe8eFDEqzdv/hvTD0FbHww83pthZl4QS2HQcb6shcWl5ZXV3Fp+fWNza7uws1s3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGcHs58ht3oI2I1A0OYvBD1lOiKzjDTGoXSmH7nHpC0daJXT6ip/ap71HqIdxjqqA+zP+gXSg6tjMGnSfulBTJFNV24dPrRDwJQSGXzJiW68Top0yj4BKGeS8xEDN+y3rQyqhiIRg/HX80pIeZ0qHdSGelkI7V3xMpC40ZhEHWGTLsm1lvJP7ntRLslv1UqDhBUHyyqJtIihEdxUM7QgNHOcgI41pkt1LeZ5pxzEIcheDOvjxP6se269ju9UmxcjGNI0f2yQEpEZeckQq5IlVSI5w8kCfyQl6tR+vZerPeJ60L1nRmj/yB9fENO+eYKw==</latexit>
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[Di Luzio, AR, Tamarit, arXiv:1807.09769]
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Axion in minimal GUT and experimental prospects  

• Require that complex and add

• Impose PQ symmetry: 

• Axion decay constant:

• Gauge coupling unification, taking into account LHC 
and Superkamiokande constraints:

• Window can be explored by axion DM experiments

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="AjZYNiaS8Iq61GmGHMztmToMiNo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbRU0lE0WPRS48V7AekoWy2m3bpZjfsToQS+jO8eFDEq7/Gm//GTZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJfe53n5g2XMlHmCYsiMlI8ohTAlbyr88HzcoCg2rNrbtz4FXiFaSGCrQG1a/+UNE0ZhKoIMb4nptAkBENnAo2q/RTwxJCJ2TEfEsliZkJsvnJM3xmlSGOlLYlAc/V3xMZiY2ZxqHtjAmMzbKXi/95fgrRbZBxmaTAJF0silKBQeH8fzzkmlEQU0sI1dzeiumYaELBppSH4C2/vEo6l3XPrXsPV7XGXRFHGZ2gU3SBPHSDGqiJWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5A52fjjE=</latexit>

<latexit sha1_base64="UZzMdMitoXP5uN0z5oApzrVSF7M="></latexit>

<latexit sha1_base64="iwc4dYz+b0GjqDgm/wVbFUu7KeA=">AAACK3icbZDLSgMxGIUz9V5voy7dBIvgqkzE27LWhW4EBatCpwyZNNOGZi4mGaGEvI8bX8WFLrzg1vcw085CrQcCh+/8IflPmHEmlee9O5Wp6ZnZufmF6uLS8sqqu7Z+LdNcENoiKU/FbYgl5SyhLcUUp7eZoDgOOb0JBydFfnNPhWRpcqWGGe3EuJewiBGsLArcZhQcQ1+ymN5BPxKYaGQ0QsayO6H0GB0YvW9MmZ8Hp0b3gn1TLRW4Na/ujQQnDSpNDZS6CNxnv5uSPKaJIhxL2UZepjoaC8UIp6bq55JmmAxwj7atTXBMZUePdjVw25IujFJhT6LgiP68oXEs5TAO7WSMVV/+zQr4X9bOVXTU0SzJckUTMn4oyjlUKSyKg10mKFF8aA0mgtm/QtLHthFl6y1KQH9XnjTXu3Xk1dHlXq3RLOuYB5tgC+wABA5BA5yBC9ACBDyAJ/AK3pxH58X5cD7HoxWnvLMBfsn5+gail6VS</latexit>

<latexit sha1_base64="mT+vb3GgYyM/vCXyE7AZ0j4yF24=">AAACEXicbVBNS8NAEN34WetX1aOXxSL0ICER0R6rXjxWsB/QhLLZTtvFzSbsTsQS+he8+Fe8eFDEqzdv/hvTD0FbHww83pthZl4QS2HQcb6shcWl5ZXV3Fp+fWNza7uws1s3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGcHs58ht3oI2I1A0OYvBD1lOiKzjDTGoXSmH7nHpC0daJXT6ip/ap71HqIdxjqqA+zP+gXSg6tjMGnSfulBTJFNV24dPrRDwJQSGXzJiW68Top0yj4BKGeS8xEDN+y3rQyqhiIRg/HX80pIeZ0qHdSGelkI7V3xMpC40ZhEHWGTLsm1lvJP7ntRLslv1UqDhBUHyyqJtIihEdxUM7QgNHOcgI41pkt1LeZ5pxzEIcheDOvjxP6se269ju9UmxcjGNI0f2yQEpEZeckQq5IlVSI5w8kCfyQl6tR+vZerPeJ60L1nRmj/yB9fENO+eYKw==</latexit>

[Di Luzio, AR, Tamarit, arXiv:1807.09769]
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GUT SMASH? 

• PQ symmetry has to be broken during and after inflation to avoid

• SU(5) monopole problem

• axion DM overabundance

and isocurvature constraints have to be obeyed

• In case of non-minimal chaotic inflation along one of the components of , exploiting

• Isocurvature constraints can disappear completely since lightest fluctuations orthogonal to inflaton can have masses
above as long as non-minimal coupling . In this case isocurvature fluctuations exponentially
suppressed

• PQ and GUT symmetry not restored if quartic and Yukawa couplings of sufficiently small

<latexit sha1_base64="lFT+tIzmtj1/0OZeyZjZ1C62YuI=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUgh6LXnqsYD+gDWGz3bZLN5uwu1FK7E/x4kERr/4Sb/4bN20OtfXBwOO9GWbmBTFnSjvOj1XY2t7Z3Svulw4Oj45P7PJpR0WJJLRNIh7JXoAV5UzQtmaa014sKQ4DTrvB9C7zu49UKhaJBz2LqRfisWAjRrA2km+Xa3W/iUor8O2KU3UWQJvEzUkFcrR8+3swjEgSUqEJx0r1XSfWXoqlZoTTeWmQKBpjMsVj2jdU4JAqL12cPkeXRhmiUSRNCY0W6upEikOlZmFgOkOsJ2rdy8T/vH6iRzdeykScaCrIctEo4UhHKMsBDZmkRPOZIZhIZm5FZIIlJtqklYXgrr+8STq1qutU3ft6pXGbx1GEc7iAK3DhGhrQhBa0gcATvMAbvFvP1qv1YX0uWwtWPnMGf2B9/QKI9Y76</latexit>

<latexit sha1_base64="e5PU5CM9DF2/HVNiCUXznFSTOek="></latexit>

<latexit sha1_base64="tvcGUZ+QQCG6EExgxFH0aeS67Ac=">AAACD3icbVC7TsMwFHV4lvAKMLJYVCCmKqkqwVjB0rFI9CE1UeS4TmvVdiLbQVRR/4CFX2FhACFWVjb+BrfNUFqOZOnonHN1fU+UMqq06/5Ya+sbm1vbpR17d2//4NA5Om6rJJOYtHDCEtmNkCKMCtLSVDPSTSVBPGKkE41up37ngUhFE3GvxykJOBoIGlOMtJFC5wL6jzTMq7WwMYH+QJskh27F9WxoLyB0ykacAa4SryBlUKAZOt9+P8EZJ0JjhpTqeW6qgxxJTTEjE9vPFEkRHqEB6RkqECcqyGf3TOC5UfowTqR5QsOZujiRI67UmEcmyZEeqmVvKv7n9TIdXwc5FWmmicDzRXHGoE7gtBzYp5JgzcaGICyp+SvEQyQR1qbCaQne8smrpF2teG7Fu6uV6zdFHSVwCs7AJfDAFaiDBmiCFsDgCbyAN/BuPVuv1of1OY+uWcXMCfgD6+sXcyeWew==</latexit>
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Summary

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

• PQ extensions of SM very attractive:

• Axion solves strong CP puzzle

• Axion is dark matter candidate (for )
• PQ field/Higgs is non-minimal chaotic inflaton candidate (for ) 
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• Theoretically particularly well-motivated axion mass ranges:
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Back-Up: Topological Susceptibility
• Topological susceptibility notoriously difficult to calculate on lattice

1. Large cutoff effects when exploiting action with non-chiral quarks to calculate topo-logical observables 

2. Tiny topological susceptibility needs extremely long simulation threads to observe enough changes of topological
sectors

• Solutions of these problems:

1. Eigenvalue reweighting technique: Substitute topology related eigenvalues of non-chiral quark Dirac operator with
its corresponding eigenvalues in continuum

2. Fixed sector integral technique:  Measure logarithmic differential of topological sus-ceptibility which is related to
quantities to be measured in fixed topological sectors. Then integrate.   

[Borsanyi et al. `16]
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Back-Up: Topological Susceptibility
• Comparison of lattice spacing dependence of topological susceptibility determined via different methods:

• At high temperatures, brute force („standard“) method and ratio method suffer from strong cutoff effects

[Borsanyi et al. `16]
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Back-Up: Topological Susceptibility
• Result:

• Temperature slope close to dilute instanton gas approximation (DIGA)

• DIGA underestimates topological susceptibility by overall normalization „K factor“ of order ten (should be
improved in two-loop DIGA)
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Back-Up: Topological Susceptibility
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[Ballesteros,Redondo, AR,Tamarit `16][Borsanyi `16]

Bonati et al.

Petreczky et al. 

Borsanyi et al. 
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Back-Up: DM Axion Mass in Post-Inflationary PQ SB Scenario
• For , string‘s interactions with the long range

PQ field (         ) become less important relative to
string evolution under tension (           )

• For , string behavior should approach that of
infinitely thin, i.e. local Nambu-Goto strings

• New method: exploit UV extension of PQ field
theory, with additional comp-lex scalar and
additional local U(1) symmetry, [Klaer,Moore `17]
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Back-Up: DM Axion Mass in Post-Inflationary PQ SB Scenario
• Exploiting lattice results on topological

susceptibility of : 

• Axion production efficiency smaller than

angle-average of ``realignment'' mechanism

• Simple sum

double counts

• Energy in domain walls is the energy of field

misalignment, from values

[Klaer,Moore `17]

[Klaer,Moore `17]

[Borsanyi et al. `16]
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Back Up: Axion/ALP bounds from BH superradiance
• If ALP Compton wavelength of order

black hole size: 

• Bound states around BH nucleus
formed

• Occupation numbers grow
exponentially by extracting rotational
energy and angular momentum from
the ergosphere

• Forming rotating Bose-Einstein 
condensate emitting gravitational
waves

• For BH lighter than 10^7 solar masses, 
accretion can not replenish spin

• Existence of bosonic WISPs leads to
gaps in mass vs. spin plots of rapidly
rotating BHs

[Arvanitaki,Dimopoulos,Dubovsky,Kaloper,March-Russell 
10]
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Back Up: Axion/ALP bounds from BH superradiance
• If ALP Compton wavelength of order

black hole size: 

• Bound states around BH nucleus
formed

• Occupation numbers grow
exponentially by extracting rotational
energy and angular momentum from
the ergosphere

• Forming rotating Bose-Einstein 
condensate emitting gravitational
waves

• For BH lighter than 10^7 solar masses, 
accretion can not replenish spin

• Existence of bosonic WISPs leads to
gaps in mass vs. spin plots of rapidly
rotating BHs

> Stellar BH spin measurements
exclude

[Arvanitaki et al. 14]


