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Axionic Solution of Strong CP Puzzle

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 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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• 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>
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[Peccei,Quinn 77]
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<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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• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

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

No strong CP violation in vacuum
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[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>
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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]

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

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

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

In a nutshell …



Page 5

Axionic Solution of Strong CP Puzzle
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• 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>
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Borsanyi et al. `16]

[Weinberg 78; Wilczek 78]

In a nutshell …
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Peccei-Quinn Extension of Standard Model

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 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 yielding axion  

U(1)PQ
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Peccei-Quinn Extension of Standard Model

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 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 yielding axion  

U(1)PQ
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Peccei-Quinn Extension of Standard Model

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 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 below                   
but above                  :          

UV completions yielding axion  

U(1)PQ
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[Peccei,Quinn 77; Weinberg 78; Wilczek 78]

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

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Exploiting modulus of PQ field or mixture of it with Higgs modulus to solve horizon and flatness puzzle

• Take into account non-minimal coupling of Higgs and PQ field to gravity,

• Generated anyway radiatively even if set to zero at some scale

[Fairbairn,Hogan,Marsh `14]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Exploiting modulus of PQ field or mixture of it with Higgs modulus to solve horizon and flatness puzzle

• Take into account non-minimal coupling of Higgs and PQ field to gravity,

• Generated anyway radiatively even if set to zero at some scale

• Non-minimal couplings stretch scalar potential in Einstein frame: makes it convex and asymptotically flat at 
large field values

[Fairbairn,Hogan,Marsh `14]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Exploiting modulus of PQ field or mixture of it with Higgs modulus to solve horizon and flatness puzzle

• Take into account non-minimal coupling of Higgs and PQ field to gravity,

• Generated anyway radiatively even if set to zero at some scale

• Non-minimal couplings stretch scalar potential in Einstein frame; makes it convex and asymptotically flat at 
large field values

• Potential has valleys = attractors for Higgs Inflation (HI), Saxion Inflation (SI) or mixed Saxion/Higgs Inflation 
(SHI), depending on relative signs of  

[Fairbairn,Hogan,Marsh `14]

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Exploiting modulus of PQ field or mixture of it with Higgs modulus to solve horizon and flatness puzzle

• Characteristics of primordial density fluctuations
inferred from CMB temperature fluctuations

fit by

where

• HI has unitarity problem
• SI and SHI have no unitarity problem if    

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]

• Stability up to Planck scale?

• SM-singlet scalar     helps to stabilize scalar potential in 
Higgs direction through threshold effect associated with 
Higgs portal
• When     integrated out, Higgs portal gives negative 

contribution to Higgs quartic,

• At energies above       , true (and larger!) value of       
is revealed by integrating      in

• Stability up to Planck scale ensured if                             
exceeds a minimum value dependent on top mass
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Both in SI and SHI with            , slow-roll infla-
tion ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Both in SI and SHI with            , slow-roll infla-
tion ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

• For                       , PQ symmetry restored after 
few oscillations

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Both in SI and SHI with            , slow-roll infla-
tion ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

• For                       , PQ symmetry restored after 
few oscillations

• SI: Large induced particle masses quench infla-
ton decays or annihilations into SM particles

• SHI: Higgs component of inflaton allows for 
production of SM gauge bosons 

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Expansion and thermal history of universe predicted

• Number of e-folds          from the time a given comoving scale    leaves horizon until end of inflation predicted
[Ballesteros,Redondo, AR,Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Sharp prediction of vs :

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]

HI
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Saxion/Higgs Inflation

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Modulus of PQ field or mixture with Higgs modulus as inflaton

• Sharp prediction of vs can be probed by upcoming CMB experiments (e.g. CMB-S4):   

[Ballesteros,Redondo, AR,Tamarit, 1610.01639]

CMB-S4 (r=0.01)
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Axion Dark Matter

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

• 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

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

• 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,....]

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

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

• 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,....]

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

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

• 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 
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[Hiramatsu et al. ]   
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Axion Dark Matter

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

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

• Further simulations by other groups are under way to clarify the issue 
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[Hiramatsu et al. 11,12,13; 
Kawasaki,Saikawa,Segikuchi 15;
Borsanyi et al. 16;
Ballesteros et al. 16]

[Klaer,Moore `17]   
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Axion Dark Matter

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

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

• Further simulations by other groups are under way to clarify the issue 

• 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]       
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Axion Dark Matter

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

Predictions of post-inflationary PQ SB scenarios

• Mass range will be probed in near future:
HAYSTAC

CAPP

ORGAN

MADMAX

IAXO

[Irastorza,Redondo `18]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

One SM*A*S*H to rule them all ...

• Extension of SM to PQSM 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

[Dias et al. `14; Ballesteros et al. `16]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

One SM*A*S*H to rule them all ...

• Extension of SM to PQSM 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

• Complete and consistent history of the universe from
inflation to now

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

[desy.de]
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Summary

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

• PQ extensions of SM very attractive:

• Axion solves strong CP puzzle
• Axion is dark matter candidate (for )
• Saxion/Higgs is inflaton candidate (for ) 

• PQSM with saxion/Higgs inflation very predictive and thus experimentally testable in near future: 

• CMB observatories:
• Axion dark matter experiments:

<latexit sha1_base64="StbAfebpKy1yX3TJ1qwj6Pn5IZs=">AAACJ3icbVDLSgMxFM34tr6qLt0Ei+CqzKig4kJRF65EwarQqSWT3mlDk8yQ3BHL0M9x46+4EVHRpX9iRrvwdSBwOOcecu+JUiks+v6bNzQ8Mjo2PjFZmpqemZ0rzy+c2yQzHGo8kYm5jJgFKTTUUKCEy9QAU5GEi6h7UPgX12CsSPQZ9lJoKNbWIhacoZOa5V0TttHZivpV39/YoWHHpoxDvgY3/fAQJDJ63MxDoyjEcf8q1Bn9llhvlitFsAD9S4IBqZABTprlx7CV8EyBRi6ZtfXAT7GRM4OCS+iXwsyCW6DL2lB3VDMFtpF/HtqnK05p0Tgx7mmkn+r3RM6UtT0VuUnFsGN/e4X4n1fPMN5q5EKnGYLmXx/FmaSY0KI12hIGOMqeI4wb4XalvMMM4+i6LbkSgt8n/yW1tep2NTjdqOztD9qYIEtkmaySgGySPXJETkiNcHJL7skTefbuvAfvxXv9Gh3yBplF8gPe+we+wKTE</latexit>
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STAY TUNED!
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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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[Borsanyi et al. `16]
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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: Energy Losses of Stars?
• 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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Kepler et. al., (1991) + many others

Viaux et. al. (2013), Arceo-Daz et. al. (2015)

Ayala et. al. (2014), Straniero (proc. of XI Patras Workshop)

Shternin et. al. (2011)

Corsico et. al., (2014, 
2015), Battich et. al. (2016)

Bertolami (2014)

Corsico et. al., (2012)

Corsico et. al., (2016)

Corsico et. al., (2016)

[Giannotti, Irastorza, Redondo, AR ‘15;  Giannotti, Irastorza, Redondo, AR, Saikawa ‘17]

• Practically every stellar systems seems to be cooling faster than predicted by models

Back-Up: Energy Losses of Stars?
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Back-Up: Energy Losses of Stars?
• Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with

coupling to photons and electrons:

[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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ALPS II

IAXO

Back-Up: Energy Losses of Stars?
• Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with

coupling to photons and electrons and probed by next generation experiments:
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[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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Back-Up: Energy Losses of Stars?
• Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion with

coupling to photons and electrons, e.g. for DFSZ axion model:
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

One SM*A*S*H to rule them all ...

• Extension of SM to PQSM 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

• GUT SMASH?

• Minimal scalar sector predicts GUT-scale decay constant
• Need to extend scalar sector in order to accommodate

smaller decay constant

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

[Ernst,AR,Tamarit `18 and in prep.]

Minimal                              models:


