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Motivation

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

• Non-observation of WIMPs at LHC and in direct detection dark matter (DM) experiments strong motivation to 
look into other DM candidates

• Axion strongly motivated since it solves in addition strong CP problem

• New experiments search for the axion in a wide mass range. Would profit very much if mass were known.

• However: 

• Solution of DM problem does not fix axion decay constant and thus not the mass

• Axion solves strong CP problem for any decay constant and thus any mass 

• Strong motivation to consider UV completions of the SM in which decay constant predicted 

• Here: Non-SUSY Grand Unified Theories (GUTs)
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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

The virtue of imposing a Peccei-Quinn symmetry

[Di Luzio `11]
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[Ernst, AR, Tamarit, arXiv:1801.04906]
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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

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

• neutrino masses and mixing
• baryogenesis via leptogenesis

The virtue of imposing a Peccei-Quinn symmetry

• Most general Yukawas:

• SSB vevs:

• Fermion masses/mixing:

<latexit sha1_base64="ulM3yMrq+EH5WeH/JB2a2Q79NuE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIqMeiIB4r2A9ol5JNs21oNrsm2UJZ+ju8eFDEqz/Gm//GbLuCtj4YeLw3w8w8PxZcG9f9cgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJP5rTFTmkfywUxi5oVkIHnAKTFW8vBF77b0g1654lbdGdAywTmpQI56r/zZ7Uc0CZk0VBCtO9iNjZcSZTgVbFrqJprFhI7IgHUslSRk2ktnR0/RiVX6KIiULWnQTP09kZJQ60no286QmKFe9DLxP6+TmODKS7mME8MknS8KEoFMhLIEUJ8rRo2YWEKo4vZWRIdEEWpsTlkIePHlZdI8q2K3iu/PK7XrPI4iHMExnAKGS6jBHdShARQe4Qle4NUZO8/Om/M+by04+cwh/IHz8Q0Wk45i</latexit>
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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

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

• neutrino masses and mixing
• baryogenesis via leptogenesis

• PQ extension adds

• predictivity of fermion masses/mixing

• solution of strong CP problem
• DM candidate: axion

The virtue of imposing a Peccei-Quinn symmetry

• PQ symmetry imposed:

• Most general Yukawas:

• SSB vevs:

• Fermion masses/mixing:

<latexit sha1_base64="6gEWmCM7n00NWC395WX0G3m8tew="></latexit>

[Bajc et al. 06; Altarelli,Meloni 13; Babu,Khan 15]

<latexit sha1_base64="ulM3yMrq+EH5WeH/JB2a2Q79NuE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIqMeiIB4r2A9ol5JNs21oNrsm2UJZ+ju8eFDEqz/Gm//GbLuCtj4YeLw3w8w8PxZcG9f9cgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJP5rTFTmkfywUxi5oVkIHnAKTFW8vBF77b0g1654lbdGdAywTmpQI56r/zZ7Uc0CZk0VBCtO9iNjZcSZTgVbFrqJprFhI7IgHUslSRk2ktnR0/RiVX6KIiULWnQTP09kZJQ60no286QmKFe9DLxP6+TmODKS7mME8MknS8KEoFMhLIEUJ8rRo2YWEKo4vZWRIdEEWpsTlkIePHlZdI8q2K3iu/PK7XrPI4iHMExnAKGS6jBHdShARQe4Qle4NUZO8/Om/M+by04+cwh/IHz8Q0Wk45i</latexit>
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

Axion predictions and experimental prospects 

• Axion decay constant:

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

<latexit sha1_base64="Eb+06HAJkgPt2xZXTnA7j2sibEs=">AAACEHicbZC9TsMwFIWd8lfKX4CRxaJCMFUJIMFYYGFBKhJpKzVR5LhOa9Vxgu0gVVEegYVXYWEAIVZGNt4Gp80ALVey9emce2XfEySMSmVZ30ZlYXFpeaW6Wltb39jcMrd32jJOBSYOjlksugGShFFOHEUVI91EEBQFjHSC0VXhdx6IkDTmd2qcEC9CA05DipHSkm8ewtC/gK6kEbmHbigQzuw8O8mneOM7eTbQV80361bDmhScB7uEOiir5Ztfbj/GaUS4wgxJ2bOtRHkZEopiRvKam0qSIDxCA9LTyFFEpJdNFsrhgVb6MIyFPlzBifp7IkORlOMo0J0RUkM56xXif14vVeG5l1GepIpwPH0oTBlUMSzSgX0qCFZsrAFhQfVfIR4iHYXSGRYh2LMrz0P7uGFbDfv2tN68LOOogj2wD46ADc5AE1yDFnAABo/gGbyCN+PJeDHejY9pa8UoZ3bBnzI+fwDEE5xs</latexit>
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[Ernst, AR, Tamarit, arXiv:1801.04906]
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 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:

<latexit sha1_base64="Eb+06HAJkgPt2xZXTnA7j2sibEs=">AAACEHicbZC9TsMwFIWd8lfKX4CRxaJCMFUJIMFYYGFBKhJpKzVR5LhOa9Vxgu0gVVEegYVXYWEAIVZGNt4Gp80ALVey9emce2XfEySMSmVZ30ZlYXFpeaW6Wltb39jcMrd32jJOBSYOjlksugGShFFOHEUVI91EEBQFjHSC0VXhdx6IkDTmd2qcEC9CA05DipHSkm8ewtC/gK6kEbmHbigQzuw8O8mneOM7eTbQV80361bDmhScB7uEOiir5Ztfbj/GaUS4wgxJ2bOtRHkZEopiRvKam0qSIDxCA9LTyFFEpJdNFsrhgVb6MIyFPlzBifp7IkORlOMo0J0RUkM56xXif14vVeG5l1GepIpwPH0oTBlUMSzSgX0qCFZsrAFhQfVfIR4iHYXSGRYh2LMrz0P7uGFbDfv2tN68LOOogj2wD46ADc5AE1yDFnAABo/gGbyCN+PJeDHejY9pa8UoZ3bBnzI+fwDEE5xs</latexit>
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 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:

• May be probed by axion DM experiments
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CASPEr-Electric

[Ernst 18; CASPEr prospects from Kimball et al. 17]
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Axion in non-SUSY SO(10) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 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:

• May be probed by axion DM experiments
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ABRACADABRA

[Ernst 18; ABRACADABRA prospects from Kahn,Safdi,Thaler 16]
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

A minimal GUT  

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

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons
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[Georgi, Glashow 74]
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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
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<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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Axion in non-SUSY SU(5) GUT
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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="ekdTIR0SQ0jpPL4eayhnsR77zmo=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixD0kmOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9GbmV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3vkv99gMVkoVBQ00i6vh4GLABI1hpyTWPGm4N3aCSXb4oW2eFH7hm0apYM6BlYmekCBnqrvnZ64ck9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVNMA+lU4ye2CKTrXSR4NQ6AoUmqm/JxLsSznxPd3pYzWSi14q/ud1YzW4dhIWRLGiAZkvGsQcqRClaaA+E5QoPtEEE8H0rYiMsMBE6czSEOzFl5dJ67xiWxX7/rJYvc3iyMMxnEAJbLiCKtSgDk0gMIUneIFX49F4Nt6M93lrzshmDuEPjI9vuA+Qqg==</latexit>

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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>



Page 15

Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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>
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[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 non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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>
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

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
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

Minimal GUT SMASH?  

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

• SU(5) monopole problem

• axion DM overabundance

• DM abundance depends not only on mass, but 
also on the initial value of inside
causally connected region which is inflated to
observable universe
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

Minimal GUT SMASH?  

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

• SU(5) monopole problem

• axion DM overabundance

• DM abundance depends not only on mass, but 
also on the initial value of inside
causally connected region which is inflated to
observable universe:
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Axion in non-SUSY SU(5) GUT

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

Minimal GUT SMASH?

• PQ symmetry has to be broken during and after 

inflation to avoid

• SU(5) monopole problem

• axion DM overabundance

• DM abundance depends not only on mass, but 

also on the initial value of inside

causally connected region which is inflated to

observable universe:

• Non-minimal chaotic inflation

• For small enough quartic and Yukawa couplings,  PQ 

symmetry after inflation may be avoided

• Isocurvature constraints avoided if
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[Ballesteros,Redondo, AR,Tamarit `16]

SM * Axion * See-saw * Higgs portal inflation
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Conclusions and outlook

| News from Axion Theory Space| Andreas Ringwald, 9 May 2018

• Realistic non-SUSY                              and models addressing both neutrino masses and
gauge coupling unification predict the axion mass in a window which is accessible in the upcoming axion DM 
direct detection experiments (ABRACADABRA, CASPEr-Electric)

• Precise determination of axion mass would lead to direct determination of GUT scale, possibly discriminating
different GUT models and setting target for proton decay measurements

• Intriguing possibility that the Higgs field required for GUT breaking may be responsible for inflation, realizing
non-minimal chaotic inflation, making the and model a potential candidate
for a GUT SMASH variant, aiming at a self-contained (but highly fine-tuned) description of particle physics, 
from the electroweak scale to the Planck scale, and cosmology, from inflation to today
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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]


