
New Perspectives on 
the QCD axion

Tony Gherghetta

1

Astroparticle Symposium 2025, 
Pascal Institute, Paris, France, 

November 13, 2025

Gherghetta-NewPerspectivesQCDAxion  - 13 November 2025



Strong CP problem 
CP-odd term

Basis independent:

Neutron electric dipole moment:

Observable effect

|dN | . 3⇥ 10�26e · cm

dN ' (5⇥ 10�16e · cm)✓̄

2

✓̄ = ✓ + arg(detMq)

<latexit sha1_base64="v0kJmBzGYnJYMn5e5gSYNV0eoFk=">AAACG3icbZDLSgNBEEV7fBtfUZduGqOgKGEmCOpCEN24ERSMCpkQajqVpEnPw+4aIQz5Dzf+ihsXirgSXPg3duIsfF1oONyqorpukChpyHU/nJHRsfGJyanpwszs3PxCcXHp0sSpFlgVsYr1dQAGlYywSpIUXicaIQwUXgXd40H96ha1kXF0Qb0E6yG0I9mSAshajWJlzQ9A+9RBAn7Ac9jima9DDrq90UTq+9uZL0Dx037jZnOtUSy5ZXco/he8HEos11mj+OY3Y5GGGJFQYEzNcxOqZ6BJCoX9gp8aTEB0oY01ixGEaOrZ8LY+X7dOk7dibV9EfOh+n8ggNKYXBrYzBOqY37WB+V+tllJrr57JKEkJI/G1qJUqTjEfBMWbUqMg1bMAQkv7Vy46oEGQjbNgQ/B+n/wXLitlb6e8f14 pHR7lcUyxFbbKNpjHdtkhO2FnrMoEu2MP7Ik9O/fOo/PivH61jjj5zDL7Ief9E0Bbn7I=</latexit>

Why is ✓̄ so small?

<latexit sha1_base64="BECc5QzjJv0T8zxwCgo3MzDPSLM=">AAACBnicdVDLSgNBEJyN7/ha9SjCYBQ8hZ0gJjkZ9OIxgjFCNoTeycQMmX0w0ysswZMXf8WLB0W8+g3e/BtnNYKKFjQUVd10dwWJkgY9780pTE3PzM7NLxQXl5ZXVt219XMTp5qLFo9VrC8CMELJSLRQohIXiRYQBkq0g9Fx7revhDYyjs4wS0Q3hMtIDiQHtFLP3WoPMyoN3fED0D4OBcIONTE1ISh12HNLXtnzPMYYzQmrHniW1Ou1CqtRllsWJTJBs+e++v2Yp6GIkCswpsO8BLtj0Ci5EtdFPzUiAT6CS9GxNIJQmO74441rumuVPh3E2laE9EP9PjGG0JgsDGxnCDg0v71c/MvrpDiodccySlIUEf9cNEgVxZjmmdC+1IKjyiwBrqW9lfIhaOBokyvaEL4+pf+T80qZ7Zfrp5VS42gSxzzZJNtkjzBSJQ1yQpqkRTi5IXfkgTw6t8698+Q8f7YWnMnMBvkB5+Ud4MaYJg==</latexit>

<latexit sha1_base64="U024r1Z4LMTpEx2iNd79hFGE2sc="></latexit>

✓̄ does not appear to be “anthropic”

[Lee,Meissner,Olive,Shifman,Vonk: 2006.12321]

<latexit sha1_base64="hgwKHsbZwo/W6d+tZBl8lXn7joA=">AAACDHicdVDLSgMxFM34rPVVdekmWAVXQ1Ic7bLoxqWC1UKnlEx6a4OZB8kdoZR+gBt/xY0LRdz6Ae78G9NaRUUPBE7OOZfknijTyiJjb97U9Mzs3Hxhobi4tLyyWlpbP7dpbiTUZapT04iEBa0SqKNCDY3MgIgjDRfR1dHIv7gGY1WanGE/g1YsLhPVVVKgk9ql8jYLNVhrVUzDSJgQe4CCfmnM59suxXy2H+zxqrsHjFd54Egl4IxVKPfZGGUywUm79Bp2UpnHkKDUwtomZxm2BsKgkhqGxTC3kAl5JS6h6WgiYrCtwXiZId1xSod2U+NOgnSsfp8YiNjafhy5ZCywZ397I/Evr5ljt9oaqCTLERL58VA31xRTOmqGdpQBibrviJBGub9S2RNGSHT9FV0Jn5vS/8l5xeeBz04r5drhpI4C2SRbZJdwckBq5JickDqR5IbckQfy6N16996T9/wRnfImMxvkB7yXdyA7mmM=</latexit>

0 . ✓̄ . 0.1Our Universe possible for 

✓̄ . 10�10

[Crewther, DiVecchia, Veneziano, Witten,1979]

[DIne, Haskins, Ubaldi, Xu: 1801.03466][Ubaldi: 0811.1599]
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Dynamical Solution: PQ mechanism and axion
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Axion:
<latexit sha1_base64="5tirPMpb2c8027PdtF0zbljvl0Q=">AAACH3icbVDLSgMxFM3UV62vUZdugkWoCGWm+NoIRTcuK9gHdMYhk2ba0MzDJCOUMH/ixl9x40IRcde/MW1noa0HAodzzuXmHj9hVEjLGhuFpeWV1bXiemljc2t7x9zda4k45Zg0ccxi3vGRIIxGpCmpZKSTcIJCn5G2P7yZ+O0nwgWNo3s5Sogbon5EA4qR1JJnnjuNAb1yAo6wsjPliEcuVS3LKoGH4InDB/ExJA+KwlkEZUobWeaZZatqTQEXiZ2TMsjR8MxvpxfjNCSRxAwJ0bWtRLoKcUkxI1nJSQVJEB6iPulqGqGQCFdN78vgkVZ6MIi5fpGEU/X3hEKhEKPQ18kQyYGY9ybif143lcGlq2iUpJJEeLYoSBmUMZyUBXuUEyzZSBOEOdV/hXiAdBFSV1rSJdjzJy+SVq1qn1Wtu9Ny/TqvowgOwCGoABtcgDq4BQ3QBBg8g1fwDj6MF+PN+DS+ZtGCkc/sgz8wxj9QE6Mo</latexit>

� =
1p
2
(fa + ⇢)ei

a
fa spontaneously broken

<latexit sha1_base64="ANbckD591J77O2PJXxL4MFSH/KQ=">AAAB9HicbVDLTsJAFJ3iC/GFunQzkZjgpmmxAu6IblxCYoEEGjIdpjBhpq0zUxLS8B1uXGiMWz/GnX/jFDDxdZKbnJxzb+69x48ZlcqyPozc2vrG5lZ+u7Czu7d/UDw8assoEZi4OGKR6PpIEkZD4iqqGOnGgiDuM9LxJzeZ35kSIWkU3qlZTDyORiENKEZKS55bts8HaV9w2GzNB8WSZV7VqxWnCi3Tsmp2xc5IpeZcONDWSoYSWKE5KL73hxFOOAkVZkjKnm3FykuRUBQzMi/0E0lihCdoRHqahogT6aWLo+fwTCtDGERCV6jgQv0+kSIu5Yz7upMjNZa/vUz8z+slKqh7KQ3jRJEQLxcFCYMqglkCcEgFwYrNNEFYUH0rxGMkEFY6p8IihOWn8C/5CqFdMe1L02o5pcb1Ko48OAGnoAxsUAMNcAuawAUY3IMH8ASejanxaLwYr8vWnLGaOQY/YLx9ArKDkWk=</latexit>

U(1)PQ

<latexit sha1_base64="a6u8iOPjrxVrZHqk9bP5iWM1Ga0="></latexit>

h�i = fap
2

Axion potential: minimum:
<latexit sha1_base64="r2/rUSRyhtLSy9b8KE37VeOJSZ4=">AAACHXicbVC7SgRBEJz17fk6NTQZPQRBOHZF1EQQTQwVPBVuj6V3rtcbnH040yscy/ohJv6KiYEiBibi3zj3CHwVDBRV1fR0hZmShlz30xkZHRufmJyarszMzs0vVBeXzk2aa4ENkapUX4ZgUMkEGyRJ4WWmEeJQ4UV4fdTzL25RG5kmZ9TNsBXDVSIjKYCsFFS3feogQVD4OuYYRSX38SaXt9yPNIgCyiIKoNz0Q9CD5L57txpUa27d7YP/Jd6Q1NgQJ0H13W+nIo8xIaHAmKbnZtQqQJMUCsuKnxvMQFzDFTYtTSBG0yr615V83SptHqXavoR4X/0+UUBsTDcObTIG6pjfXk/8z2vmFO21CplkOWEiBouiXHFKea8q3pYaBamuJSC0tH/logO2FrKFVmwJ3u+T/5Lzrbq3U9853a4dHA7rmGIrbI1tMI/tsgN2zE5Ygwl2zx7ZM3txHpwn59V5G0RHnOHMMvsB5+MLDPmigg==</latexit>

✓e↵ ⌘ a

fa
+ ✓̄ = 0 !

<latexit sha1_base64="a5ZshDbPmU9lXhSEeiZslU8Iy1k="></latexit>

VQCD(a) ' �m2
af

2
a cos

✓
a

fa
+ ✓̄

◆
+ . . . solves strong CP 

problem!

m2
a =

T
f2
a

topological susceptibility

[Peccei, Quinn 1977; 
Weinberg 1978; Wilczek 1978]

<latexit sha1_base64="IqwJMYcZ5cyaFS+GaPx0DUWI61c=">AAACIXicbVDLSgMxFM34rPVVdekmWARXZcYHuhFEXbhwoWCr0KnDnTSjwSQzJneEMvRX3Pgrblwo0p34M6aPha8DCSfn3JvknjiTwqLvf3hj4xOTU9OlmfLs3PzCYmVpuWHT3DBeZ6lMzVUMlkuheR0FSn6VGQ4qlvwyvjvq+5cP3FiR6gvsZLyl4EaLRDBAJ0WVPRXB9SZN+ntohaIquqfhqbugDVERGkXPj46711t0nw5OLNUWQWM3qlT9mj8A/UuCEamSEc6iSi9spyxXXCOTYG0z8DNsFWBQMMm75TC3PAN2Bze86agGxW2rGEzYpetOadMkNW5ppAP1e0cBytqOil2lAry1v72++J/XzDHZaxVCZzlyzYYPJbmkmNJ+XLQtDGcoO44AM8L9lbJbMMDQhVp2IQS/R/5LGpu1YKfmn29XDw5HcZTIKlkjGyQgu+SAnJAzUieMPJJn8krevCfvxXv3esPSMW/Us0J+wPv8AoEhooY=</latexit>

m2
af

2
a ⇠ mq⇤

3
QCD = constant

<latexit sha1_base64="7hZKi3LQq9GIp/7/JTBuyFkW4eI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhs7PrzGwgLPsdXjwo4tWP8ebfOHkcNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0N/VbY1Sax/LRTBL0IzqQPOSMGiv53VBRlnl5FvZo3itX3Ko7A1kl3oJUYIF6r/zV7ccsjVAaJqjWHc9NjJ9RZTgTmJe6qcaEshEdYMdSSSPUfjY7OidnVumTMFa2pCEz9fdERiOtJ1FgOyNqhnrZm4r/eZ3UhDd+xmWSGpRsvihMBTExmSZA+lwhM2JiCWWK21sJG1Kbg7E5lWwI3vLLq6R5UfWuqu7DZaV2u4ijCCdwCufgwTXU4B7q0AAGT/AMr/DmjJ0X5935mLcWnMXMMfyB8/kD/7qSPw==</latexit>

1

fa

<latexit sha1_base64="WCiaGcxeOaw5wPgLaII3sJo0b2Y=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhLnNXrJkd+/Y3RNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7tX3j94NEmmKWvQRCS6FaFhgivWsNwK1ko1QxkJ1oyGN1O/+cS04Yl6sKOUhRL7iseconXSvexit1zxq/4MZJkEOalAjnq3/NXpJTSTTFkq0Jh24Kc2HKO2nAo2KXUyw1KkQ+yztqMKJTPheHbqhJw4pUfiRLtSlszU3xNjlMaMZOQ6JdqBWfSm4n9eO7PxVTjmKs0sU3S+KM4EsQmZ/k16XDNqxcgRpJq7WwkdoEZqXTolF0Kw+PIyeTyrBhdV/+68UrvO4yjCERzDKQRwCTW4hTo0gEIfnuEV3jzhvXjv3se8teDlM4fwB97nD0UAjck=</latexit>ma

QCD prediction
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QCD axion limits

axion weakly-coupled - “invisible”1

fa
Jµ@µa

109 GeV . fa . 1012 GeV

10�5 eV . ma . 10�3 eV

4

<latexit sha1_base64="NpNEFlslpF9wYt4beCCRpk8s5o4=">AAACEXicbVC7TsMwFHXKq5RXgZHFokLqVCUFBGNFGRgYWok+pCaNHMdprdpJsB2kKuovsPArLAwgxMrGxt/gthmg5Ui2js6599r3eDGjUpnmt5FbWV1b38hvFra2d3b3ivsHbRklApMWjlgkuh6ShNGQtBRVjHRjQRD3GOl4o/rU7zwQIWkU3qlxTByOBiENKEZKS26xzF3Ur8JgdtuScsjde2jf6gk+clNbcNisX0/6p26xZFbMGeAysTJSAhkabvHL9iOccBIqzJCUPcuMlZMioShmZFKwE0lihEdoQHqahogT6aSzjSbwRCs+DCKhT6jgTP3dkSIu5Zh7upIjNZSL3lT8z+slKrh0UhrGiSIhnj8UJAyqCE7jgT4VBCs21gRhQfVfIR4igbDSIRZ0CNbiysukXa1Y5xWzeVaqXWVx5MEROAZlYIELUAM3oAFaAINH8AxewZvxZLwY78bHvDRnZD2H4A+Mzx/ia5vM</latexit>

m2
af

2
a ⇠ mq⇤

3
QCD
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Origin of dim-5 axion-gluon coupling?

Example:  KSVZ [Kim ’79; Shifman, Vainshtein, Zakharov ‘80]

U(1)PQ Dirac fermion: complex scalar:

5

Scalar potential: V (�) = �m2
PQ|�|2 + �PQ|�|4

<latexit sha1_base64="YB8DGKuVBQmAFRqXzxlSgsquJQk=">AAACE3icbVC7TsMwFHV4lvIKMLJEtEiIoUoqIViQKlgYW4k+pCZEjuu0Vm0n2A5SFeUfWPgVFgYQYmVh429w0wzQciRLx+fce+17gpgSqWz721haXlldWy9tlDe3tnd2zb39jowSgXAbRTQSvQBKTAnHbUUUxb1YYMgCirvB+Hrqdx+wkCTit2oSY4/BISchQVBpyTdPq6EPL115L1TqhgKilPlps5Xd1bPUpXrOAOb3LKv6ZsWu2TmsReIUpAIKNH3zyx1EKGGYK0ShlH3HjpWXQqEIojgru4nEMURjOMR9TTlkWHppvlNmHWtlYIWR0IcrK1d/d6SQSTlhga5kUI3kvDcV//P6iQovvJTwOFGYo9lDYUItFVnTgKwBERgpOtEEIkH0Xy00gjoZpWMs6xCc+ZUXSadec85qdqteaVwVcZTAITgCJ8AB56ABbkATtAECj+AZvII348l4Md6Nj1npklH0HIA/MD5/ALLKnqw=</latexit>

fa =

r
m2

PQ

�PQ

(Also DFSZ  [Dine, Fischler,Srednicki ’81; Zhitnitsky ’80] )

<latexit sha1_base64="Jnwffu9yQljM886M/DWFpAxRwZI=">AAACHXicbZC7TsMwFIYdrqXcCowsFi0SU5VUVDBWsDAWiV6kpkQnrtNatZNgO6Aq6ouw8CosDCDEwIJ4G5y2A7T8kqVf3zlHx+f3Y86Utu1va2l5ZXVtPbeR39za3tkt7O03VZRIQhsk4pFs+6AoZyFtaKY5bceSgvA5bfnDy6zeuqdSsSi80aOYdgX0QxYwAtogr3BacuuKYVey/kCDlNEDprcpw3felAOPB4DdPggBXnWMM1ryCkW7bE+EF40zM0U0U90rfLq9iCSChppwUKrj2LHupiA1I5yO826iaAxkCH3aMTYEQVU3nVw3xseG9HAQSfNCjSf090QKQqmR8E2nAD1Q87UM/lfrJDo476YsjBNNQzJdFCQc6whnUeEek5RoPjIGiGTmr5gMQALRJtC8CcGZP3nRNCtlp1q2ryvF2sUsjhw6REfoBDnoDNXQFaqjBiLoET2jV/RmPVkv1rv1MW1dsmYzB+iPrK8fEUKhQw==</latexit>

 ! eiq ↵�5 
<latexit sha1_base64="kDQaJFA4J5t2X4B8+/iD4xDK6Rs=">AAACFHicbVDLSgMxFM3UV62vqks3wVYQhDJTEF0W3bisYB/QjuVOmumEZjJjklHK0I9w46+4caGIWxfu/BszbRfaeuDCyTn3knuPF3OmtG1/W7ml5ZXVtfx6YWNza3unuLvXVFEiCW2QiEey7YGinAna0Exz2o4lhdDjtOUNLzO/dU+lYpG40aOYuiEMBPMZAW2kXvGk3K0HDHclGwQapIweML1NGb7rTXXgcQBjnD3KvWLJrtgT4EXizEgJzVDvFb+6/YgkIRWacFCq49ixdlOQmhFOx4VuomgMZAgD2jFUQEiVm06OGuMjo/SxH0lTQuOJ+nsihVCpUeiZzhB0oOa9TPzP6yTaP3dTJuJEU0GmH/kJxzrCWUK4zyQlmo8MASKZ2RWTACQQbXIsmBCc+ZMXSbNacU4r9nW1VLuYxZFHB+gQHSMHnaEaukJ11EAEPaJn9IrerCfrxXq3PqatOWs2s4/+wPr8AUsUnbU=</latexit>

� ! eiq�↵�

<latexit sha1_base64="GfaJIW3Y/23/vwH7XPrcFGhAJVI=">AAACEHicbZDLSsNAFIZP6q3WW9Slm2ARXZWkKLoRim5cVrAXaEKZTCft0MkkzkyEEvIIbnwVNy4UcevSnW/jNM1CW38Y+PjPOZw5vx8zKpVtfxulpeWV1bXyemVjc2t7x9zda8soEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH19P650HIiSN+J2axMQL0ZDTgGKktNU3j12G+JARtzmirsjx0g0EwmnQR1nqynuh0nqW9c2qXbNzWYvgFFCFQs2++eUOIpyEhCvMkJQ9x46VlyKhKGYkq7iJJDHCYzQkPY0chUR6aX5QZh1pZ2AFkdCPKyt3f0+kKJRyEvq6M0RqJOdrU/O/Wi9RwYWXUh4ninA8WxQkzFKRNU3HGlBBsGITDQgLqv9q4RHScSidYUWH4MyfvAjtes05q9m3p9XGVRFHGQ7gEE7AgXNowA00oQUYHuEZXuHNeDJejHfjY9ZaMoqZffgj4/MHKyyd8Q==</latexit>

h�i = fap
2

Origin of PQ potential?BUT
<latexit sha1_base64="ucfneLxwpsa9kwIs4EKKmufpEs0=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4GmamT3dFN26EFmwrtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCrwOBwznncm9OEDGqtON8WJmV1bX1jexmbmt7Z3cvv3/QVmEsMWnhkIXyJkCKMCpIS1PNyE0kCeIBI51gcpH6nTsiFQ3FtZ5GxOdoJOiQYqSNdMv7SaM5gz3G4FW/0c8XHPusVvHKHnRsx6l6xUpKvGrJK0LXKCkKYAmTf+8NQhxzIjRmSKmu60TaT5DUFDMyy/ViRSKEJ2hEuoYKxInyk/nVM3hilAEchtI8oeFc/T6RIK7UlAcmyZEeq99eKv7ndWM9rPkJFVGsicCLRcOYQR3CtAI4oJJgzaaGICypuRXiMZIIa1NUbl7C4qfwL/kqoe3Zbtl2mqVC/XxZRxYcgWNwClxQBXVwCRqgBTCQ4AE8gWfr3nq0XqzXRTRjLWcOwQ9Yb5/oHZIg</latexit>

mPQ ⌧ MPWhy is                         ?

Yukawa coupling: m ⇠ h
fap
2

Integrate out 
Dirac fermions:

g2s
32⇡2

a

fa
GG̃
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6

[Note: gravitational instantons but ]for dynamical radial mode 
[Alvey, Escudero: 2009.03917]

<latexit sha1_base64="MJQQr5U4oujD32fyuwtKVl4mtyE=">AAACLnicbVDLSsNAFJ34rPUVdelmsAiuSlIVXRZFcCNUtA9oQphMJ+3QmSTOTIQS8kVu/BVdCCri1s9wmgbU1gMDh3PO5c49fsyoVJb1aszNLywuLZdWyqtr6xub5tZ2S0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Hzst++JkDQKb9UoJi5H/ZAGFCOlJc+8uHEk5dBhUd8JBMLpldfI0sBD0JF3QqV9T2bZJJLbh1lay37SdpYnPLNiVa0ccJbYBamAAg3PfHZ6EU44CRVmSMqubcXKTZFQFDOSlZ1EkhjhIeqTrqYh4kS6aX5uBve10oNBJPQLFczV3xMp4lKOuK+THKmBnPbG4n9eN1HBqZvSME4UCfFkUZAwqCI47g72qCBYsZEmCAuq/wrxAOkelG64rEuwp0+eJa1a1T6uWtdHlfpZUUcJ7II9cABscALq4BI0QBNg8ACewBt4Nx6NF+PD+JxE54xiZgf8gfH1DWPMqpo=</latexit>

S ⇠ log
MP

fa
p
gs

⇠ 3

2
log

1

gs

Terms must be suppressed to very high order!

Axion quality:

minimum:
<latexit sha1_base64="/QD3bF4BPVa7fDyk02uYwsAElVs=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQ2CpzAjEj2KXjxGMAtkhtDTqTGNPT1jd40QhnjxV7x4UMSrf+HNv7GzHNweFDzeq6KqXpRJYdDzPp2Z2bn5hcXSUnl5ZXVt3d3YbJo01xwaPJWpbkfMgBQKGihQQjvTwJJIQiu6OR/5rTvQRqTqCgcZhAm7ViIWnKGVuu52gH1A1i0CnVCI42Gg4JZ697tdt+JVvTHoX+JPSYVMUe+6H0Ev5XkCCrlkxnR8L8OwYBoFlzAsB7mBjPEbdg0dSxVLwITF+IMh3bdKj8aptqWQjtXvEwVLjBkkke1MGPbNb28k/ud1coxPwkKoLEdQfLIoziXFlI7ioD2hgaMcWMK4FvZWyvtMM442tLINwf/98l/SPKz6tWrt8qhyejaNo0R2yB45ID45JqfkgtRJg3ByTx7JM3lxHpwn59V5m7TOONOZLfIDzvsX5l6Wig==</latexit>

✓e↵ 6= 0 ! axion quality 
problem

<latexit sha1_base64="skGFXoQc2MY8T8DQzY7taEhnOCw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0WPRi8cK9gOaEDbbSbt088HupFBC/4kXD4p49Z9489+4bXPQ6oOBx3szzMwLMyk0Os6XVVlb39jcqm7Xdnb39g/sw6OOTnPFoc1TmapeyDRIkUAbBUroZQpYHErohuO7ud+dgNIiTR5xmoEfs2EiIsEZGimwbQ9HgCwoPBVTiKJZYNedhrMA/UvcktRJiVZgf3qDlOcxJMgl07rvOhn6BVMouIRZzcs1ZIyP2RD6hiYsBu0Xi8tn9MwoAxqlylSCdKH+nChYrPU0Dk1nzHCkV725+J/XzzG68QuRZDlCwpeLolxSTOk8BjoQCjjKqSGMK2FupXzEFONowqqZENzVl/+SzkXDvWo4D5f15m0ZR5WckFNyTlxyTZrknrRIm3AyIU/khbxahfVsvVnvy9aKVc4ck1+wPr4BnRyTpA==</latexit>

✓e↵

V(a)

<latexit sha1_base64="fG8ZKEdmz45QuVUTzNFjhndIIGc="></latexit>

✓min
e↵ 6= 0

<latexit sha1_base64="Vwmz2K6gPhn4HqhSa9EvgdRCEvE=">AAAB9XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7Aj4sIlJPJIYCSd0oGGziNtR0Mm/IcbFxrj1n9x599YBkx8neQmJ+fcm3vvcSPOpELow8isrK6tb2Q3c1vbO7t7+f2DtgxjQWiLhDwUXRdLyllAW4opTruRoNh3Oe24k/rc79xRIVkY3KhpRB0fjwLmMYKVlm7bg6QvfNisX82K+HSQLyCzWkVlqwqRaSNUqpxrgs5KFduGlolSFMASjUH+vT8MSezTQBGOpexZKFJOgoVihNNZrh9LGmEywSPa0zTAPpVOkl49gydaGUIvFLoCBVP1+0SCfSmnvqs7fazG8rc3F//zerHyKk7CgihWNCCLRV7MoQrhPAI4ZIISxaeaYCKYvhWSMRaYKB1ULg1h8Sn8S75CaJdMyzZRs1yoXS7jyIIjcAyKwAIXoAauQQO0AAECPIAn8GzcG4/Gi/G6aM0Yy5lD8APG2yeM9ZHl</latexit>

VQCD(a)

<latexit sha1_base64="oX4y4/rq0Z1JszQn7tzPk5nFNko=">AAACGnicbVDLSsNAFJ34rPVVdelmsAiCGBKp6FJ040aoYFuhScNkcmMHJ5MwMxFKzHe48VfcuFDEnbjxb5w+Fr4OXDiccy/33hNmnCntOJ/W1PTM7Nx8ZaG6uLS8slpbW2+rNJcUWjTlqbwKiQLOBLQ00xyuMgkkCTl0wpvTod+5BalYKi71IAM/IdeCxYwSbaSg5nqxJLS4o4G4w9ArmBcB1yQQZVmcB81eIfYaZek1+6wn8G7fpnZQqzu2MwL+S9wJqaMJmkHt3YtSmicgNOVEqa7rZNoviNSMciirXq4gI/SGXEPXUEESUH4xeq3E20aJcJxKU0Ljkfp9oiCJUoMkNJ0J0X312xuK/3ndXMdHfsFElmsQdLwozjnWKR7mhCMmgWo+MIRQycytmPaJyUqbNKsmBPf3y39Je992D2znolE/PpnEUUGbaAvtIBcdomN0hpqohSi6R4/oGb1YD9aT9Wq9jVunrMnMBvoB6+MLUiqg/A==</latexit>

|cn|ei�n
Mn�4

P

�n + h.c.

<latexit sha1_base64="V2W1LaqOGRVIwWGTHNIfLed95T0="></latexit>

V (a) = VQCD(a)�
|cn|fn

a

Mn�4
P

cos

✓
na

fa
+ �n

◆
Gravitational 
violation of

<latexit sha1_base64="m1HpQdahmVYKw6Hw9z6y3UA0iRU=">AAAB9HicbVBNTwIxEJ31E/EL9eilkZjghewajR6JXjxC4gIJbEi3dKGh7a5tl4Rs+B1ePGiMV3+MN/+NBfag4EsmeXlvJjPzwoQzbVz321lb39jc2i7sFHf39g8OS0fHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdD/zW2OqNIvlo5kkNBB4IFnECDZWCvyKd9HLukqgemPaK5XdqjsHWiVeTsqQo94rfXX7MUkFlYZwrHXHcxMTZFgZRjidFruppgkmIzygHUslFlQH2fzoKTq3Sh9FsbIlDZqrvycyLLSeiNB2CmyGetmbif95ndREt0HGZJIaKsliUZRyZGI0SwD1maLE8IklmChmb0VkiBUmxuZUtCF4yy+vkuZl1buuuo2rcu0uj6MAp3AGFfDgBmrwAHXwgcATPMMrvDlj58V5dz4WrWtOPnMCf+B8/gBTypEq</latexit>

U(1)PQ

[Georgi, Hall, Wise 1981; Giddings, Strominger 1988; S.J.Rey 1989;
Holman et al 1992; March-Russell, Kamionkowski 1992]

<latexit sha1_base64="qnr4+PSi6ESusUdkbXz2QFkYyqQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUzTAzfborunFZwdbCdCiZNG1Dk8yQZIQy9DPcuFDErV/jzr8x01bwdeDC4Zx7ufeeMGZUacf5sHJr6xubW/ntws7u3v5B8fCoq6JEYtLBEYtkL0SKMCpIR1PNSC+WBPGQkbtwepX5d/dEKhqJWz2LScDRWNARxUgbyS/jgegryqF7PiiWHPuiWfdqHnRsx2l4lXpGvEbVq0DXKBlKYIX2oPjeH0Y44URozJBSvuvEOkiR1BQzMi/0E0VihKdoTHxDBeJEBeni5Dk8M8oQjiJpSmi4UL9PpIgrNeOh6eRIT9RvLxP/8/xEj5pBSkWcaCLwctEoYVBHMPsfDqkkWLOZIQhLam6FeIIkwtqkVFiEsPwU/iVfIXQ9263Zzk211LpcxZEHJ+AUlIELGqAFrkEbdAAGEXgAT+DZ0taj9WK9Lltz1mrmGPyA9fYJWA2QpA==</latexit>

(cn ⇠ 1)
<latexit sha1_base64="VLrcrJvZ4UiUGouN6IAWB3ZeXZM=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4Ktmitb0VvXisYD+gXUo2zbah2ew2yQpl6Z/w4kERr/4db/4bs20FFX0w8Hhvhpl5fiy4Nhh/OCura+sbm7mt/PbO7t5+4eCwpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fJ357XumNI/knZnGzAvJUPKAU2Ks1JG9IZsgF/cLRVzCFpUKyohbxa4ltVq1XK4hd25hXIQlGv3Ce28Q0SRk0lBBtO66ODZeSpThVLBZvpdoFhM6JkPWtVSSkGkvnd87Q6dWGaAgUrakQXP1+0RKQq2noW87Q2JG+reXiX953cQEVS/lMk4Mk3SxKEgEMhHKnkcDrhg1YmoJoYrbWxEdEUWosRHlbQhfn6L/Satcci9K+Pa8WL9axpGDYziBM3DhEupwAw1oAgUBD/AEz87EeXRenNdF64qznDmCH3DePgFsRo+T</latexit>

n � 10
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Questions
⇤0

Use 5th dimension to address these questions!

7

How to solve the axion quality problem? Connection to GUT or supersymmetry?
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solve strong CP?

<latexit sha1_base64="MQjfelbq2x3oKtSlURKhXe4ZJ3k=">AAACHHicbVDLSsNAFJ34rPUVdelmsAiuSlIV3QhFNy4r2Ac0JdxMJ+3QmSTMTIQS8iFu/BU3LhRx40Lwb5y2WWjrgXs5nHMvM/cECWdKO863tbS8srq2Xtoob25t7+zae/stFaeS0CaJeSw7ASjKWUSbmmlOO4mkIAJO28HoZuK3H6hULI7u9TihPQGDiIWMgDaSb58O/Ay8AQhR9PzKCyWQzAOeDCHPal7CcjzT3DwLfch9u+JUnSnwInELUkEFGr796fVjkgoaacJBqa7rJLqXgdSMcJqXvVTRBMgIBrRraASCql42PS7Hx0bp4zCWpiKNp+rvjQyEUmMRmEkBeqjmvYn4n9dNdXjZy1iUpJpGZPZQmHKsYzxJCveZpETzsSFAJDN/xWQIJgdt8iybENz5kxdJq1Z1z6vO3Vmlfl3EUUKH6AidIBddoDq6RQ3URAQ9omf0it6sJ+vFerc+ZqNLVrFzgP7A+voBdjGi1w==</latexit>

ga�� =
↵

2⇡

1

fa

Origin of the PQ breaking potential and spontaneous breaking scale      ?
<latexit sha1_base64="KV6S+OSCfVA2EcS/SihMu+MTncc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI9FLx4rmLbQhjLZbtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZosyniUhUJ0TNBJfMN9wI1kkVwzgUrB2O7+Z++4kpzRP5aCYpC2IcSh5xisZKfjXqY7Vfrrg1dwGyTrycVCBHs1/+6g0SmsVMGipQ667npiaYojKcCjYr9TLNUqRjHLKupRJjpoPp4tgZubDKgESJsiUNWai/J6YYaz2JQ9sZoxnpVW8u/ud1MxPdBFMu08wwSZeLokwQk5D552TAFaNGTCxBqri9ldARKqTG5lOyIXirL6+TVr3mXdXch3qlcZvHUYQzOIdL8OAaGnAPTfCBAodneIU3RzovzrvzsWwtOPnMKfyB8/kD8l6OHA==</latexit>

fa

Can the QCD axion mass be different?
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8

Why use the 5th dimension?

“Warped” dimension is dual to 4D strong dynamics!

Can generate a hierarchy of scales and small couplings!
y

ΛUV e
−ky

length scales 
“redshift”

<latexit sha1_base64="ROY2FJpF7UnSzFS7LkzhwIh6joM=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLUtruiGxcuKjhtoTMMmUzahmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGcc7k3J0gFVxqhD2tldW19Y7O0Vd7e2d3btw8OOyrJJGUOTUQiewFRTPCYOZprwXqpZCQKBOsG4+vC706YVDyJ7/U0ZV5EhjEfcEq0kXzbdm9NOCR+7soIOp2Zb1dQFSGEMYYFwfVLZEiz2ajhBsSFZVABS7R9+90NE5pFLNZUEKX6GKXay4nUnAo2K7uZYimhYzJkfUNjEjHl5fPLZ/DUKCEcJNK8WMO5+n0iJ5FS0ygwyYjokfrtFeJfXj/Tg4aX8zjNNIvpYtEgE1AnsKgBhlwyqsXUEEIlN7dCOiKSUG3KKpsSvn4K/yedWhVfVNHdeaV1tayjBI7BCTgDGNRBC9yANnAABRPwAJ7As5Vbj9aL9bqIrljLmSPwA9bbJ10mk38=</latexit>

⇤UV

5th coordinate

<latexit sha1_base64="HMMbFqVH+rdeFaIm2msQn0UlSOw=">AAACDXicdVDLSgMxFM3UV62vqks3wSq4KklR2+6KbhRcVHHaQmcomTRtQzMPkoxQhv6AG3/FjQtF3Lp359+YaStY0QOBwznncnOPFwmuNEKfVmZhcWl5JbuaW1vf2NzKb+80VBhLymwailC2PKKY4AGzNdeCtSLJiO8J1vSG56nfvGNS8TC41aOIuT7pB7zHKdFG6uQPnCsT7pJO4kgfXt6MHSHgnGY3xp18ARURQhhjmBJcPkWGVKuVEq5AnFoGBTBDvZP/cLohjX0WaCqIUm2MIu0mRGpOBRvnnFixiNAh6bO2oQHxmXKTyTVjeGiULuyF0rxAw4n6cyIhvlIj3zNJn+iB+u2l4l9eO9a9ipvwIIo1C+h0US8WUIcwrQZ2uWRUi5EhhEpu/grpgEhCtSkwZ0r4vhT+TxqlIj4pouvjQu1sVkcW7IF9cAQwKIMauAB1YAMK7sEjeAYv1oP1ZL1ab9NoxprN7II5WO9f+qubhQ==</latexit>

⇤IR ⌧ ⇤UV

5D AdS

y

ΛUV e
−ky

length scales 
“redshift”

<latexit sha1_base64="ROY2FJpF7UnSzFS7LkzhwIh6joM=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLUtruiGxcuKjhtoTMMmUzahmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGcc7k3J0gFVxqhD2tldW19Y7O0Vd7e2d3btw8OOyrJJGUOTUQiewFRTPCYOZprwXqpZCQKBOsG4+vC706YVDyJ7/U0ZV5EhjEfcEq0kXzbdm9NOCR+7soIOp2Zb1dQFSGEMYYFwfVLZEiz2ajhBsSFZVABS7R9+90NE5pFLNZUEKX6GKXay4nUnAo2K7uZYimhYzJkfUNjEjHl5fPLZ/DUKCEcJNK8WMO5+n0iJ5FS0ygwyYjokfrtFeJfXj/Tg4aX8zjNNIvpYtEgE1AnsKgBhlwyqsXUEEIlN7dCOiKSUG3KKpsSvn4K/yedWhVfVNHdeaV1tayjBI7BCTgDGNRBC9yANnAABRPwAJ7As5Vbj9aL9bqIrljLmSPwA9bbJ10mk38=</latexit>

⇤UV

5th coordinate

<latexit sha1_base64="HMMbFqVH+rdeFaIm2msQn0UlSOw=">AAACDXicdVDLSgMxFM3UV62vqks3wSq4KklR2+6KbhRcVHHaQmcomTRtQzMPkoxQhv6AG3/FjQtF3Lp359+YaStY0QOBwznncnOPFwmuNEKfVmZhcWl5JbuaW1vf2NzKb+80VBhLymwailC2PKKY4AGzNdeCtSLJiO8J1vSG56nfvGNS8TC41aOIuT7pB7zHKdFG6uQPnCsT7pJO4kgfXt6MHSHgnGY3xp18ARURQhhjmBJcPkWGVKuVEq5AnFoGBTBDvZP/cLohjX0WaCqIUm2MIu0mRGpOBRvnnFixiNAh6bO2oQHxmXKTyTVjeGiULuyF0rxAw4n6cyIhvlIj3zNJn+iB+u2l4l9eO9a9ipvwIIo1C+h0US8WUIcwrQZ2uWRUi5EhhEpu/grpgEhCtSkwZ0r4vhT+TxqlIj4pouvjQu1sVkcW7IF9cAQwKIMauAB1YAMK7sEjeAYv1oP1ZL1ab9NoxprN7II5WO9f+qubhQ==</latexit>

⇤IR ⌧ ⇤UV

4D energy scale E

<latexit sha1_base64="ROY2FJpF7UnSzFS7LkzhwIh6joM=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLUtruiGxcuKjhtoTMMmUzahmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGcc7k3J0gFVxqhD2tldW19Y7O0Vd7e2d3btw8OOyrJJGUOTUQiewFRTPCYOZprwXqpZCQKBOsG4+vC706YVDyJ7/U0ZV5EhjEfcEq0kXzbdm9NOCR+7soIOp2Zb1dQFSGEMYYFwfVLZEiz2ajhBsSFZVABS7R9+90NE5pFLNZUEKX6GKXay4nUnAo2K7uZYimhYzJkfUNjEjHl5fPLZ/DUKCEcJNK8WMO5+n0iJ5FS0ygwyYjokfrtFeJfXj/Tg4aX8zjNNIvpYtEgE1AnsKgBhlwyqsXUEEIlN7dCOiKSUG3KKpsSvn4K/yedWhVfVNHdeaV1tayjBI7BCTgDGNRBC9yANnAABRPwAJ7As5Vbj9aL9bqIrljLmSPwA9bbJ10mk38=</latexit>

⇤UV

<latexit sha1_base64="HMMbFqVH+rdeFaIm2msQn0UlSOw=">AAACDXicdVDLSgMxFM3UV62vqks3wSq4KklR2+6KbhRcVHHaQmcomTRtQzMPkoxQhv6AG3/FjQtF3Lp359+YaStY0QOBwznncnOPFwmuNEKfVmZhcWl5JbuaW1vf2NzKb+80VBhLymwailC2PKKY4AGzNdeCtSLJiO8J1vSG56nfvGNS8TC41aOIuT7pB7zHKdFG6uQPnCsT7pJO4kgfXt6MHSHgnGY3xp18ARURQhhjmBJcPkWGVKuVEq5AnFoGBTBDvZP/cLohjX0WaCqIUm2MIu0mRGpOBRvnnFixiNAh6bO2oQHxmXKTyTVjeGiULuyF0rxAw4n6cyIhvlIj3zNJn+iB+u2l4l9eO9a9ipvwIIo1C+h0US8WUIcwrQZ2uWRUi5EhhEpu/grpgEhCtSkwZ0r4vhT+TxqlIj4pouvjQu1sVkcW7IF9cAQwKIMauAB1YAMK7sEjeAYv1oP1ZL1ab9NoxprN7II5WO9f+qubhQ==</latexit>

⇤IR ⌧ ⇤UV

5D AdS
4D strongly-coupled 

gauge theory

<latexit sha1_base64="ROY2FJpF7UnSzFS7LkzhwIh6joM=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLUtruiGxcuKjhtoTMMmUzahmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGcc7k3J0gFVxqhD2tldW19Y7O0Vd7e2d3btw8OOyrJJGUOTUQiewFRTPCYOZprwXqpZCQKBOsG4+vC706YVDyJ7/U0ZV5EhjEfcEq0kXzbdm9NOCR+7soIOp2Zb1dQFSGEMYYFwfVLZEiz2ajhBsSFZVABS7R9+90NE5pFLNZUEKX6GKXay4nUnAo2K7uZYimhYzJkfUNjEjHl5fPLZ/DUKCEcJNK8WMO5+n0iJ5FS0ygwyYjokfrtFeJfXj/Tg4aX8zjNNIvpYtEgE1AnsKgBhlwyqsXUEEIlN7dCOiKSUG3KKpsSvn4K/yedWhVfVNHdeaV1tayjBI7BCTgDGNRBC9yANnAABRPwAJ7As5Vbj9aL9bqIrljLmSPwA9bbJ10mk38=</latexit>

⇤UV
<latexit sha1_base64="6NDmwbcr/+6dAva55XTGFGvc6+g=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLUtruiGwUXVewDOsOQyaRtaOZBkimUoX/ixoUibv0Td/6NmbaCih4IHM45l3tz/ERwpRH6sJaWV1bX1gsbxc2t7Z1de2+/reJUUtaisYhl1yeKCR6xluZasG4iGQl9wTr+6DL3O2MmFY+jez1JmBuSQcT7nBJtJM+2nRsTDoiXOTKE13dTzy6hMkIIYwxzgqvnyJB6vVbBNYhzy6AEFmh69rsTxDQNWaSpIEr1MEq0mxGpORVsWnRSxRJCR2TAeoZGJGTKzWaXT+GxUQLYj6V5kYYz9ftERkKlJqFvkiHRQ/Xby8W/vF6q+zU341GSahbR+aJ+KqCOYV4DDLhkVIuJIYRKbm6FdEgkodqUVTQlfP0U/k/alTI+K6Pb01LjYlFHARyCI3ACMKiCBrgCTdACFIzBA3gCz1ZmPVov1us8umQtZg7AD1hvn0TKk28=</latexit>

⇤IR

Small wavefunction 
overlap

<latexit sha1_base64="ivLUQhiDEKDcOqHL8OpPy07i6Mc=">AAAB7nicbVDLSgMxFM34rPVVdekmWIS6GTJ92l3RjcsK9gHtUDJppg3NZIYkIwxDP8KNC0Xc+j3u/BvTaQVfBy4czrmXe+/xIs6URujDWlvf2Nzazu3kd/f2Dw4LR8ddFcaS0A4JeSj7HlaUM0E7mmlO+5GkOPA47Xmz64Xfu6dSsVDc6SSiboAngvmMYG2k3pBMWSm5GBWKyHYqTqVag8huNpv1RsMQVK7Uy1Xo2ChDEazQHhXeh+OQxAEVmnCs1MBBkXZTLDUjnM7zw1jRCJMZntCBoQIHVLlpdu4cnhtlDP1QmhIaZur3iRQHSiWBZzoDrKfqt7cQ//MGsfYv3ZSJKNZUkOUiP+ZQh3DxOxwzSYnmiSGYSGZuhWSKJSbaJJTPQlh+Cv+SrxC6Zdup2ei2WmxdreLIgVNwBkrAAQ3QAjegDTqAgBl4AE/g2YqsR+vFel22rlmrmRPwA9bbJxtlj2w=</latexit>

�(y)
<latexit sha1_base64="CfPhI5MIlKnQbFH4v2Y0p+vXBiY=">AAAB7nicbVDLSgMxFM34rPVVdekmWIS6GWb6tLuiG5cV7APaoWTSTBuayYQkIwxDP8KNC0Xc+j3u/BvTaQVfBy4czrmXe+/xBaNKO86Htba+sbm1ndvJ7+7tHxwWjo67KoolJh0csUj2faQIo5x0NNWM9IUkKPQZ6fmz64XfuydS0Yjf6UQQL0QTTgOKkTZSbygULSUXo0LRsd2KW6nWoGM3m816o2GIU67Uy1Xo2k6GIlihPSq8D8cRjkPCNWZIqYHrCO2lSGqKGZnnh7EiAuEZmpCBoRyFRHlpdu4cnhtlDINImuIaZur3iRSFSiWhbzpDpKfqt7cQ//MGsQ4uvZRyEWvC8XJREDOoI7j4HY6pJFizxBCEJTW3QjxFEmFtEspnISw/hX/JVwjdsu3WbOe2WmxdreLIgVNwBkrABQ3QAjegDToAgxl4AE/g2RLWo/VivS5b16zVzAn4AevtE0Ayj4Q=</latexit>

 (y)

“Holographic view”
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5D metric:

1. Axion Quality Problem [Cox, TG, Nguyen 1911.09385]

AdS curvature scale

9

Explains 
PQ scale

[Randall, Sundrum ’99]
[Dienes, Dudas, TG ’99]

[Choi ’03; Flacke, Gripaios, 
March-Russell, Maybury ’06]

PQ symmetry 
breaking

“Bulk VEV”

“explicit” breaking

“spontaneous” breaking

<latexit sha1_base64="t/2oVWhgHsFViYl6PUFrtWDWRlM="></latexit>

⌘(z) = k3/2(�(kz)4�� + �(kz)�)

<latexit sha1_base64="5Wahh6aNFSCKI4NeW9TZuAmtBQ8="></latexit>

ds2 = A2(z)(dx2 + dz2) ⌘ gMNdxMdxN

<latexit sha1_base64="lTBQ6YhT650ZzjR1ETZDCCV9bVY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5KIoheh6sVjBfsBbSmb7aZdutmE3Y3SxvwULx4U8eov8ea/cdvmoK0PBh7vzTAzz4s4U9pxvq2l5ZXVtfXcRn5za3tn1y7s1VUYS0JrJOShbHpYUc4ErWmmOW1GkuLA47ThDW8mfuOBSsVCca9HEe0EuC+YzwjWRurahavS+Piy7UtMEjdNhuO0axedsjMFWiRuRoqQodq1v9q9kMQBFZpwrFTLdSLdSbDUjHCa5tuxohEmQ9ynLUMFDqjqJNPTU3RklB7yQ2lKaDRVf08kOFBqFHimM8B6oOa9ifif14q1f9FJmIhiTQWZLfJjjnSIJjmgHpOUaD4yBBPJzK2IDLCJQZu08iYEd/7lRVI/KbtnZefutFi5zuLIwQEcQglcOIcK3EIVakDgEZ7hFd6sJ+vFerc+Zq1LVjazD39gff4AqV6ToA==</latexit>

A(z) =
1

kz

“slice of AdS”

x U(1)PQ

<latexit sha1_base64="e69yqna7LzIq8rhn4P4rU1n2eEU=">AAAB8nicbVBNT8JAEN3iF+IX6tHLRjDBC2mJiXojevEIiQWS0pDtsoUN222zOzUhDT/DiweN8eqv8ea/cYEeFHzJJC/vzWRmXpAIrsG2v63CxubW9k5xt7S3f3B4VD4+6eg4VZS5NBax6gVEM8Elc4GDYL1EMRIFgnWDyf3c7z4xpXksH2GaMD8iI8lDTgkYyau6NedykLXas+qgXLHr9gJ4nTg5qaAcrUH5qz+MaRoxCVQQrT3HTsDPiAJOBZuV+qlmCaETMmKeoZJETPvZ4uQZvjDKEIexMiUBL9TfExmJtJ5GgemMCIz1qjcX//O8FMIbP+MySYFJulwUpgJDjOf/4yFXjIKYGkKo4uZWTMdEEQompZIJwVl9eZ10GnXnqn7bblSad3kcRXSGzlENOegaNdEDaiEXURSjZ/SK3iywXqx362PZWrDymVP0B9bnD2HZkAk=</latexit>

<latexit sha1_base64="FwJBe8aWxr5Wkb+7onSEanXyTxM=">AAACBXicbVDLSgNBEJyNrxhfqx71MJgICUjYDYhehKAXjxHMA5IYZie9yZDZBzOzYrLk4sVf8eJBEa/+gzf/xkmyB00saCiquunuckLOpLKsbyO1tLyyupZez2xsbm3vmLt7NRlEgkKVBjwQDYdI4MyHqmKKQyMUQDyHQ90ZXE38+j0IyQL/Vg1DaHuk5zOXUaK01DEPc61Kn+EL3AJF8qMChruYkfzDyagwznXMrFW0psCLxE5IFiWodMyvVjegkQe+opxI2bStULVjIhSjHMaZViQhJHRAetDU1CceyHY8/WKMj7XSxW4gdPkKT9XfEzHxpBx6ju70iOrLeW8i/uc1I+Wet2Pmh5ECn84WuRHHKsCTSHCXCaCKDzUhVDB9K6Z9IghVOriMDsGef3mR1EpF+7Ro3ZSy5cskjjQ6QEcoj2x0hsroGlVQFVH0iJ7RK3oznowX4934mLWmjGRmH/2B8fkDOrCWfA==</latexit>

� = ⌘(z)eia(x,z)U(1)PQ

<latexit sha1_base64="e69yqna7LzIq8rhn4P4rU1n2eEU=">AAAB8nicbVBNT8JAEN3iF+IX6tHLRjDBC2mJiXojevEIiQWS0pDtsoUN222zOzUhDT/DiweN8eqv8ea/cYEeFHzJJC/vzWRmXpAIrsG2v63CxubW9k5xt7S3f3B4VD4+6eg4VZS5NBax6gVEM8Elc4GDYL1EMRIFgnWDyf3c7z4xpXksH2GaMD8iI8lDTgkYyau6NedykLXas+qgXLHr9gJ4nTg5qaAcrUH5qz+MaRoxCVQQrT3HTsDPiAJOBZuV+qlmCaETMmKeoZJETPvZ4uQZvjDKEIexMiUBL9TfExmJtJ5GgemMCIz1qjcX//O8FMIbP+MySYFJulwUpgJDjOf/4yFXjIKYGkKo4uZWTMdEEQompZIJwVl9eZ10GnXnqn7bblSad3kcRXSGzlENOegaNdEDaiEXURSjZ/SK3iywXqx362PZWrDymVP0B9bnD2HZkAk=</latexit>

<latexit sha1_base64="xd5YeqX1DobESGh1Cel/wylLcIo=">AAAB+3icbVBPS8MwHE3nvzn/1Xn0EtwET6MdiB6HXjx4mGDnYC0lTdMtLElLkoqj7Kt48aCIV7+IN7+N2daDbj4IPN57P36/vChjVGnH+bYqa+sbm1vV7drO7t7+gX1Y76k0l5h4OGWp7EdIEUYF8TTVjPQzSRCPGHmIxtcz/+GRSEVTca8nGQk4GgqaUIy0kUK73vRvTTpGYeFLDr3etBnaDaflzAFXiVuSBijRDe0vP05xzonQmCGlBq6T6aBAUlPMyLTm54pkCI/RkAwMFYgTFRTz26fw1CgxTFJpntBwrv6eKBBXasIjk+RIj9SyNxP/8wa5Ti6Dgoos10TgxaIkZ1CncFYEjKkkWLOJIQhLam6FeIQkwtrUVTMluMtfXiW9dss9bzl37UbnqqyjCo7BCTgDLrgAHXADusADGDyBZ/AK3qyp9WK9Wx+LaMUqZ47AH1ifP89Sk6M=</latexit>

⇤UV
<latexit sha1_base64="34fRdiY6N7EXWFeVJ8iZqzEx6j8=">AAACE3icbVDNS8MwHE3n15xfVY9egpsggqMdiF6EoRcFD3PYbbDWkqbZFpZ+kKTCKP0fvPivePGgiFcv3vxvzLYiOn0QeHnv/Uh+z4sZFdIwPrXC3PzC4lJxubSyura+oW9utUSUcEwsHLGIdzwkCKMhsSSVjHRiTlDgMdL2hudjv31HuKBReCNHMXEC1A9pj2IkleTqBxX7SqV95KaXzQyewu+r1coguU0P7ZjCIWxmFVcvG1VjAviXmDkpgxwNV/+w/QgnAQklZkiIrmnE0kkRlxQzkpXsRJAY4SHqk66iIQqIcNLJThncU4oPexFXJ5Rwov6cSFEgxCjwVDJAciBmvbH4n9dNZO/ESWkYJ5KEePpQL2FQRnBcEPQpJ1iykSIIc6r+CvEAcYSlqrGkSjBnV/5LWrWqeVQ1rmvl+lleRxHsgF2wD0xwDOrgAjSABTC4B4/gGbxoD9qT9qq9TaMFLZ/ZBr+gvX8BPrqcfg==</latexit>

⇤IR = ⇤UV e�⇡kR

<latexit sha1_base64="w5Om+8v1wrXi+HGDf8UZxtZFz0Y=">AAAB7nicbVBNSwMxEJ31s9avqkcvwVbwVHYLoseiF49V7Ae0S8mm2TY0m4QkK5SlP8KLB0W8+nu8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7Wh8O/PbT1QbJsWjnSgaJngoWMwItk5qV3qKoYdKv1T2q/4caJUEOSlDjka/9NUbSJImVFjCsTHdwFc2zLC2jHA6LfZSQxUmYzykXUcFTqgJs/m5U3TulAGKpXYlLJqrvycynBgzSSLXmWA7MsveTPzP66Y2vg4zJlRqqSCLRXHKkZVo9jsaME2J5RNHMNHM3YrICGtMrEuo6EIIll9eJa1aNbis+ve1cv0mj6MAp3AGFxDAFdThDhrQBAJjeIZXePOU9+K9ex+L1jUvnzmBP/A+fwADKo6x</latexit>

⇡R

<latexit sha1_base64="CgFshP8cF1/2kG+tyG7rRdwZOeo=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrNHokevEIiQsY2JBu6UJD2920XROy4Vd48aAxXv053vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+G7mt5+o0iyWD2aS0EDgoWQRI9hY6dGveuf9rNGc9ssVt+bOgVaJl5MK5Gj0y1+9QUxSQaUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/eIrOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10U2QMZmkhkqyWBSlHJkYzb5HA6YoMXxiCSaK2VsRGWGFibEZlWwI3vLLq6R1UfOuam7zslK/zeMowgmcQhU8uIY63EMDfCAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gCkm4+n</latexit>

U(1)PQ

<latexit sha1_base64="S3aQ+Vvd0pk/oiyZLWwPXzrcggk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQF5akVHQjFHXhsoJ9QJOGyXTSDp1MwsxEKKErN/6KGxeKuPUb3Pk3TtsstPXA5R7OuZeZe/yYUaks69vILS2vrK7l1wsbm1vbO+buXlNGicCkgSMWibaPJGGUk4aiipF2LAgKfUZa/vB64rceiJA04vdqFBM3RH1OA4qR0pJnHoaeUx/QbuXSuSFModKsnVZP4LBb8cyiVbamgIvEzkgRZKh75pfTi3ASEq4wQ1J2bCtWboqEopiRccFJJIkRHqI+6WjKUUikm07PGMNjrfRgEAldXMGp+nsjRaGUo9DXkyFSAznvTcT/vE6iggs3pTxOFOF49lCQMKgiOMkE9qggWLGRJggLqv8K8QAJhJVOrqBDsOdPXiTNStk+K1t31WLtKosjDw7AESgBG5yDGrgFddAAGDyCZ/AK3own48V4Nz5mozkj29kHf2B8/gCQR5dA</latexit>

m2
� = �(�� 4)k2

“Bulk mass”

Gherghetta-NewPerspectivesQCDAxion  - 13 November 2025
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No UV PQ-breaking <latexit sha1_base64="MjEtajJ2iEvbItS94L0JvnFdvuQ=">AAAB9HicdVDLSgMxFM34rPVVdekm2Ap1U5KCtl0IRTcuK9gHtEPJZDJtaCYzJplCKf0ONy4UcevHuPNvzLQVVPRA4HDOudyb48WCa4PQh7Oyura+sZnZym7v7O7t5w4OWzpKFGVNGolIdTyimeCSNQ03gnVixUjoCdb2Rtep3x4zpXkk78wkZm5IBpIHnBJjJbdQ7Akb9sklOiv0c3lUQghhjGFKcOUCWVKrVcu4CnFqWeTBEo1+7r3nRzQJmTRUEK27GMXGnRJlOBVslu0lmsWEjsiAdS2VJGTanc6PnsFTq/gwiJR90sC5+n1iSkKtJ6FnkyExQ/3bS8W/vG5igqo75TJODJN0sShIBDQRTBuAPleMGjGxhFDF7a2QDoki1NiesraEr5/C/0mrXMLnJXRbztevlnVkwDE4AUWAQQXUwQ1ogCag4B48gCfw7IydR+fFeV1EV5zlzBH4AeftEwUMkPc=</latexit>

(� = 0)

<latexit sha1_base64="1Y49kZoGouX0kaChY8mAuObwDTY="></latexit>

Global U(1)PQ symmetry:

<latexit sha1_base64="3L4GCQP3KAf0RrWx/mPBaJn1EME=">AAAB/XicdZDLTgIxFIY7eEO84WXnphFMcENaEgV2RDe6Q+MACUxIpxRo6FzSdkxgQnwVNy40xq3v4c63sQOYqNGTNPny/+fknP5uKLjSCH1YqaXlldW19HpmY3Nreye7u9dQQSQps2kgAtlyiWKC+8zWXAvWCiUjnitY0x1dJH7zjknFA/9Wj0PmeGTg8z6nRBupmz3IFybd+Opm2hkMoCG7MT3Jd7M5VEQIYYxhArh8hgxUq5USrkCcWKZyYFH1bva90wto5DFfU0GUamMUaicmUnMq2DTTiRQLCR2RAWsb9InHlBPPrp/CY6P0YD+Q5vkaztTvEzHxlBp7run0iB6q314i/uW1I92vODH3w0gzn84X9SMBdQCTKGCPS0a1GBsgVHJzK6RDIgnVJrCMCeHrp/B/aJSK+LSIrku52vkijjQ4BEegADAogxq4BHVgAwom4AE8gWfr3nq0XqzXeWvKWszsgx9lvX0CQdmUdg==</latexit>

(zIR � zUV )

UV IR

Massless axion
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<latexit sha1_base64="eAEkSIr6TccilIQ151g/3EieuFo=">AAAB+nicdVDLTgIxFO3gC/EFunTTCCa4IS2JAjuiG5eYyCMBQjqdDjR0OmPb0RDkU9y40Bi3fok7/8YOYKJGT9Lk5Jxzc2+PGwmuDUIfTmpldW19I72Z2dre2d3L5vZbOowVZU0ailB1XKKZ4JI1DTeCdSLFSOAK1nbHF4nfvmVK81Bem0nE+gEZSu5zSoyVBtlcodgTNu6RnmQ3EJ0UBtk8KiGEMMYwIbhyhiyp1aplXIU4sSzyYInGIPve80IaB0waKojWXYwi058SZTgVbJbpxZpFhI7JkHUtlSRguj+dnz6Dx1bxoB8q+6SBc/X7xJQEWk8C1yYDYkb6t5eIf3nd2PjV/pTLKDZM0sUiPxbQhDDpAXpcMWrExBJCFbe3QjoiilBj28rYEr5+Cv8nrXIJn5bQVTlfP1/WkQaH4AgUAQYVUAeXoAGagII78ACewLNz7zw6L87rIppyljMH4Aect09wVpLT</latexit>

(� 6= 0)

<latexit sha1_base64="3L4GCQP3KAf0RrWx/mPBaJn1EME=">AAAB/XicdZDLTgIxFIY7eEO84WXnphFMcENaEgV2RDe6Q+MACUxIpxRo6FzSdkxgQnwVNy40xq3v4c63sQOYqNGTNPny/+fknP5uKLjSCH1YqaXlldW19HpmY3Nreye7u9dQQSQps2kgAtlyiWKC+8zWXAvWCiUjnitY0x1dJH7zjknFA/9Wj0PmeGTg8z6nRBupmz3IFybd+Opm2hkMoCG7MT3Jd7M5VEQIYYxhArh8hgxUq5USrkCcWKZyYFH1bva90wto5DFfU0GUamMUaicmUnMq2DTTiRQLCR2RAWsb9InHlBPPrp/CY6P0YD+Q5vkaztTvEzHxlBp7run0iB6q314i/uW1I92vODH3w0gzn84X9SMBdQCTKGCPS0a1GBsgVHJzK6RDIgnVJrCMCeHrp/B/aJSK+LSIrku52vkijjQ4BEegADAogxq4BHVgAwom4AE8gWfr3nq0XqzXeWvKWszsgx9lvX0CQdmUdg==</latexit>

(zIR � zUV )

UV IR

Axion profile 
suppressed!

<latexit sha1_base64="S9R/qOTtMo0t176DhlgDyrMGDvk=">AAACJnicbVDLSsNAFJ34rPVVdelmsBVclJIUim4KRTcuK5i20IQwmU7SoTNJnJkIJfRr3PgrblxURNz5KU7bLGrrgQtnzrmXuff4CaNSmea3sbG5tb2zW9gr7h8cHh2XTk47Mk4FJjaOWSx6PpKE0YjYiipGeokgiPuMdP3R3czvPhMhaRw9qnFCXI7CiAYUI6Ulr9SsOJKGHHlm06xZVegQxrzMERzanclc8peeVRh6DUc+CZWNJk2r4pXKZs2cA64TKydlkKPtlabOIMYpJ5HCDEnZt8xEuRkSimJGJkUnlSRBeIRC0tc0QpxIN5ufOYGXWhnAIBa6IgXn6vJEhriUY+7rTo7UUK56M/E/r5+q4MbNaJSkikR48VGQMqhiOMsMDqggWLGxJggLqneFeIgEwkonW9QhWKsnr5NOvWY1auZDvdy6zeMogHNwAa6ABa5BC9yDNrABBi/gDUzBh/FqvBufxteidcPIZ87AHxg/v4eiosM=</latexit>

�0 = 0.1, `UV = 0.1, bUV = 0, g5
p
k = 1

UV PQ-breaking
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<latexit sha1_base64="ePk72HFWpHj5oklitZi8Igauz0Y=">AAACDHicbVDNSgMxGMzWv1r/qh69BFuhgpRsQfQiFL14rOC2hXZZsmnahibZJckKdekDePFVvHhQxKsP4M23MW33oNWBwDAzH1++CWPOtEHoy8ktLa+sruXXCxubW9s7xd29po4SRahHIh6pdog15UxSzzDDaTtWFIuQ01Y4upr6rTuqNIvkrRnH1Bd4IFmfEWysFBRL5coI3gep15xcuCddzQYCB8hSGM5FdFy2KVRFM8C/xM1ICWRoBMXPbi8iiaDSEI617rgoNn6KlWGE00mhm2gaYzLCA9qxVGJBtZ/OjpnAI6v0YD9S9kkDZ+rPiRQLrccitEmBzVAvelPxP6+TmP65nzIZJ4ZKMl/UTzg0EZw2A3tMUWL42BJMFLN/hWSIFSbG9lewJbiLJ/8lzVrVPa2im1qpfpnVkQcH4BBUgAvOQB1cgwbwAAEP4Am8gFfn0Xl23pz3eTTnZDP74Becj2+fZZjM</latexit>

(kzUV = 1,�0 = 1, bUV = 0)

12

UV axion mass 
suppressed for large

<latexit sha1_base64="w5aO+tKUGfPCvytAMjnJCeuxauk=">AAAB73icdVBNS0JBFJ1nX2ZfVss2Qxq0khmh1J1Ui5YG+QH6kHnjfTo476OZeYGIf6JNiyLa9nfa9W+apwYVdeDC4Zx7ufceL5ZCG0I+nMzK6tr6RnYzt7W9s7uX3z9o6ShRHJo8kpHqeEyDFCE0jTASOrECFngS2t74MvXb96C0iMJbM4nBDdgwFL7gzFipU+xdgTSs2M8XSIkQQinFKaGVc2JJrVYt0yqmqWVRQEs0+vn33iDiSQCh4ZJp3aUkNu6UKSO4hFmul2iIGR+zIXQtDVkA2p3O753hE6sMsB8pW6HBc/X7xJQFWk8Cz3YGzIz0by8V//K6ifGr7lSEcWIg5ItFfiKxiXD6PB4IBdzIiSWMK2FvxXzEFOPGRpSzIXx9iv8nrXKJnpXITblQv1jGkUVH6BidIooqqI6uUQM1EUcSPaAn9OzcOY/Oi/O6aM04y5lD9APO2ydog4+Q</latexit>

�

UV axion mass <latexit sha1_base64="eAEkSIr6TccilIQ151g/3EieuFo=">AAAB+nicdVDLTgIxFO3gC/EFunTTCCa4IS2JAjuiG5eYyCMBQjqdDjR0OmPb0RDkU9y40Bi3fok7/8YOYKJGT9Lk5Jxzc2+PGwmuDUIfTmpldW19I72Z2dre2d3L5vZbOowVZU0ailB1XKKZ4JI1DTeCdSLFSOAK1nbHF4nfvmVK81Bem0nE+gEZSu5zSoyVBtlcodgTNu6RnmQ3EJ0UBtk8KiGEMMYwIbhyhiyp1aplXIU4sSzyYInGIPve80IaB0waKojWXYwi058SZTgVbJbpxZpFhI7JkHUtlSRguj+dnz6Dx1bxoB8q+6SBc/X7xJQEWk8C1yYDYkb6t5eIf3nd2PjV/pTLKDZM0sUiPxbQhDDpAXpcMWrExBJCFbe3QjoiilBj28rYEr5+Cv8nrXIJn5bQVTlfP1/WkQaH4AgUAQYVUAeXoAGagII78ACewLNz7zw6L87rIppyljMH4Aect09wVpLT</latexit>

(� 6= 0)

where

Bulk Chern-Simons term: generates axion-gluon coupling
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Axion potential:

Require:

<latexit sha1_base64="ioln2nMXP9hYMY99OMa70JpKvQ8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiF6EoBePEcwDkyX0TmaTIbOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrczv/XElOaxfDDjhPkRDiQPOUVjpcdyd4RJgtdeuVcsuRV3DrJKvIyUIEO9V/zq9mOaRkwaKlDrjucmxp+gMpwKNi10U80SpCMcsI6lEiOm/cn84ik5s0qfhLGyJQ2Zq78nJhhpPY4C2xmhGeplbyb+53VSE175Ey6T1DBJF4vCVBATk9n7pM8Vo0aMLUGquL2V0CEqpMaGVLAheMsvr5JmteJdVNz7aql2k8WRhxM4hXPw4BJqcAd1aAAFCc/wCm+Odl6cd+dj0Zpzsplj+APn8wdHwo//</latexit>

 = 1

relative phase

Solves 
axion-quality 
problem!

UV explicit PQ violation
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AdS/CFT dictionary 

5D 4D

<latexit sha1_base64="hsQBwvbsYJM2iKxN1AwHHqnVZ6U=">AAAB+nicdVBNS0JBFJ1nX2ZfWss2Qxq0khmh1J3UpqVBfoCKzBvn6eC8D2buS8T8KW1aFNG2X9Kuf9M8NaioAxcO59zLvfe4kZIGCPlwUmvrG5tb6e3Mzu7e/kE2d9g0Yay5aPBQhbrtMiOUDEQDJCjRjrRgvqtEyx1fJX7rTmgjw+AWppHo+WwYSE9yBlbqZ3OFrhIeaDkcAdM6nBT62TwpEkIopTghtHxBLKlWKyVawTSxLPJohXo/+94dhDz2RQBcMWM6lETQmzENkisxz3RjIyLGx2woOpYGzBemN1ucPsenVhlgL9S2AsAL9fvEjPnGTH3XdvoMRua3l4h/eZ0YvEpvJoMoBhHw5SIvVhhCnOSAB1ILDmpqCeNa2lsxHzHNONi0MjaEr0/x/6RZKtLzIrkp5WuXqzjS6BidoDNEURnV0DWqowbiaIIe0BN6du6dR+fFeV22ppzVzBH6AeftE3f9lCU=</latexit>$

<latexit sha1_base64="kc4BujHiUrs3xpc+53O/ChQ0iUI=">AAAB73icdVDLSgMxFM34rPVVdekm2AquSlLQtruiG5cV7APaoWTSTBuaZMYkI5ShP+HGhSJu/R13/o2ZtoKKHrhwOOde7r0niAU3FqEPb2V1bX1jM7eV397Z3dsvHBy2TZRoylo0EpHuBsQwwRVrWW4F68aaERkI1gkmV5nfuWfa8Ejd2mnMfElGioecEuukbqlv+EiS0qBQRGWEEMYYZgRXL5Aj9XqtgmsQZ5ZDESzRHBTe+8OIJpIpSwUxpodRbP2UaMupYLN8PzEsJnRCRqznqCKSGT+d3zuDp04ZwjDSrpSFc/X7REqkMVMZuE5J7Nj89jLxL6+X2LDmp1zFiWWKLhaFiYA2gtnzcMg1o1ZMHSFUc3crpGOiCbUuorwL4etT+D9pV8r4vIxuKsXG5TKOHDgGJ+AMYFAFDXANmqAFKBDgATyBZ+/Oe/RevNdF64q3nDkCP+C9fQKkfY+3</latexit>�
<latexit sha1_base64="41FCnXQ404XGjsXZEWYW4OJjKY8=">AAAB8HicdVDLSgMxFM34rPVVdekm2AquSlLQtruiG5cV7EPaoWQymTY0yQxJRiilX+HGhSJu/Rx3/o2ZtoKKHggczjmX3HuCRHBjEfrwVlbX1jc2c1v57Z3dvf3CwWHbxKmmrEVjEetuQAwTXLGW5VawbqIZkYFgnWB8lfmde6YNj9WtnSTMl2SoeMQpsU66K/WFy4akNCgUURkhhDGGGcHVC+RIvV6r4BrEmeVQBEs0B4X3fhjTVDJlqSDG9DBKrD8l2nIq2CzfTw1LCB2TIes5qohkxp/OF57BU6eEMIq1e8rCufp9YkqkMRMZuKQkdmR+e5n4l9dLbVTzp1wlqWWKLj6KUgFtDLPrYcg1o1ZMHCFUc7crpCOiCbWuo7wr4etS+D9pV8r4vIxuKsXG5bKOHDgGJ+AMYFAFDXANmqAFKJDgATyBZ097j96L97qIrnjLmSPwA97bJ0VbkBE=</latexit>

�

<latexit sha1_base64="tOD/O82B5cEtOCpnPOPE7HOirhw="></latexit>

⇤UVe�⇡kR = ⇤IR

<latexit sha1_base64="uJQzG/9o01pndtrnIIfdefQn59E=">AAACA3icdVBNS0JBFJ1nX2Zfr9rVZkgD28iMUOpOatNSoaeCPmTeOOrgvA9m5gXyENr0V9q0KKJtf6Jd/6Z5alBRBy4czrmXe+/xIsGVRujDyqysrq1vZDdzW9s7u3v2/kFLhbGkzKGhCGXHI4oJHjBHcy1YJ5KM+J5gbW9ylfrtWyYVD4MbPY2Y65NRwIecEm2kvn0kQkoELDhFfNZPGs1ZAaqp7zMtp307j0oIIYwxTAmuXCBDarVqGVchTi2DPFii0bffe4OQxj4LNBVEqS5GkXYTIjWngs1yvVixiNAJGbGuoQHxmXKT+Q8zeGqUARyG0lSg4Vz9PpEQX5nLPNPpEz1Wv71U/MvrxnpYdRMeRLFmAV0sGsYC6hCmgcABl4xqMTWEUMnNrZCOiSRUm9hyJoSvT+H/pFUu4fMSapbz9ctlHFlwDE5AEWBQAXVwDRrAARTcgQfwBJ6te+vRerFeF60ZazlzCH7AevsEguCW0w==</latexit>

local U(1)PQ symmetry

<latexit sha1_base64="bkv2iHRrTdvBnlBXtGpiw/SKk1I="></latexit>

�, m2
� = �(�� 4)k2 <latexit sha1_base64="hsQBwvbsYJM2iKxN1AwHHqnVZ6U=">AAAB+nicdVBNS0JBFJ1nX2ZfWss2Qxq0khmh1J3UpqVBfoCKzBvn6eC8D2buS8T8KW1aFNG2X9Kuf9M8NaioAxcO59zLvfe4kZIGCPlwUmvrG5tb6e3Mzu7e/kE2d9g0Yay5aPBQhbrtMiOUDEQDJCjRjrRgvqtEyx1fJX7rTmgjw+AWppHo+WwYSE9yBlbqZ3OFrhIeaDkcAdM6nBT62TwpEkIopTghtHxBLKlWKyVawTSxLPJohXo/+94dhDz2RQBcMWM6lETQmzENkisxz3RjIyLGx2woOpYGzBemN1ucPsenVhlgL9S2AsAL9fvEjPnGTH3XdvoMRua3l4h/eZ0YvEpvJoMoBhHw5SIvVhhCnOSAB1ILDmpqCeNa2lsxHzHNONi0MjaEr0/x/6RZKtLzIrkp5WuXqzjS6BidoDNEURnV0DWqowbiaIIe0BN6du6dR+fFeV22ppzVzBH6AeftE3f9lCU=</latexit>$

<latexit sha1_base64="hsQBwvbsYJM2iKxN1AwHHqnVZ6U=">AAAB+nicdVBNS0JBFJ1nX2ZfWss2Qxq0khmh1J3UpqVBfoCKzBvn6eC8D2buS8T8KW1aFNG2X9Kuf9M8NaioAxcO59zLvfe4kZIGCPlwUmvrG5tb6e3Mzu7e/kE2d9g0Yay5aPBQhbrtMiOUDEQDJCjRjrRgvqtEyx1fJX7rTmgjw+AWppHo+WwYSE9yBlbqZ3OFrhIeaDkcAdM6nBT62TwpEkIopTghtHxBLKlWKyVawTSxLPJohXo/+94dhDz2RQBcMWM6lETQmzENkisxz3RjIyLGx2woOpYGzBemN1ucPsenVhlgL9S2AsAL9fvEjPnGTH3XdvoMRua3l4h/eZ0YvEpvJoMoBhHw5SIvVhhCnOSAB1ILDmpqCeNa2lsxHzHNONi0MjaEr0/x/6RZKtLzIrkp5WuXqzjS6BidoDNEURnV0DWqowbiaIIe0BN6du6dR+fFeV22ppzVzBH6AeftE3f9lCU=</latexit>$
<latexit sha1_base64="hsQBwvbsYJM2iKxN1AwHHqnVZ6U=">AAAB+nicdVBNS0JBFJ1nX2ZfWss2Qxq0khmh1J3UpqVBfoCKzBvn6eC8D2buS8T8KW1aFNG2X9Kuf9M8NaioAxcO59zLvfe4kZIGCPlwUmvrG5tb6e3Mzu7e/kE2d9g0Yay5aPBQhbrtMiOUDEQDJCjRjrRgvqtEyx1fJX7rTmgjw+AWppHo+WwYSE9yBlbqZ3OFrhIeaDkcAdM6nBT62TwpEkIopTghtHxBLKlWKyVawTSxLPJohXo/+94dhDz2RQBcMWM6lETQmzENkisxz3RjIyLGx2woOpYGzBemN1ucPsenVhlgL9S2AsAL9fvEjPnGTH3XdvoMRua3l4h/eZ0YvEpvJoMoBhHw5SIvVhhCnOSAB1ILDmpqCeNa2lsxHzHNONi0MjaEr0/x/6RZKtLzIrkp5WuXqzjS6BidoDNEURnV0DWqowbiaIIe0BN6du6dR+fFeV22ppzVzBH6AeftE3f9lCU=</latexit>$
<latexit sha1_base64="hsQBwvbsYJM2iKxN1AwHHqnVZ6U=">AAAB+nicdVBNS0JBFJ1nX2ZfWss2Qxq0khmh1J3UpqVBfoCKzBvn6eC8D2buS8T8KW1aFNG2X9Kuf9M8NaioAxcO59zLvfe4kZIGCPlwUmvrG5tb6e3Mzu7e/kE2d9g0Yay5aPBQhbrtMiOUDEQDJCjRjrRgvqtEyx1fJX7rTmgjw+AWppHo+WwYSE9yBlbqZ3OFrhIeaDkcAdM6nBT62TwpEkIopTghtHxBLKlWKyVawTSxLPJohXo/+94dhDz2RQBcMWM6lETQmzENkisxz3RjIyLGx2woOpYGzBemN1ucPsenVhlgL9S2AsAL9fvEjPnGTH3XdvoMRua3l4h/eZ0YvEpvJoMoBhHw5SIvVhhCnOSAB1ILDmpqCeNa2lsxHzHNONi0MjaEr0/x/6RZKtLzIrkp5WuXqzjS6BidoDNEURnV0DWqowbiaIIe0BN6du6dR+fFeV22ppzVzBH6AeftE3f9lCU=</latexit>$

Holographic interpretation: 

5D axion,
local U(1) PQ symmetry

4D composite axion, accidental 
global U(1) PQ symmetry

<latexit sha1_base64="FCAx/ldccP9Qar2aqcbcDDh8EFU=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAVXJWkoG13RTfurGAf0Cklk2ba0ExmSDJCGerGX3HjQhG3/oU7/8ZMW0FFD1w4Oedecu/xIsG1QejDySwtr6yuZddzG5tb2zv53b2WDmNFWZOGIlQdj2gmuGRNw41gnUgxEniCtb3xReq3b5nSPJQ3ZhKxXkCGkvucEmOlfv6g6Aoih4JBlxIBr6CrZs9iP19AJYQQxhimBFfOkCW1WrWMqxCnlkUBLNDo59/dQUjjgElDBdG6i1FkeglRhlPBpjk31iwidEyGrGupJAHTvWR2wRQeW2UA/VDZkgbO1O8TCQm0ngSe7QyIGenfXir+5XVj41d7CZdRbJik84/8WEATwjQOOOCKUSMmlhCquN0V0hFRhBobWs6G8HUp/J+0yiV8WkLX5UL9fBFHFhyCI3ACMKiAOrgEDdAEFNyBB/AEnp1759F5cV7nrRlnMbMPfsB5+wQDO5X6</latexit>

hOi

<latexit sha1_base64="8AsVsSI/B/RojWMYASJQDhy/sgo=">AAACBXicdVBLSwMxGMzWV62vqkc9BFvBg5SkoG1vRT14s4J9QHcp2TRtQ7PZJckKpfTixb/ixYMiXv0P3vw3ZtsKKjoQGGa+L8mMHwmuDUIfTmphcWl5Jb2aWVvf2NzKbu80dBgryuo0FKFq+UQzwSWrG24Ea0WKkcAXrOkPzxO/ecuU5qG8MaOIeQHpS97jlBgrdbL7eZcSAa/yx7DLAyaTQZh3L5gwJN/J5lABIYQxhgnBpVNkSaVSLuIyxIllkQNz1DrZd7cb0tjeY6ggWrcxiow3JspwKtgk48aaRYQOSZ+1LZUkYNobT1NM4KFVurAXKnukgVP1+8aYBFqPAt9OBsQM9G8vEf/y2rHplb0xl1FsmKSzh3qxgCaESSU2uGLUiJElhCpu/wrpgChCjS0uY0v4Sgr/J41iAZ8U0HUxVz2b15EGe+AAHAEMSqAKLkEN1AEFd+ABPIFn5955dF6c19loypnv7IIfcN4+Af0+lv4=</latexit>

O, dimension �

<latexit sha1_base64="/Eu1xex4s8hRa0mhDQDzOoSPagM=">AAACBHicdVBNS0JBFJ1nX2ZfVks3QxrYRmaEUndSm5YKPRX08Zg3jjo474OZeYE8XLTpr7RpUUTbfkS7/k3z1KCiDlw4nHMv997jRYIrjdCHlVlb39jcym7ndnb39g/yh0cdFcaSMpuGIpQ9jygmeMBszbVgvUgy4nuCdb3pVep3b5lUPAxu9Cxijk/GAR9xSrSR3HxhLEKPCFiyy/jMTVrteQmqme8zLWduvogqCCGMMUwJrl0gQxqNehXXIU4tgyJYoeXm3wfDkMY+CzQVRKk+RpF2EiI1p4LNc4NYsYjQKRmzvqEB8ZlyksUTc3hqlCEchdJUoOFC/T6REF+ZyzzT6RM9Ub+9VPzL68d6VHcSHkSxZgFdLhrFAuoQponAIZeMajEzhFDJza2QTogkVJvcciaEr0/h/6RTreDzCmpXi83LVRxZUAAnoAwwqIEmuAYtYAMK7sADeALP1r31aL1Yr8vWjLWaOQY/YL19Ak0bl0M=</latexit>

global U(1)PQ symmetry

<latexit sha1_base64="B5USlyzNuN7GNnnG/9ToERdL0KA="></latexit>

⇤IR = ⇤UVe
� 8⇡2

bCFTg2

<latexit sha1_base64="pKixK4yWd6qw9n/RHKAl56lSCLA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KpkitZ2V3Tjzgr2AZ1hyGQybWjmQZIRyjAbf8WNC0Xc+hnu/BszbQUVPRA4nHMuN/d4CWdSIfRhlJaWV1bXyuuVjc2t7R1zd68n41QQ2iUxj8XAw5JyFtGuYorTQSIoDj1O+97ksvD7d1RIFke3appQJ8SjiAWMYKUl1zywuQ77GNrJmLkIZjbBHF7nrllFNaTRaMCCWE1kadJqNev1FrRmFkJVsEDHNd9tPyZpSCNFOJZyaKFEORkWihFO84qdSppgMsEjOtQ0wiGVTjY7IIfHWvFhEAv9IgVn6veJDIdSTkNPJ0OsxvK3V4h/ecNUBU0nY1GSKhqR+aIg5VDFsGgD+kxQovhUE0wE03+FZIwFJkp3VtElfF0K/ye9es06q6Gb02r7YlFHGRyCI3ACLHAO2uAKdEAXEJCDB/AEno1749F4MV7n0ZKxmNkHP2C8fQLVlpXu</latexit>

��0O
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<latexit sha1_base64="neG7s0W+rINP+43V+SIhwWJGef4=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE0WPRi8cK9gPaUDbbSbt0kw27E6WW/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTKUw6Hnfzsrq2vrGZmGruL2zu1dy9w8aRmWaQ50rqXQrZAakSKCOAiW0Ug0sDiU0w+HN1G8+gDZCJfc4SiGIWT8RkeAMrdR1Sx0JEWrRHyDTWj123bJX8Wagy8TPSZnkqHXdr05P8SyGBLlkxrR9L8VgzDQKLmFS7GQGUsaHrA9tSxMWgwnGs8Mn9MQqPRopbStBOlN/T4xZbMwoDm1nzHBgFr2p+J/XzjC6CsYiSTOEhM8XRZmkqOg0BdoTGjjKkSWMa2FvpXzANONosyraEPzFl5dJ46ziX1S8u/Ny9TqPo0COyDE5JT65JFVyS2qkTjjJyDN5JW/Ok/PivDsf89YVJ585JH/gfP4Aa6iTlQ==</latexit>$<latexit sha1_base64="T9kEoNYiAoTQ3YlO8q+NI+1gMOc=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QLGF2MpsMmZ1dZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7gkQKg6777eTW1jc2t/LbhZ3dvf2D4uFRw8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJv5zRHXRsTqEccJ9yPaVyIUjKKV/LLq9NG6EfHc826x5FbcOcgq8TJSggy1bvGr04tZGnGFTFJj2p6boD+hGgWTfFropIYnlA1pn7ctVTTixp/Mj56SM6v0SBhrWwrJXP09MaGRMeMosJ0RxYFZ9mbif147xfDGnwiVpMgVWywKU0kwJrMESE9ozlCOLaFMC3srYQOqKUObU8GG4C2/vEoaFxXvquI+XJaqt1kceTiBUyiDB9dQhXuoQR0YPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MHZRORMg==</latexit>

(n & 10)

Axion quality:
<latexit sha1_base64="TncRUcozkX/D1zMyB3HABJ6Sl/E="></latexit> c�
M��4

P

O ⇠
c�

M��4
P

( i j . . . .. k)
<latexit sha1_base64="EebMyzS3w3GhhqcmsXmjT0dh4so=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIosuiLlxWsA/oDCWTZtrQJDMkd8RS+ituXCji1h9x59+YtrPQ1gOBwznncm9OlApuwPO+nZXVtfWNzcJWcXtnd2/fPSg1TZJpyho0EYluR8QwwRVrAAfB2qlmREaCtaLhzdRvPTJteKIeYJSyUJK+4jGnBKzUdUuV4JYJIEEfbEhi3zvtumWv6s2Al4mfkzLKUe+6X0EvoZlkCqggxnR8L4VwTDRwKtikGGSGpYQOSZ91LFVEMhOOZ7dP8IlVejhOtH0K8Ez9PTEm0piRjGxSEhiYRW8q/ud1MoivwjFXaQZM0fmiOBMYEjwtAve4ZhTEyBJCNbe3YjogmlCwdRVtCf7il5dJ86zqX1S9+/Ny7Tqvo4CO0DGqIB9dohq6Q3XUQBQ9oWf0it6cifPivDsf8+iKk88coj9wPn8AfCiTbQ==</latexit>

(� & 10)

due to gauge + Lorentz symmetry!

<latexit sha1_base64="9rpogcTLFmE/rJYvKdcAKuJWxRs=">AAAB6XicbVDJSgNBEK1xjXGLevTSGARPQ09MxuQW9OIxilkgCaGn05M06Vno7hHCkD/w4kERr/6RN//GziSC24OCx3tVVNXzYsGVxvjDWlldW9/YzG3lt3d29/YLB4ctFSWSsiaNRCQ7HlFM8JA1NdeCdWLJSOAJ1vYmV3O/fc+k4lF4p6cx6wdkFHKfU6KNdNtLB4Uitms1XHZchO0KxiW3Zgg+L1VdFzk2zlCEJRqDwntvGNEkYKGmgijVdXCs+ymRmlPBZvleolhM6ISMWNfQkARM9dPs0hk6NcoQ+ZE0FWqUqd8nUhIoNQ080xkQPVa/vbn4n9dNtF/tpzyME81CuljkJwLpCM3fRkMuGdViagihkptbER0TSag24eSzEBafor/kK4RWyXYqNr4pF+uXyzhycAwncAYOXEAdrqEBTaDgwwM8wbM1sR6tF+t10bpiLWeO4Aest08JmI2y</latexit> {

<latexit sha1_base64="ds5K8lrukkZWf04aruqjoY6NiIM=">AAACFXicbVBNS8NAEN34WetX1KOXxSJ40JJIRY+iFy9CBKtCk4bNdtIubjZhdyOUmD/hxb/ixYMiXgVv/hu3HwetPhh4vDfDzLwo40xpx/mypqZnZufmKwvVxaXllVV7bf1Kpbmk0KQpT+VNRBRwJqCpmeZwk0kgScThOro9HfjXdyAVS8Wl7mcQJKQrWMwo0UYK7V0/loQW9zQU9xjaBfM7wDUJRVkW56HXLsReoyx9r8faAod2zak7Q+C/xB2TGhrDC+1Pv5PSPAGhKSdKtVwn00FBpGaUQ1n1cwUZobekCy1DBUlABcXwqxJvG6WD41SaEhoP1Z8TBUmU6ieR6UyI7qlJbyD+57VyHR8FBRNZrkHQ0aI451ineBAR7jAJVPO+IYRKZm7FtEdMTNoEWTUhuJMv/yVX+3X3oO5cNGrHJ+M4KmgTbaEd5KJDdIzOkIeaiKIH9IRe0Kv1aD1bb9b7qHXKGs9soF+wPr4BPuyfeA==</latexit>

|cn|ei�n
Mn�4

P

�n

Examples: [Randall1992]; [Lillard, Tait 2018];[Contino,Podo, Revello: 2112.09635]

[Kim 1985; Choi, Kim 1985]; 

[Redi, Sato 2016];[Cheng, Kaplan 2001];

Composite Axion:

<latexit sha1_base64="fmkLqL4ZHsWIIJhp4Is2+81u47g=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRixehgrWFNITNdtMu3WzC7kQopT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMizIpDLrut1NaWV1b3yhvVra2d3b3qvsHjybNNeMtlspUdyJquBSKt1Cg5J1Mc5pEkrej4c3Ubz9xbUSqHnCU8SChfSViwShayY9D2pWS3IUZCas1t+7OQJaJV5AaFGiG1a9uL2V5whUySY3xPTfDYEw1Cib5pNLNDc8oG9I+9y1VNOEmGM9OnpATq/RInGpbCslM/T0xpokxoySynQnFgVn0puJ/np9jfBWMhcpy5IrNF8W5JJiS6f+kJzRnKEeWUKaFvZWwAdWUoU2pYkPwFl9eJo9nde+i7t6f1xrXRRxlOIJjOAUPLqEBt9CEFjBI4Rle4c1B58V5dz7mrSWnmDmEP3A+fwBXRpCi</latexit>

fa ⌧ Mp No need to tune mass 
parameters in KSVZ potential 
(or DFSZ) potential!

Build models which better incorporate SM features:

• Gives rise to QCD axion

• SM part of strong dynamics

• Connection to GUT physics? Will give an example

<latexit sha1_base64="IVc0caazaFbncyXHzUy18uv9Lvw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKosegF48RzAOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6nfqtJ6oNU/LBjhMaCjyQLGYEWyc1B5WuSM96pbJf9WdAyyTISRly1Hulr25fkVRQaQnHxnQCP7FhhrVlhNNJsZsammAywgPacVRiQU2Yza6doFOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+DjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DRhRAsvrxMmufV4LLq31+Uazd5HAU4hhOoQABXUIM7qEMDCDzCM7zCm6e8F+/d+5i3rnj5zBH8gff5A+g+jrA=</latexit>

g(µ)

<latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ<latexit sha1_base64="zSccNyfh/mqdqkm4gE/ZTBwwlKY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPzpWjcI=</latexit>

fa
<latexit sha1_base64="Qo2meDQS5HQ1MZb6IWhPCdzwAU0=">AAAB6nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiGzdCRfuAdiiZ9E4bmskMSUYoQz/BjQtF3PpF7vwb03YW2nogcDjnXHLvCRLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHu569V654lbdGcgy8XJSgRw2/9XtxyyNUBomqNYdz02Mn1FlOBM4KXVTjQllIzrAjqWSRqj9bLbqhJxYpU/CWNknDZmpvycyGmk9jgKbjKgZ6kVvKv7ndVITXvkZl0lqULL5R2EqiInJ9G7S5wqZEWNLKFPc7krYkCrKjG2nZEvwFk9eJs2zqndRde/PK7XrvI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMowUnnzmEP3A+fwD6bY2Y</latexit>

MP

Gherghetta-NewPerspectivesQCDAxion  - 13 November 2025



16

1. High-quality composite Pati-Salam axion
[TG, Murayama, Quilez: 2505.08866]

<latexit sha1_base64="qXco++aX1SeDHTcYfvD6Ql3OKVs=">AAACInicbVDLSsNAFJ3UV62vqks3g0WIm5KIou5K3biSFu0DmhImk0k7dDJJZyZiCf0WN/6KGxeKuhL8GKdtFtp64MLhnHu59x4vZlQqy/oyckvLK6tr+fXCxubW9k5xd68po0Rg0sARi0TbQ5IwyklDUcVIOxYEhR4jLW9wNfFb90RIGvE7NYpJN0Q9TgOKkdKSW7y8bZg3Lj52hsME+dC2HEVDImHddKrRw4JcMx0PianlFktW2ZoCLhI7IyWQoeYWPxw/wklIuMIMSdmxrVh1UyQUxYyMC04iSYzwAPVIR1OO9MJuOn1xDI+04sMgErq4glP190SKQilHoac7Q6T6ct6biP95nUQFF92U8jhRhOPZoiBhUEVwkhf0qSBYsZEmCAuqb4W4jwTCSqda0CHY8y8vkuZJ2T4rW/XTUqWaxZEHB+AQmMAG56ACrkENNAAGj+AZvII348l4Md6Nz1lrzshm9sEfGN8/y1uh/g==</latexit>

SU(Nc) 10⇥Q(⇤) 10⇥ P (⇤̄)

flavor symmetry:
<latexit sha1_base64="vJCjDfbw0jmI3S0sTFsA9jd1KMs=">AAACAHicbVC7TsMwFL3hWcorwMDAYlEhlaVKEAjGChYGhvJIW6mNIsd1W6uOE9kOUhV14VdYGECIlc9g429w2wzQciRL555zr67vCRPOlHacb2thcWl5ZbWwVlzf2Nzatnd26ypOJaEeiXksmyFWlDNBPc00p81EUhyFnDbCwdXYbzxSqVgsHvQwoX6Ee4J1GcHaSIG9f++VXec4uGlrFlGF8vIusEtOxZkAzRM3JyXIUQvsr3YnJmlEhSYcK9VynUT7GZaaEU5HxXaqaILJAPdoy1CBzTY/mxwwQkdG6aBuLM0TGk3U3xMZjpQaRqHpjLDuq1lvLP7ntVLdvfAzJpJUU0Gmi7opRzpG4zRQh0lKNB8agolk5q+I9LHERJvMiiYEd/bkeVI/qbhnFef2tFS9zOMowAEcQhlcOIcqXEMNPCAwgmd4hTfryXqx3q2PaeuClc/swR9Ynz9CN5RD</latexit>

SU(10)L ⇥ SU(10)R

“weakly” gauged:

strong dynamics:

<latexit sha1_base64="CYdnP+/2WCtVM885AgaQMSrRuzo=">AAAB+nicbZDLTgIxFIY7eEO8Dbp000hMYENmDF6WRDfuxCiXBCakUzrQ0OlM2jMagjyKGxca49YncefbWGAWCv5Jky//OSfn9PdjwTU4zreVWVldW9/Ibua2tnd29+z8fkNHiaKsTiMRqZZPNBNcsjpwEKwVK0ZCX7CmP7ya1psPTGkeyXsYxcwLSV/ygFMCxura+bub4lmpAzxkGhuulLp2wSk7M+FlcFMooFS1rv3V6UU0CZkEKojWbdeJwRsTBZwKNsl1Es1iQoekz9oGJTGrvPHs9Ak+Nk4PB5EyTwKeub8nxiTUehT6pjMkMNCLtan5X62dQHDhjbmME2CSzhcFicAQ4WkOuMcVoyBGBghV3NyK6YAoQsGklTMhuItfXobGSdk9LTu3lUL1Mo0jiw7RESoiF52jKrpGNVRHFD2iZ/SK3qwn68V6tz7mrRkrnTlAf2R9/gCbLpJH</latexit>

SO(6)⇥ SO(4)
<latexit sha1_base64="iQWRevbAARJZllyCd+2oZDn3EIM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquKHosevFY0X5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N6XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvpn57SeqNJPiwUxi6kd4KFjICDZWat3HVc897Zcrbs3NgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/TS7dopOrDJAoVS2hEGZ+nsixZHWkyiwnRE2I73ozcT/vG5iwis/ZSJODBVkvihMODISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1VvMuau7deaV+ncdRhCM4hip4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8kHY4v</latexit>

Sp(10)

<latexit sha1_base64="gxnzr5pJ7FLmBA9gNBmyTm/GQxQ=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7C2vrG5Vdwu7ezu7R+UD4+aNs0MhwZPZWraEbMghYIGCpTQ1gZYEkloRaO7md96AmNFqh5xrCFM2ECJWHCGTmp1baYtYK9c8av+HHSVBDmpkBz1Xvmr2095loBCLpm1ncDXGE6YQcElTEvdzIJmfMQG0HFUsQRsOJmfO6VnTunTODWuFNK5+ntiwhJrx0nkOhOGQ7vszcT/vE6G8U04EUpnCIovFsWZpJjS2e+0LwxwlGNHGDfC3Ur5kBnG0SVUciEEyy+vkuZFNbiq+g+XldptHkeRnJBTck4Cck1q5J7USYNwMiLP5JW8edp78d69j0VrwctnjskfeJ8/pEKPxA==</latexit>

�

<latexit sha1_base64="gxnzr5pJ7FLmBA9gNBmyTm/GQxQ=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOepMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7C2vrG5Vdwu7ezu7R+UD4+aNs0MhwZPZWraEbMghYIGCpTQ1gZYEkloRaO7md96AmNFqh5xrCFM2ECJWHCGTmp1baYtYK9c8av+HHSVBDmpkBz1Xvmr2095loBCLpm1ncDXGE6YQcElTEvdzIJmfMQG0HFUsQRsOJmfO6VnTunTODWuFNK5+ntiwhJrx0nkOhOGQ7vszcT/vE6G8U04EUpnCIovFsWZpJjS2e+0LwxwlGNHGDfC3Ur5kBnG0SVUciEEyy+vkuZFNbiq+g+XldptHkeRnJBTck4Cck1q5J7USYNwMiLP5JW8edp78d69j0VrwctnjskfeJ8/pEKPxA==</latexit>

�

Symmetry breaking:
<latexit sha1_base64="wAF02oqY50gwN/rJJ/7x/fV3n8w=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmZ8oBtBdOPCRQtWC512uJO5bUMzmSHJCKX4E278FTcuFHEruPNvTB8LbT0QODnn3pvcE6aCa+O6387M7Nz8wmJuKb+8srq2XtjYvNVJphhWWSISVQtBo+ASq4YbgbVUIcShwLuweznw7+5RaZ7IG9NLsRFDW/IWZ2CsFBT2fQGyLZCWm4pWAu2r0fXMv7ZDImgeUj9CYaCpAh0Uim7JHYJOE29MimSMclD48qOEZTFKwwRoXffc1DT6oAxnAh/yfqYxBdaFNtYtlRCjbvSHWz3QXatEtJUoe6ShQ/V3Rx9irXtxaCtjMB096Q3E/7x6ZlqnjT6XaWZQstFDrUxQk9BBRDTiCpkRPUuAKW7/SlkHFDBjg8zbELzJlafJ7UHJOy65laPi+cU4jhzZJjtkj3jkhJyTK1ImVcLII3kmr+TNeXJenHfnY1Q644x7tsgfOJ8/QKOeQQ==</latexit>

hP rQsi = ⇤3�rs (r,s = flavor index)

Nambu-Goldstone bosons: <latexit sha1_base64="7RhKkORtud/ObP5Y9MVy7CRSotQ=">AAACHHicbVDLSgMxFM34rPVVdekmWIS6qTM+0C6EohsXLuqjD5gZSiZN29AkMyQZoQz9EDf+ihsXirhxIfg3pu0I2nogcO4593JzTxAxqrRtf1kzs3PzC4uZpezyyuraem5js6bCWGJSxSELZSNAijAqSFVTzUgjkgTxgJF60LsY+vV7IhUNxZ3uR8TnqCNom2KkjdTMHSae5LBF+QC68LZacOy95hX0NOVE/dQ3+ymp+fAMlkrNXN4u2iPAaeKkJA9SVJq5D68V4pgToTFDSrmOHWk/QVJTzMgg68WKRAj3UIe4hgpklvvJ6LgB3DVKC7ZDaZ7QcKT+nkgQV6rPA9PJke6qSW8o/ue5sW6f+gkVUayJwONF7ZhBHcJhUiYUSbBmfUMQltT8FeIukghrk2fWhOBMnjxNagdF57hoXx/ly+dpHBmwDXZAATjgBJTBJaiAKsDgATyBF/BqPVrP1pv1Pm6dsdKZLfAH1uc3cHidLQ==</latexit>

dim[SU(10)L ⇥ SU(10)R/SU(10)V ] = 99
<latexit sha1_base64="g7Yf8B6OivecSYpxz95SS1WoKeU="></latexit>

dim[SO(6)⇥ SO(4)⇥ Sp(10)/U(3)⇥ U(2)] = 63
<latexit sha1_base64="RG/AthWm2lEx6WDohkBpsCrAm0U=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKez6Pga9eIxiHpAsYXbSmwyZnV1mZoWw5A+8eFDEq3/kzb9xkuxBowUNRVU33V1BIrg2rvvlFJaWV1bXiuuljc2t7Z3y7l5Tx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObqd96RKV5LB/MOEE/ogPJQ86osdL96UWvXHGr7gzkL/FyUoEc9V75s9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7NIJObJKn4SxsiUNmak/JzIaaT2OAtsZUTPUi95U/M/rpCa88jMuk9SgZPNFYSqIicn0bdLnCpkRY0soU9zeStiQKsqMDadkQ/AWX/5LmidV77zq3p1Vatd5HEU4gEM4Bg8uoQa3UIcGMAjhCV7g1Rk5z86b8z5vLTj5zD78gvPxDfXmjPs=</latexit>

36

NGBs

NGBs eaten

NGBs remaining

Under
<latexit sha1_base64="+txdathGKZDZgAiprRQxER4q3B8=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VoN2HSGq27ohuXFUxbaEOZTCft0MmDmYlQQ7/EjQtF3Pop7vwbJ20FFT1w4XDOvdx7j59wJhVCH8bK6tr6xmZhq7i9s7tXMvcP2jJOBaEuiXksuj6WlLOIuoopTruJoDj0Oe34k6vc79xRIVkc3appQr0QjyIWMIKVlgZmya3Uq33FQiqhW6lVB2YZWejMqV84EFkOshu1nNQcG6E6tC00Rxks0RqY7/1hTNKQRopwLGXPRonyMiwUI5zOiv1U0gSTCR7RnqYR1pu8bH74DJ5oZQiDWOiKFJyr3ycyHEo5DX3dGWI1lr+9XPzL66UqaHgZi5JU0YgsFgUphyqGeQpwyAQlik81wUQwfSskYywwUTqrog7h61P4P2nXLNux0M1puXm5jKMAjsAxqAAbnIMmuAYt4AICUvAAnsCzcW88Gi/G66J1xVjOHIIfMN4+Aa2RkdA=</latexit>

U(3)⇥ U(2)

P, Q fermions are naturally massless!

QCD axion!<latexit sha1_base64="lxwVemLB6YwtgBPY0XlBEzld7L8=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgKiTp013RjQsXFewDmrRMJtN26OTBzEQsob/ixoUibv0Rd/6Nk7aCrwMDh3Pu4d45XsyokKb5oeXW1jc2t/LbhZ3dvf0D/bDYEVHCMWnjiEW85yFBGA1JW1LJSC/mBAUeI11vepn53TvCBY3CWzmLiRugcUhHFCOppKFedAQN4HhgQ+dapXw0sId6yTTOGzW7akPTMM26Xa5lxK5X7DK0lJKhBFZoDfV3x49wEpBQYoaE6FtmLN0UcUkxI/OCkwgSIzxFY9JXNEQBEW66uH0OT5Xiw1HE1QslXKjfEykKhJgFnpoMkJyI314m/uf1EzlquCkN40SSEC8XjRIGZQSzIqBPOcGSzRRBmFN1K8QTxBGWqq7CooTlT+Ff8lVCxzasqmHeVErNi1UdeXAMTsAZsEAdNMEVaIE2wOAePIAn8KzNtUftRXtdjua0VeYI/ID29gnaBpOt</latexit>

⇠ g2⇤2Obtain mass

<latexit sha1_base64="683q9hHdyqK4QHbsM3QEajcxueo="></latexit>

SO(6)⇥ SO(4)⇥ Sp(10) ! SU(3)⇥ U(1)B�L ⇥ SU(2)L ⇥ U(1)I3R
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PQ-violating operators
Need SO(6) (SO(4)), Sp(10) gauge invariants:

<latexit sha1_base64="t7QSFPBpuYFZB9vHJUUOrRCCCvE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0WPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelAmujed9O6W19Y3NrfJ2ZWd3b/+genjU1GmuGAYsFalqR1Sj4BIDw43AdqaQJpHAVjS6m/mtJ1Sap/LRjDMMEzqQPOaMGisF6A5c0qvWPNebg6wSvyA1KNDoVb+6/ZTlCUrDBNW643uZCSdUGc4ETivdXGNG2YgOsGOppAnqcDI/dkrOrNIncapsSUPm6u+JCU20HieR7UyoGeplbyb+53VyE9+EEy6z3KBki0VxLohJyexz0ucKmRFjSyhT3N5K2JAqyozNp2JD8JdfXiXNC9e/cr2Hy1r9toijDCdwCufgwzXU4R4aEAADDs/wCm+OdF6cd+dj0Vpyiplj+APn8we5n434</latexit>e.g.
<latexit sha1_base64="sYlZwY9TjkzWBiOcQhWHw/F+dWQ=">AAAB7HicbVDLTgIxFO3gC/GFunTTSExwM+kgg7AjunEnRgdIgJBO6UBDpzNpOyZkwje4caExbv0gd/6N5WHi6yQ3OTnn3tx7jx9zpjRCH1ZmZXVtfSO7mdva3tndy+8fNFWUSEI9EvFItn2sKGeCepppTtuxpDj0OW3548uZ37qnUrFI3OlJTHshHgoWMIK1kbzb62LltJ8vILtWQ2WnBpHtIlSqVgxBZ6Wq60LHRnMUwBKNfv69O4hIElKhCcdKdRwU616KpWaE02mumygaYzLGQ9oxVOCQql46P3YKT4wygEEkTQkN5+r3iRSHSk1C33SGWI/Ub28m/ud1Eh1UeykTcaKpIItFQcKhjuDsczhgkhLNJ4ZgIpm5FZIRlphok09uHsLiU/iXfIXQLNmOa6ObcqF+sYwjC47AMSgCB5yDOrgCDeABAhh4AE/g2RLWo/VivS5aM9Zy5hD8gPX2CfcpjiI=</latexit>

SO(6)
<latexit sha1_base64="oLizcSI8dY3fYOwPlQ4rKlAoqaA=">AAAB7XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunGJUZAEJqRTOlDpdCZtx4RM+Ac3LjTGrf/jzr+xDJj4OslNTs65N/fe48ecKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7bRUlktAWiXgkOz5WlDNBW5ppTjuxpDj0Ob31xxcz//aeSsUicaMnMfVCPBQsYARrI7Wv47KDjvvFErLrdVR16hDZLkKV2qkh6KRSc13o2ChDCSzQ7Bffe4OIJCEVmnCsVNdBsfZSLDUjnE4LvUTRGJMxHtKuoQKHVHlpdu0UHhllAINImhIaZur3iRSHSk1C33SGWI/Ub28m/ud1Ex3UvJSJONFUkPmiIOFQR3D2OhwwSYnmE0MwkczcCskIS0y0CaiQhTD/FP4lXyG0K7bj2uiqWmqcL+LIgwNwCMrAAWegAS5BE7QAAXfgATyBZyuyHq0X63XemrMWM/vgB6y3T5D+jng=</latexit>

Sp(10)

<latexit sha1_base64="ooZO0TxjxBXObE6ZKrG6q0LXGqg=">AAAB6XicbVDLSgMxFM3UV62vqks3wSK4GjLTp7uiG5dV7APaoWTSTBuayQxJRihD/8CNC0Xc+kfu/BszbQVfBy4czrmXe+/xY86URujDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pVeZ376lULBJ3ehZTL8RjwQJGsDbS7WA+LJaQfdGouVUXIhuhuluuZcStV9wydIySoQRWaA2L74NRRJKQCk04VqrvoFh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHpHJ4ZZQSDSJoSGi7U7xMpDpWahb7pDLGeqN9eJv7n9RMdNLyUiTjRVJDloiDhUEcwexuOmKRE85khmEhmboVkgiUm2oRTWISw/BT+JV8hdFzbqdroplJqXq7iyIMTcArOgQPqoAmuQQu0AQEBeABP4NmaWo/Wi/W6bM1Zq5lj8APW2ycBgI2s</latexit>

}
<latexit sha1_base64="ooZO0TxjxBXObE6ZKrG6q0LXGqg=">AAAB6XicbVDLSgMxFM3UV62vqks3wSK4GjLTp7uiG5dV7APaoWTSTBuayQxJRihD/8CNC0Xc+kfu/BszbQVfBy4czrmXe+/xY86URujDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pVeZ376lULBJ3ehZTL8RjwQJGsDbS7WA+LJaQfdGouVUXIhuhuluuZcStV9wydIySoQRWaA2L74NRRJKQCk04VqrvoFh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHpHJ4ZZQSDSJoSGi7U7xMpDpWahb7pDLGeqN9eJv7n9RMdNLyUiTjRVJDloiDhUEcwexuOmKRE85khmEhmboVkgiUm2oRTWISw/BT+JV8hdFzbqdroplJqXq7iyIMTcArOgQPqoAmuQQu0AQEBeABP4NmaWo/Wi/W6bM1Zq5lj8APW2ycBgI2s</latexit> }SU(Nc) symmetric

SU(Nc) antisymmetric

invariants no. P fermions = no. Q fermions

mass terms and four-fermion operators (QQPP) are forbidden!

obtain (QQPP)(QQPP) eight-fermion operators!

<latexit sha1_base64="t7QSFPBpuYFZB9vHJUUOrRCCCvE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE0WPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelAmujed9O6W19Y3NrfJ2ZWd3b/+genjU1GmuGAYsFalqR1Sj4BIDw43AdqaQJpHAVjS6m/mtJ1Sap/LRjDMMEzqQPOaMGisF6A5c0qvWPNebg6wSvyA1KNDoVb+6/ZTlCUrDBNW643uZCSdUGc4ETivdXGNG2YgOsGOppAnqcDI/dkrOrNIncapsSUPm6u+JCU20HieR7UyoGeplbyb+53VyE9+EEy6z3KBki0VxLohJyexz0ucKmRFjSyhT3N5K2JAqyozNp2JD8JdfXiXNC9e/cr2Hy1r9toijDCdwCufgwzXU4R4aEAADDs/wCm+OdF6cd+dj0Vpyiplj+APn8we5n434</latexit>e.g. dimension 12

<latexit sha1_base64="XEljzOU9yvQ6wKUJ0Oss0//Y++U="></latexit>

1

M8
P

O12 ⇠
f12
a

M8
P

ei
8a
fa

<latexit sha1_base64="DkI375eSr8yjqjiTQ+Wmb56iP6I="></latexit>

V (a) � f4
a

✓
fa
MP

◆8

cos ✓eff (like warped model with                 !)     
<latexit sha1_base64="gE2j+3mV7jvC4myq/2cbp3xlyFA=">AAAB8HicbVDLSgMxFM3UV62vqks3wSK4GjK1o+1CKOrCZQX7kHYomTTThmYyQ5IRytCvcONCEbd+jjv/xnRawdeBC4dz7uXee/yYM6UR+rByS8srq2v59cLG5tb2TnF3r6WiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3w589v3VCoWiVs9iakX4qFgASNYG+mud0W5xudOuV8sIbtWQxWnBpHtIlSunhqCTspV14WOjTKUwAKNfvG9N4hIElKhCcdKdR0Uay/FUjPC6bTQSxSNMRnjIe0aKnBIlZdmB0/hkVEGMIikKaFhpn6fSHGo1CT0TWeI9Uj99mbif1430UHVS5mIE00FmS8KEg51BGffwwGTlGg+MQQTycytkIywxESbjApZCPNP4V/yFUKrbDuujW4qpfrFIo48OACH4Bg44AzUwTVogCYgIAQP4Ak8W9J6tF6s13lrzlrM7IMfsN4+ATeqkAc=</latexit>

� = 12

<latexit sha1_base64="NR16PJIPB05T/B2+pmm/20zOOy4=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBDiJcwGjckt6MWTRHSTQLKE2clsMmT2wcysEJZ8hBcPinj1e7z5N84mEVS0oKGo6qa7y4sFVxrjD2tpeWV1bT23kd/c2t7ZLeztt1SUSMocGolIdjyimOAhczTXgnViyUjgCdb2xpeZ375nUvEovNOTmLkBGYbc55RoI7VvndJ1n570C0VcxgbVKsqIXcO2IfV6rVKpI3tmYVyEBZr9wntvENEkYKGmgijVtXGs3ZRIzalg03wvUSwmdEyGrGtoSAKm3HR27hQdG2WA/EiaCjWaqd8nUhIoNQk80xkQPVK/vUz8y+sm2q+5KQ/jRLOQzhf5iUA6QtnvaMAlo1pMDCFUcnMroiMiCdUmobwJ4etT9D9pVcr2WRnfnBYbF4s4cnAIR1ACG86hAVfQBAcojOEBnuDZiq1H68V6nbcuWYuZA/gB6+0TgoyPCg==</latexit>

SU(Nc)
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Dark matter

(i) Pre-inflation

(ii) Post-inflation

Dark matter via misalignment provided 
<latexit sha1_base64="UTvbKgClzNtIm6qx4CLwtCkOhL4="></latexit>

1010GeV . fa . 1012GeV

<latexit sha1_base64="V19sEQTk1kdCQuiXZ11BZuWrMS8=">AAACCHicdVDLSgNBEJz1GeMr6tGDg0Hw4jIbXR+3oBePCkaFJIbZSa8ZMvtgplcIS45e/BUvHhTx6id482+cxAgqWtBQVHXT3RWkShpk7N0ZG5+YnJouzBRn5+YXFktLy+cmybSAmkhUoi8DbkDJGGooUcFlqoFHgYKLoHs08C9uQBuZxGfYS6EZ8etYhlJwtFKrtNbADiBv5RCGfdpQYIyREfXYVb7lsT5tlcrMZbv+9oFPmeszb78yIBXfY2ybei4bokxGOGmV3hrtRGQRxCgUN6busRSbOdcohYJ+sZEZSLno8muoWxrzCEwzHz7SpxtWadMw0bZipEP1+0TOI2N6UWA7I44d89sbiH959QzD/WYu4zRDiMXnojBTFBM6SIW2pQaBqmcJF1raW6nocM0F2uyKNoSvT+n/5Lzier7LTnfK1cNRHAWyStbJJvHIHqmSY3JCakSQW3JPHsmTc+c8OM/Oy2frmDOaWSE/4Lx+ALH+mRw=</latexit>

✓eff . 10�10
<latexit sha1_base64="gN5K89e7F8GpiWtZFPfatJw/9BY="></latexit>

fa . 1011 GeV

<latexit sha1_base64="TbQMtffCCxLfvgAM8H1Vl3uxgn0="></latexit>

1

M8
P

O12 for

although
<latexit sha1_base64="o4UHfp+7F+Bq0kwjjcuAGvT1I5w=">AAACFXicbVBNS8NAEN34WetX1aOXxSJ40JKIVY9FD9ZbBdsKTQ2b7aRdupuE3Y1QQv0RXvwrXjwo4lXw5r9x2+ag1QcDj/dmmJnnx5wpbdtf1szs3PzCYm4pv7yyurZe2NhsqCiRFOo04pG88YkCzkKoa6Y53MQSiPA5NP3++chv3oFULAqv9SCGtiDdkAWMEm0kr7Bf9S6xy0EpxQR27Nv0oDzEgUewmwnH96krBb6AxtArFO2SPQb+S5yMFFGGmlf4dDsRTQSEmnKiVMuxY91OidSMchjm3URBTGifdKFlaEgEqHY6/mqId43SwUEkTYUaj9WfEykRSg2EbzoF0T017Y3E/7xWooPTdsrCONEQ0smiIOFYR3gUEe4wCVTzgSGESmZuxbRHJKHaBJk3ITjTL/8ljcOSUy7ZV0fFylkWRw5tox20hxx0giqoimqojih6QE/oBb1aj9az9Wa9T1pnrGxmC/2C9fENPJ2c/w==</latexit>

HI . 10�5
fa ⇠ 106 GeV to suppress isocurvature perturbations

Axion potential:
<latexit sha1_base64="bkwds8U19pcVOYFVNL9gTSBxxRI="></latexit>

U(1)PQ ! Z4Nc

<latexit sha1_base64="ceOWQMxrcehyopZmSdSSy0DGDFs=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuwqQ1WndFN+6sYB/QhjKZTtqhk0mcmRRKyHe4caGIWz/GnX/jpK2gogcuHM65l3vv8WPOlEbow1paXlldWy9sFDe3tnd2S3v7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746vcb0+oVCwSd3oaUy/EQ8ECRrA2kpf2CObwJuunTiXrl8rIRmdu9cKFyHaRU6vkpOI6CFWhY6MZymCBRr/03htEJAmp0IRjpboOirWXYqkZ4TQr9hJFY0zGeEi7hgocUuWls6MzeGyUAQwiaUpoOFO/T6Q4VGoa+qYzxHqkfnu5+JfXTXRQ81Im4kRTQeaLgoRDHcE8AThgkhLNp4ZgIpm5FZIRlphok1PRhPD1KfyftCq249ro9rRcv1zEUQCH4AicAAecgzq4Bg3QBATcgwfwBJ6tifVovViv89YlazFzAH7AevsEeAOR6Q==</latexit>

O12 explicitly breaks discrete symmetry
<latexit sha1_base64="6tqB93tW0s+FSSAgP9qrkaOwXCc=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNWTajtZd0Y0rqWAf2A5DJs20oZkHSUYpYz/FjQtF3Pol7vwbM20FFT0QOJxzL/fkeDFnUiH0YeSWlldW1/LrhY3Nre2dYmm3LaNEENoiEY9E18OSchbSlmKK024sKA48Tjve+DzzO7dUSBaF12oSUyfAw5D5jGClJbdY6gdYjTwvvZm6ae3SJVO3WEYmOrarpzZEpo2seiUjFdtCqAotE81QBgs03eJ7fxCRJKChIhxL2bNQrJwUC8UIp9NCP5E0xmSMh7SnaYgDKp10Fn0KD7UygH4k9AsVnKnfN1IcSDkJPD2ZBZW/vUz8y+slyq87KQvjRNGQzA/5CYcqglkPcMAEJYpPNMFEMJ0VkhEWmCjdVkGX8PVT+D9pV0zLNtFVrdw4W9SRB/vgABwBC5yABrgATdACBNyBB/AEno1749F4MV7nozljsbMHfsB4+wS0lJRM</latexit>Z4Nc

provides bias potential
<latexit sha1_base64="Q7qXaIrERhvswdHBgYp7g+fCAsk=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi2GXRjRuxBfuApobJdNIOnUzCzEQoQ7Zu/BU3LhRx6x+482+ctllo64ELh3Pu5d57goRRqRzn2yqsrK6tbxQ3S1vbO7t79v5BW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+Grqdx6IkDTmd2qSkH6EhpyGFCNlJN+GXigQ1m6mb3zdaGb3tQxqDyMGbzNfu9XMt8tOxZkBLhM3J2WQo+HbX94gxmlEuMIMSdlznUT1NRKKYkaykpdKkiA8RkPSM5SjiMi+nn2SwROjDGAYC1NcwZn6e0KjSMpJFJjOCKmRXPSm4n9eL1Vhra8pT1JFOJ4vClMGVQynscABFQQrNjEEYUHNrRCPkIlGmfBKJgR38eVl0q5W3POK0zwr1y/zOIrgCByDU+CCC1AH16ABWgCDR/AMXsGb9WS9WO/Wx7y1YOUzh+APrM8ftEKZsA==</latexit>

1

M8
PQ

O12

dark matter abundance provided
<latexit sha1_base64="4FxKkz5PzGdU76x8U7WdfQhcwic="></latexit>

fa ⇠ 109 GeV, � = 10�2,MPQ = 1015�17 GeV [Kawasaki,Saikawa,Sekiguchi: 1412.0789]

causes domain wall/string decay
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Axion-photon coupling

<latexit sha1_base64="eBLpZYqDLotqUbOIhPKzO2sIdco="></latexit>

U(1)EM � SO(6)⇥ SO(4)⇥ Sp(10) P, Q electromagnetic charges fixed!

<latexit sha1_base64="80sBmbwv8D4zMsGLHVArNYtcJgw=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgENw6Z1rF1IRRFcCUV7APaUjJppg3NPEgyQhkGN/6KGxeKuPUr3Pk3pg9BRQ9cODnnXnLvcSPOpELow8jMzS8sLmWXcyura+sb5uZWXYaxILRGQh6Kposl5SygNcUUp81IUOy7nDbc4fnYb9xSIVkY3KhRRDs+7gfMYwQrLXXNnbYnMEku0uQqhaeH01cpTYpp18wjCx07xRMHIstBdrkwJgXHRqgIbQtNkAczVLvme7sXktingSIcS9myUaQ6CRaKEU7TXDuWNMJkiPu0pWmAfSo7yeSEFO5rpQe9UOgKFJyo3ycS7Es58l3d6WM1kL+9sfiX14qVV+4kLIhiRQMy/ciLOVQhHOcBe0xQovhIE0wE07tCMsA6BaVTy+kQvi6F/5N6wbIdC10f5StnsziyYBfsgQNggxKogEtQBTVAwB14AE/g2bg3Ho0X43XamjFmM9vgB4y3TxMhlzw=</latexit>

E

N
= �7

3

<latexit sha1_base64="GOM/n7FsJlVhQdW33tK7XZV+zzk="></latexit>

ga�� =
↵EM

2⇡fa

✓
�7

3
� 1.92(4)

◆
large axion-photon coupling!

Bonus feature
<latexit sha1_base64="khhXAosQQ3zoRBXnyIL/MXc4R+Q="></latexit>

SO(6)⇥ SO(4) ! SO(10)

Grand Unification

<latexit sha1_base64="sTvxArmbe1D/yBXlyFuZOB8jtgQ=">AAACCnicbVC7TgJBFJ3FF+Jr1dJmlJhAs1mWpx3RxsICHysksCGzwyxMmH1kZtaEEGobf8XGQmNs/QI7/8ZZwETUk0xy7jn35s49bsSokKb5qaWWlldW19LrmY3Nre0dfXfvVoQxx8TGIQt5y0WCMBoQW1LJSCviBPkuI013eJb4zTvCBQ2DGzmKiOOjfkA9ipFUUlc/vLZzpXxHUp8IqLiV714sVFddPWsaJ7WKVbagaZhm1SpWEmJVS1YRFpSSIAvmaHT1j04vxLFPAokZEqJdMCPpjBGXFDMyyXRiQSKEh6hP2ooGSC1zxtNTJvBYKT3ohVy9QMKp+nNijHwhRr6rOn0kB+K3l4j/ee1YejVnTIMoliTAs0VezKAMYZIL7FFOsGQjRRDmVP0V4gHiCEuVXmYawuxS+Jd8h3BrGYWyYV6WsvXTeRxpcACOQA4UQBXUwTloABtgcA8ewTN40R60J+1Ve5u1prT5zD5YgPb+BaKLmFU=</latexit>

SU(4)⇥ SU(2)L ⇥ SU(2)R

<latexit sha1_base64="ooZO0TxjxBXObE6ZKrG6q0LXGqg=">AAAB6XicbVDLSgMxFM3UV62vqks3wSK4GjLTp7uiG5dV7APaoWTSTBuayQxJRihD/8CNC0Xc+kfu/BszbQVfBy4czrmXe+/xY86URujDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pVeZ376lULBJ3ehZTL8RjwQJGsDbS7WA+LJaQfdGouVUXIhuhuluuZcStV9wydIySoQRWaA2L74NRRJKQCk04VqrvoFh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHpHJ4ZZQSDSJoSGi7U7xMpDpWahb7pDLGeqN9eJv7n9RMdNLyUiTjRVJDloiDhUEcwexuOmKRE85khmEhmboVkgiUm2oRTWISw/BT+JV8hdFzbqdroplJqXq7iyIMTcArOgQPqoAmuQQu0AQEBeABP4NmaWo/Wi/W6bM1Zq5lj8APW2ycBgI2s</latexit>

}

Pati-Salam!
SM:

<latexit sha1_base64="NTDfyWo4+w5mVJsXo9SqBj6QaTA="></latexit>

3⇥ (4, 2, 1) Q,L
<latexit sha1_base64="WRn577DZJvV/lqF0EmgMBLkNTNY="></latexit>

3⇥ (4̄, 2, 1) ū, d̄, ē, N
<latexit sha1_base64="xjUXPU2vzOr0OaaLp/BfPr2CJKc="></latexit>

(1, 2, 2) ⇢ 10 Higgs

<latexit sha1_base64="+ovxcbrEteRXh8tnnfZiVGX9Ho4="></latexit>

� = (10, 1, 3) ⇢ 126 to breakU(1)B�L ⇥ U(1)I3
<latexit sha1_base64="jDBA/migMM8y4H5EkjBL9X4Ezok=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4Kokouiy6MZlCvYCTSyTyUk6dDIJMxOhxC58FTcuFHHra7jzbUzaLrT1h4GP/5zDOfP7KWdKW9a3sbS8srq2Xtmobm5t7+yae/ttlWSSQosmPJFdnyjgTEBLM82hm0ogsc+h4w9vynrnAaRiibjToxS8mESChYwSXVh989B1BuzeDUgUgSwZN5uOU+2bNatuTYQXwZ5BDc3k9M0vN0hoFoPQlBOleraVai8nUjPKYVx1MwUpoUMSQa9AQWJQXj65f4xPCifAYSKLJzSeuL8nchIrNYr9ojMmeqDma6X5X62X6fDKy5lIMw2CTheFGcc6wWUYOGASqOajAgiVrLgV0wGRhOoisjIEe/7Li9A+q9sXdat5Xmtcz+KooCN0jE6RjS5RA90iB7UQRY/oGb2iN+PJeDHejY9p65IxmzlAf2R8/gB2U5UV</latexit>

�†�QQPPdimension 8 PQ-violating op.

forbidden by anomaly-free         symmetry!
<latexit sha1_base64="LPswZtb7qJZVjamup/r2ELZ+PZ0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYpdFNy4r2Ae2Q0nSTBuayYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uSeHxIJr47rfTmFtfWNzq7hd2tnd2z8oHx61dJQoypo0EpHqEKyZ4JI1DTeCdWLFcEgEa5Pxbea3J0xpHskHM42ZH+Kh5AGn2FjJ74XYjAhJH2f9WqlfrrhVdw60SrycVCBHo1/+6g0imoRMGiqw1l3PjY2fYmU4FWxW6iWaxZiO8ZB1LZU4ZNpP56Fn6MwqAxREyj5p0Fz9vZHiUOtpSOxkFlIve5n4n9dNTFDzUy7jxDBJF4eCRCAToawBNOCKUSOmlmCquM2K6AgrTI3tKSvBW/7yKmldVL2rqnt/Wanf5HUU4QRO4Rw8uIY63EEDmkDhCZ7hFd6cifPivDsfi9GCk+8cwx84nz87LZG9</latexit>Z8
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Might be seen at IAXO (CERN)!

Axion-photon coupling limits on Pati-Salam axion
[TG, Murayama, Quilez: 2505.08866]

 ALSO:   High-quality axion from SUSY chiral dynamics [TG, Murayama, Noether, Quilez: 2508.21813] [see also Sato,Takeshita: 2508.21820]
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QCD axion mass:

m2
a =

T
f2
a

“topological susceptibility”

QCD asymptotically free 

Fermion zero modes:
<latexit sha1_base64="sTyFV+dSJSMfBgJbFGB3gplRqsk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBluhbkpSEF0W3biSCvYBbQyT6aQdOjMJMxOxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPUHMqNKO820V1tY3NreK26Wd3b39A/uw3FFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mFzP/O4jkYpG4l5PY+JxNBI0pBhpI/l2uVobyHEEuR+ePaS3fphVfbvi1J054Cpxc1IBOVq+/TUYRjjhRGjMkFJ914m1lyKpKWYkKw0SRWKEJ2hE+oYKxIny0vntGTw1yhCGkTQlNJyrvydSxJWa8sB0cqTHatmbif95/USHl15KRZxoIvBiUZgwqCM4CwIOqSRYs6khCEtqboV4jCTC2sRVMiG4yy+vkk6j7p7XnbtGpXmVx1EEx+AE1IALLkAT3IAWaAMMnsAzeAVvVma9WO/Wx6K1YOUzR+APrM8fW+qTWg==</latexit>

(⇢mf )Nf

<latexit sha1_base64="Rv4bX5ezcneZo7da0PGg/vf5jm8=">AAACHnicbVBLS8NAGNz4rPUV9ehlsRU8laRQ9FisBw8iLdgHNDFsNpt26ebB7kYoIb/Ei3/FiwdFBE/6b9y0OWjrwMIwM9/ufuPGjAppGN/ayura+sZmaau8vbO7t68fHPZElHBMujhiER+4SBBGQ9KVVDIyiDlBgctI3520cr//QLigUXgnpzGxAzQKqU8xkkpy9IZIYjUg8gCsWj5HOLViHnmODwPHz1LrRl3mISfttK6y+/RWaVnV0StGzZgBLhOzIBVQoO3on5YX4SQgocQMCTE0jVjaKeKSYkayspUIEiM8QSMyVDREARF2Olsvg6dK8aAfcXVCCWfq74kUBUJMA1clAyTHYtHLxf+8YSL9CzulYZxIEuL5Q37CoIxg3hX0KCdYsqkiCHOq/grxGKmKpGq0rEowF1deJr16zWzUjE690rws6iiBY3ACzoAJzkETXIM26AIMHsEzeAVv2pP2or1rH/PoilbMHIE/0L5+AFvwozc=</latexit>

suppression
Q

f mf

⇤
Nf
QCD

<latexit sha1_base64="2zP59wTDloPf5sYoHBcN8fLOjzI="></latexit>

T /
R d⇢

⇢5C[3]
⇣

2⇡
↵s(1/⇢)

⌘6
e�

2⇡
↵s(1/⇢)

Dilute instanton gas approximation:

<latexit sha1_base64="kP4N4uN6Q7FOZfzIIZI7yflznzw=">AAACC3icbVC7TsMwFHXKq5RXgJHFaovEVCUVCMaKMjAwtFJfUhMix3Faq85DtoNURdlZ+BUWBhBi5QfY+BvcNgO0HMnS0Tn36PoeN2ZUSMP41gpr6xubW8Xt0s7u3v6BfnjUE1HCMeniiEV84CJBGA1JV1LJyCDmBAUuI3130pz5/QfCBY3CjpzGxA7QKKQ+xUgqydHL1dTCiMFOBq2YR7GMoHWn4h5y0nbzJrs/rzp6xagZc8BVYuakAnK0HP3L8iKcBCSUmCEhhqYRSztFXFLMSFayEkFihCdoRIaKhiggwk7nt2TwVCke9COuXijhXP2dSFEgxDRw1WSA5FgsezPxP2+YSP/KTmkYJ5KEeLHITxhUF8+KgR7lBEs2VQRhTtVfIR4jjrBU9ZVUCebyyaukV6+ZFzWjXa80rvM6iuAElMEZMMElaIBb0AJdgMEjeAav4E170l60d+1jMVrQ8swx+APt8wc0+5nf</latexit>

T / ⇤4
QCD

<latexit sha1_base64="BqEhXs4tSTpNuPMaJpXuG9wuLP4="></latexit>

m2
a,QCD = mumd

(mu+md)2
m2

⇡f
2
⇡

f2
a

<latexit sha1_base64="YN5dmsR1WtNXWOdpaeRoIaCifLQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt4sSQF0WPRi8eK9gPatGy2k3bpZhN2N0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWaeH3OmtON8Wyura+sbm7mt/PbO7t5+4eCwoaJEUqzTiEey5ROFnAmsa6Y5tmKJJPQ5Nv3RzdRvPqJULBIPehyjF5KBYAGjRBupW8Juen7fSzEIJpNSr1B0ys4M9jJxM1KEDLVe4avTj2gSotCUE6XarhNrLyVSM8pxku8kCmNCR2SAbUMFCVF56ezqiX1qlL4dRNKU0PZM/T2RklCpceibzpDooVr0puJ/XjvRwZWXMhEnGgWdLwoSbuvInkZg95lEqvnYEEIlM7fadEgkodoElTchuIsvL5NGpexelJ27SrF6ncWRg2M4gTNw4RKqcAs1qAMFCc/wCm/Wk/VivVsf89YVK5s5gj+wPn8A1biSEw==</latexit>

e�Seff

<latexit sha1_base64="Wl2OtKi0V5xSSmvuxOuNQLfUdd4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBlvBVUkKostiXbhw0YJ9QBPCZDJph84kYWYihFB/xY0LRdz6Ie78G6dtFtp6YOBwzrncO8dPGJXKsr6N0sbm1vZOebeyt39weGQen/RlnApMejhmsRj6SBJGI9JTVDEyTARB3Gdk4E/bc3/wSISkcfSgsoS4HI0jGlKMlJY8s1p37nU6QF7uCA677dtZ3TNrVsNaAK4TuyA1UKDjmV9OEOOUk0hhhqQc2Vai3BwJRTEjs4qTSpIgPEVjMtI0QpxIN18cP4PnWglgGAv9IgUX6u+JHHEpM+7rJEdqIle9ufifN0pVeO3mNEpSRSK8XBSmDKoYzpuAARUEK5ZpgrCg+laIJ0ggrHRfFV2CvfrlddJvNuzLhtVt1lo3RR1lcArOwAWwwRVogTvQAT2AQQaewSt4M56MF+Pd+FhGS0YxUwV/YHz+AD6ak9o=</latexit>

⇤QCD

<latexit sha1_base64="TO+SsOAoFI4idNSFGvUpv6OJYus=">AAAB73icbVBNSwMxEJ2tX7V+VT16CbaCp7pbED0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2VulXvoq/GsjooV9yaOwdaJV5OKpCjOSh/9YeSJBEVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SwWOqPbT+b0zdGaVIQqlsiUMmqu/J1IcaT2NAtsZYTPWy14m/uf1EhNe+ykTcWKoIItFYcKRkSh7Hg2ZosTwqSWYKGZvRWSMFSbGRlSyIXjLL6+Sdr3mXdbc+3qlcZPHUYQTOIVz8OAKGnAHTWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/t3OPGQ==</latexit>

1/⇢

I

X

X

<latexit sha1_base64="vVD/icWZLM3AXhPSIZGB8MHWhfs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpXnWzbrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH2NQjd0=</latexit>mu

<latexit sha1_base64="acbdgK87PYqPccII4XSCmiF6YhU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RjQkkS5idnU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejco0oS2iuNKdCBvKmaQtyyynnVRTLCJO29HoZuq3n6g2TMkHO05pKPBAsoQRbJ10L/pxv1rz6/4MaJkEBalBgWa/+tWLFckElZZwbEw38FMb5lhbRjidVHqZoSkmIzygXUclFtSE+ezUCTpxSowSpV1Ji2bq74kcC2PGInKdAtuhWfSm4n9eN7PJVZgzmWaWSjJflGQcWYWmf6OYaUosHzuCiWbuVkSGWGNiXToVF0Kw+PIyeTyrBxd1/+681rgu4ijDERzDKQRwCQ24hSa0gMAAnuEV3jzuvXjv3se8teQVM4fwB97nD0mMjcw=</latexit>md

2. Axion mass from 5D small instantons
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How to enhance QCD axion mass?

Use 5th dimension to make QCD axion heavy!

•Change QCD coupling in UV
<latexit sha1_base64="mk/nvSGne1HIaW+9XcDqqjAk670=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKdVOTguiy6MZlBfuAJoTJdNIOncmEmYlQQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TJowq7TjfVmFldW19o7hZ2tre2d2z9w/aSqQSkxYWTMhuiBRhNCYtTTUj3UQSxENGOuHoZup3HohUVMT3epwQn6NBTCOKkTZSYB9VPMSSIQpU1T335FCcQU9RDt1KYJedmjMDXCZuTsogRzOwv7y+wCknscYMKdVznUT7GZKaYkYmJS9VJEF4hAakZ2iMOFF+NnthAk+N0oeRkKZiDWfq74kMcaXGPDSdHOmhWvSm4n9eL9XRlZ/ROEk1ifF8UZQyqAWc5gH7VBKs2dgQhCU1t0I8RBJhbVIrmRDcxZeXSbtecy9qzl293LjO4yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj3lrwcpnDsEfWJ8/gi6Vjw==</latexit>

↵s(1/⇢) ⇠ 1 “Small instantons”
<latexit sha1_base64="MkcwF87zEUrY+gYB95IgoNTgULM="></latexit>

⇢ ⇠ 1/⇤UV

• Close fermion loops with Higgs boson

<latexit sha1_base64="qaDUJmrQAz9hN582HS7it00s3dw="></latexit>

(otherwise mumdmcmsmbmt

⇤6
UV

)

<latexit sha1_base64="66MMTW3yF4iOiWrktVaRCDG5gMQ="></latexit>

where ⇤I � ⇤QCD

new contribution

<latexit sha1_base64="XXOuTh1thO8K7gBkA+QNwHL7zoc=">AAACHXicbVDLSgMxFM34rPVVdekmWARBKDO1ostiXSi4aME+oDMdMmmmDU1mxiQjlKE/4sZfceNCERduxL8x01bQ1gMJh3Puvck9XsSoVKb5ZSwsLi2vrGbWsusbm1vbuZ3dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS9QSX1m/dESBoGt2oYEYejXkB9ipHSkpsrcRd1itBPb1tSDrl7B+0bPaCL3MQWHNYql6POCTz+Ea87JTeXNwvmGHCeWFOSB1NU3dyH3Q1xzEmgMENSti0zUk6ChKKYkVHWjiWJEB6gHmlrGiBOpJOMtxvBQ610oR8KfQIFx+rvjgRxKYfc05Ucqb6c9VLxP68dK//cSWgQxYoEePKQHzOoQphGBbtUEKzYUBOEBdV/hbiPBMJKB5rVIVizK8+TRrFgnRbMWilfvpjGkQH74AAcAQucgTK4AlVQBxg8gCfwAl6NR+PZeDPeJ6ULxrRnD/yB8fkNdTGgRg==</latexit>

m2
af

2
a ⇠ mq⇤

3
QCD + ⇤4

I
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QCD in 5D Flat space 5D metric:
<latexit sha1_base64="o1eQVuAr1tFqtVp4TNRXQpTse24=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFQShJQHQjFN24rGAf0KZlMpm0QyeTMDMRYyj+ihsXirj1P9z5N07bLLT1wOUezrmXuXO8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5TRonApIEjFom2hyRhlJOGooqRdiwICj1GWt7oeuK37omQNOJ3Ko2JG6IBpwHFSGmpbx5UfNlz4CX0H3Q7hX7acyp9s2xVrSngIrFzUgY56n3zq+tHOAkJV5ghKTu2FSs3Q0JRzMi41E0kiREeoQHpaMpRSKSbTa8fw2Ot+DCIhC6u4FT9vZGhUMo09PRkiNRQznsT8T+vk6jgws0ojxNFOJ49FCQMqghOooA+FQQrlmqCsKD6VoiHSCCsdGAlHYI9/+VF0nSq9lnVunXKtas8jiI4BEfgBNjgHNTADaiDBsDgETyDV/BmPBkvxrvxMRstGPnOPvgD4/MH2sWS5Q==</latexit>

ds2 = dx2 + dy2

<latexit sha1_base64="w5Om+8v1wrXi+HGDf8UZxtZFz0Y=">AAAB7nicbVBNSwMxEJ31s9avqkcvwVbwVHYLoseiF49V7Ae0S8mm2TY0m4QkK5SlP8KLB0W8+nu8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7Wh8O/PbT1QbJsWjnSgaJngoWMwItk5qV3qKoYdKv1T2q/4caJUEOSlDjka/9NUbSJImVFjCsTHdwFc2zLC2jHA6LfZSQxUmYzykXUcFTqgJs/m5U3TulAGKpXYlLJqrvycynBgzSSLXmWA7MsveTPzP66Y2vg4zJlRqqSCLRXHKkZVo9jsaME2J5RNHMNHM3YrICGtMrEuo6EIIll9eJa1aNbis+ve1cv0mj6MAp3AGFxDAFdThDhrQBAJjeIZXePOU9+K9ex+L1jUvnzmBP/A+fwADKo6x</latexit>

⇡R

<latexit sha1_base64="v2ZAJRnEWgM6VCjWk7Iax2c2MD4=">AAAB+3icbVBNT8JAEN36ifhV8ehlIzGBC2n9iB6JXjxitEACTbNdtrBhu212p0ZC+CtePGiMV/+IN/+NC/Sg4EsmeXlvJjPzwlRwDY7zba2srq1vbBa2its7u3v79kGpqZNMUebRRCSqHRLNBJfMAw6CtVPFSBwK1gqHN1O/9ciU5ol8gFHK/Jj0JY84JWCkwC7de5WzakC7wGOmsVdxq4FddmrODHiZuDkpoxyNwP7q9hKaxUwCFUTrjuuk4I+JAk4FmxS7mWYpoUPSZx1DJTGb/PHs9gk+MUoPR4kyJQHP1N8TYxJrPYpD0xkTGOhFbyr+53UyiK78MZdpBkzS+aIoExgSPA0C97hiFMTIEEIVN7diOiCKUDBxFU0I7uLLy6R5WnMvas7debl+ncdRQEfoGFWQiy5RHd2iBvIQRU/oGb2iN2tivVjv1se8dcXKZw7RH1ifP3ftksY=</latexit>

SU(3)c ⇥ U(1)
<latexit sha1_base64="DsGKuFbtHZx5xFOSE5NP6owtHes="></latexit>

A(0)
µ (x) QCD gluon

<latexit sha1_base64="bSv2AUl4lbSDLIx5HxaIAPuVr5g="></latexit>

B(0)
5 (x) ⌘ a(x) QCD axion

5D instanton:
<latexit sha1_base64="JMmzL+O3CopzTxRr7YpN0//LK3k="></latexit>

Aa
µ(x, y) = A(I)a

µ (x) = 2⌘aµ⌫(x�x0)⌫
(x�x0)2+⇢2 , Aa

5(x, y) = 0

Finite action

5D instanton

<latexit sha1_base64="oeV3t7T5wSk+TZR7x9GIzyQSZy4=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwFSa1je2u6MZlBfuANpTJdNIMncmEmYlQQn/BjQtF3PpD7vwbk7aCrwMXDufcy733+DFn2iD0YRXW1jc2t4rbpZ3dvf2D8uFRV8tEEdohkkvV97GmnEW0Y5jhtB8rioXPac+fXud+754qzWR0Z2Yx9QSeRCxgBJtcGqpQjsoVZDebqOa4ENl1hKpuMyPootpwXejYaIEKWKE9Kr8Px5IkgkaGcKz1wEGx8VKsDCOczkvDRNMYkyme0EFGIyyo9tLFrXN4liljGEiVVWTgQv0+kWKh9Uz4WafAJtS/vVz8zxskJmh4KYvixNCILBcFCYdGwvxxOGaKEsNnGcFEsexWSEKsMDFZPKVFCMtP4V/yFUK3ajt1G93WKq2rVRxFcAJOwTlwwCVogRvQBh1AQAgewBN4toT1aL1Yr8vWgrWaOQY/YL19Ao2xjpQ=</latexit>⇢
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5D small instantons

<latexit sha1_base64="Elwg1llOcZmgIOOtokBaccaYZ1E="></latexit>

Valid up to g2
5⇤5

24⇡3 ⇠ 1 or ⇤5R . 6⇡
↵s

power law contribution can 
overcome suppression 

Fluctuations + Kaluza-Klein contributions

4D 5D

<latexit sha1_base64="YN5dmsR1WtNXWOdpaeRoIaCifLQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt4sSQF0WPRi8eK9gPatGy2k3bpZhN2N0oJ/R9ePCji1f/izX/jts1BWx8MPN6bYWaeH3OmtON8Wyura+sbm7mt/PbO7t5+4eCwoaJEUqzTiEey5ROFnAmsa6Y5tmKJJPQ5Nv3RzdRvPqJULBIPehyjF5KBYAGjRBupW8Juen7fSzEIJpNSr1B0ys4M9jJxM1KEDLVe4avTj2gSotCUE6XarhNrLyVSM8pxku8kCmNCR2SAbUMFCVF56ezqiX1qlL4dRNKU0PZM/T2RklCpceibzpDooVr0puJ/XjvRwZWXMhEnGgWdLwoSbuvInkZg95lEqvnYEEIlM7fadEgkodoElTchuIsvL5NGpexelJ27SrF6ncWRg2M4gTNw4RKqcAs1qAMFCc/wCm/Wk/VivVsf89YVK5s5gj+wPn8A1biSEw==</latexit>

e�Seff

<latexit sha1_base64="Wl2OtKi0V5xSSmvuxOuNQLfUdd4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBlvBVUkKostiXbhw0YJ9QBPCZDJph84kYWYihFB/xY0LRdz6Ie78G6dtFtp6YOBwzrncO8dPGJXKsr6N0sbm1vZOebeyt39weGQen/RlnApMejhmsRj6SBJGI9JTVDEyTARB3Gdk4E/bc3/wSISkcfSgsoS4HI0jGlKMlJY8s1p37nU6QF7uCA677dtZ3TNrVsNaAK4TuyA1UKDjmV9OEOOUk0hhhqQc2Vai3BwJRTEjs4qTSpIgPEVjMtI0QpxIN18cP4PnWglgGAv9IgUX6u+JHHEpM+7rJEdqIle9ufifN0pVeO3mNEpSRSK8XBSmDKoYzpuAARUEK5ZpgrCg+laIJ0ggrHRfFV2CvfrlddJvNuzLhtVt1lo3RR1lcArOwAWwwRVogTvQAT2AQQaewSt4M56MF+Pd+FhGS0YxUwV/YHz+AD6ak9o=</latexit>

⇤QCD
<latexit sha1_base64="CiZZpPHEArc2gPsSbGGjgrVEiHA=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxhLskRo9ELx7RuEACG9ItXWhou5u2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789hNVmsXy0UwSGgg8lCxiBBsr+VXv4qHaL1fcmjsHWiVeTiqQo9kvf/UGMUkFlYZwrHXXcxMTZFgZRjidlnqppgkmYzykXUslFlQH2fzYKTqzygBFsbIlDZqrvycyLLSeiNB2CmxGetmbif953dRE10HGZJIaKsliUZRyZGI0+xwNmKLE8IklmChmb0VkhBUmxuZTsiF4yy+vkla95l3W3Pt6pXGTx1GEEziFc/DgChpwB03wgQCDZ3iFN0c6L86787FoLTj5zDH8gfP5A0GAjag=</latexit>

1/R
<latexit sha1_base64="vocbBBbP14HWGwUYhLnkymkI5rY=">AAAB8nicbVDLSgMxFM3UV62vqks3wVZwVWYKRZdFNy5cVLAPmA4lk8m0oZlkSO4IpfQz3LhQxK1f486/MW1noa0HAodzziX3njAV3IDrfjuFjc2t7Z3ibmlv/+DwqHx80jEq05S1qRJK90JimOCStYGDYL1UM5KEgnXD8e3c7z4xbbiSjzBJWZCQoeQxpwSs5Ff79zYbkUGjOihX3Jq7AF4nXk4qKEdrUP7qR4pmCZNABTHG99wUginRwKlgs1I/MywldEyGzLdUkoSZYLpYeYYvrBLhWGn7JOCF+ntiShJjJklokwmBkVn15uJ/np9BfB1MuUwzYJIuP4ozgUHh+f044ppREBNLCNXc7orpiGhCwbZUsiV4qyevk0695jVq7kO90rzJ6yiiM3SOLpGHrlAT3aEWaiOKFHpGr+jNAefFeXc+ltGCk8+coj9wPn8A99SQYw==</latexit>

⇤5
<latexit sha1_base64="TO+SsOAoFI4idNSFGvUpv6OJYus=">AAAB73icbVBNSwMxEJ2tX7V+VT16CbaCp7pbED0WvXisYD+gXUo2zbah2WRNskJZ+ie8eFDEq3/Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2VulXvoq/GsjooV9yaOwdaJV5OKpCjOSh/9YeSJBEVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SwWOqPbT+b0zdGaVIQqlsiUMmqu/J1IcaT2NAtsZYTPWy14m/uf1EhNe+ykTcWKoIItFYcKRkSh7Hg2ZosTwqSWYKGZvRWSMFSbGRlSyIXjLL6+Sdr3mXdbc+3qlcZPHUYQTOIVz8OAKGnAHTWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/t3OPGQ==</latexit>

1/⇢
power law term!

small instantons!
<latexit sha1_base64="yQUSss2qUqvpjJHJQClHGMykpAQ=">AAAB/nicdVDLSgMxFM3UV62vUXHlJtgKrobM4GiXRTcuK9gHtOOQSTNtaOZBkhHKUPBX3LhQxK3f4c6/MdNWUNEDCYdz7uXee4KUM6kQ+jBKS8srq2vl9crG5tb2jrm715ZJJghtkYQnohtgSTmLaUsxxWk3FRRHAaedYHxZ+J07KiRL4hs1SakX4WHMQkaw0pJvHtT6qUhSlcDIx7cODIu/5ptVZKEz99SuQ2S5yK7briaOayPkQNtCM1TBAk3ffO8PEpJFNFaEYyl7NkqVl2OhGOF0WulnkqaYjPGQ9jSNcUSll8/Wn8JjrQxgmAj9YgVn6veOHEdSTqJAV0ZYjeRvrxD/8nqZCutezuI0UzQm80FhxqG+tsgCDpigRPGJJpgIpneFZIQFJkonVtEhfF0K/ydtx7JdC1071cbFIo4yOARH4ATY4Bw0wBVoghYgIAcP4Ak8G/fGo/FivM5LS8aiZx/8gPH2CbsYlLA=</latexit>

/ m2
af

2
a

<latexit sha1_base64="XOf5u0l+G8tGa4wHOmNVfwRDcD0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK/cImlM120y7d3YTdjVBC/4UXD4p49d9489+4TXPQ1gcDj/dmmJkXJpxp47rfTmltfWNzq7xd2dnd2z+oHh51dJwqQtsk5rHqhVhTziRtG2Y47SWKYhFy2g0nd3O/+0SVZrFsmWlCA4FHkkWMYGOlR59gjlq+ZmJQrbl1NwdaJV5BalCgOah++cOYpIJKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUokF1UGWXzxDZ1YZoihWtqRBufp7IsNC66kIbafAZqyXvbn4n9dPTXQTZEwmqaGSLBZFKUcmRvP30ZApSgyfWoKJYvZWRMZYYWJsSBUbgrf88irpXNS9q7r7cFlr3BZxlOEETuEcPLiGBtxDE9pAQMIzvMKbo50X5935WLSWnGLmGP7A+fwBFEqQhw==</latexit>

T ⇠

[TG, Khoze, Pomarol, Shirman: 2001.05610][Poppitz, Shirman ’02]
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Small 5D instantons can dominate for 
<latexit sha1_base64="O2C9Af/+OlCIEBEvLjZjq8+PLB0=">AAACBnicbVDLSgMxFM34rPU16lKEYCu4KpmC6LLoxmWVvqBTSibNtKFJZkgyQhlm5cZfceNCEbd+gzv/xrSdhbYeCBzOOZebe4KYM20Q+nZWVtfWNzYLW8Xtnd29fffgsKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+u0HqjSLZMNMYtoTeChZyAg2Vuq7J2U/VJikXpbeZ9AfGhsV0EOoDBu01XdLqIJmgMvEy0kJ5Kj33S9/EJFEUGkIx1p3PRSbXoqVYYTTrOgnmsaYjPGQdi2VWFDdS2dnZPDMKgMYRso+aeBM/T2RYqH1RAQ2KbAZ6UVvKv7ndRMTXvVSJuPEUEnmi8KEQxPBaSdwwBQlhk8swUQx+1dIRtjWYmxzRVuCt3jyMmlVK95FBd1VS7XrvI4COAan4Bx44BLUwC2ogyYg4BE8g1fw5jw5L8678zGPrjj5zBH4A+fzB+W5l3Q=</latexit>

1
R & 100 TeV

[TG, Khoze, Pomarol, Shirman: 2001.05610]

5D strong coupling
CP-odd higher-dimension 
terms

<latexit sha1_base64="46ywNZJyAqoU4P32L7bW01AuDJU="></latexit>

e.g.
1

⇤2
W

GGG̃

<latexit sha1_base64="dJ2fS4gy+6uw9LVxqtxthRpkMCY=">AAACHXicbVC7SgNBFJ31GeMramkzGARt4q74KoM2FhYqRoVsWO5O7prB2dlxZlYIS37Exl+xsVDEwkb8Gycxha8DA4dzzuXOPbES3Fjf//BGRsfGJyZLU+Xpmdm5+crC4rnJcs2wwTKR6csYDAousWG5FXipNEIaC7yIrw/6/sUtasMzeWa7ClspXEmecAbWSVFlKzxy4TZE2/Q0xJuc39Iw0cCKnVDxEJXhIpO9IgShOhCZtWDjdL0XVap+zR+A/iXBkFTJEMdR5S1sZyxPUVomwJhm4CvbKkBbzgT2ymFuUAG7hitsOiohRdMqBtf16KpT2jTJtHvS0oH6faKA1JhuGrtkCrZjfnt98T+vmdtkr1VwqXKLkn0tSnJBbUb7VdE218is6DoCTHP3V8o64MqxrtCyKyH4ffJfcr5ZC7Zr/slWtb4/rKNElskKWSMB2SV1ckiOSYMwckceyBN59u69R+/Fe/2KjnjDmSXyA977Jwc+oeA=</latexit>

⇤5R ⌘ 6⇡✏

↵s(1/R)

Assume boundary Standard Model fermions               and QCD in bulk
<latexit sha1_base64="7+pAjipvW2rQk2sAOfBytKAdMfU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwVaol7JbkHoRil48VrAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfjtr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d+e0nqjSL5IOZxNQXeChZyAg2VnoslYO+e127KPULRbfizoFWiZeRImRo9AtfvUFEEkGlIRxr3fXc2PgpVoYRTqf5XqJpjMkYD2nXUokF1X46P3iKzq0yQGGkbEmD5urviRQLrScisJ0Cm5Fe9mbif143MeGVnzIZJ4ZKslgUJhyZCM2+RwOmKDF8YgkmitlbERlhhYmxGeVtCN7yy6ukVa14lxX3vlqs32Rx5OAUzqAMHtSgDnfQgCYQEPAMr/DmKOfFeXc+Fq1rTjZzAn/gfP4AZgSO1A==</latexit>

(b0 = 7)
<latexit sha1_base64="6GblyQ+0Zz7xSPQ3/wdL0HbPEqs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMiKIrKbpRcFHRPqAzDJk004YmmSHJCGWYjb/ixoUibv0Md/6NaTsLbT0QOJxzDzf3hAmjSjvOt1VaWFxaXimvVtbWNza37O2dlopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Grstx+JVDQWD3qUEJ+jvqARxUgbKbD3ogBBeAG9W5PpoSDzJIf3N3lgV52aMwGcJ25BqqBAI7C/vF6MU06Exgwp1XWdRPsZkppiRvKKlyqSIDxEfdI1VCBOlJ9NDsjhoVF6MIqleULDifo7kSGu1IiHZpIjPVCz3lj8z+umOjr3MyqSVBOBp4uilEEdw3EbsEclwZqNDEFYUvNXiAdIIqxNZxVTgjt78jxpHdfc05pzd1KtXxZ1lME+OABHwAVnoA6uQQM0AQY5eAav4M16sl6sd+tjOlqyiswu+APr8wfNkpVE</latexit>

fa > ⇤SI

[Bedi, TG, Pospelov: 2205.07948]

<latexit sha1_base64="9iIt9Rjm8ZBd649a/VqP55z8UJE=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRLxtVAoulDBRUX7gCaGyWTSDp08mJkIJeQP3Pgrblwo4tatO//GaZqFVg9cOJxz78y9x40ZFdIwvrTS1PTM7Fx5vrKwuLS8oq+utUSUcEyaOGIR77hIEEZD0pRUMtKJOUGBy0jbHZyN/PY94YJG4a0cxsQOUC+kPsVIKsnRt30HwRPTuDuAqcUDeE5aGTyG1pV6wkNOrt1cZo5eNWpGDviXmAWpggINR/+0vAgnAQklZkiIrmnE0k4RlxQzklWsRJAY4QHqka6iIQqIsNP8ngxuKcWDfsRVhRLm6s+JFAVCDANXdQZI9sWkNxL/87qJ9I/slIZxIkmIxx/5CYMygqNwoEc5wZINFUGYU7UrxH3EEZYqwooKwZw8+S9p7dbM/ZpxvVetnxZxlMEG2AQ7wASHoA4uQAM0AQYP4Am8gFftUXvW3rT3cWtJK2bWwS9oH9+PI5p/</latexit>

fa = 106GeV < ⇤SI
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Enhanced EDMs [Bedi, TG, Pospelov: 2205.07948]

Higher-dimension CP-odd sources are enhanced by small instantons

Weinberg operator:

where

Neutron EDM:

<latexit sha1_base64="5N2B5LqgTqOQHtlkI+rRYG0aZfM=">AAACF3icbVDNS8MwHE3n15xfVY9egkPwVNqh6HHoRcHDRPcBay1plm5hSVuSVBil/4UX/xUvHhTxqjf/G7OtiG4+CLy893skvxckjEpl219GaWFxaXmlvFpZW9/Y3DK3d1oyTgUmTRyzWHQCJAmjEWkqqhjpJIIgHjDSDobnY799T4SkcXSrRgnxOOpHNKQYKS35puUmIk5UDN1QIJy5VzraQ37mCg5vLvO7Wv6jtfXFN6u2ZU8A54lTkCoo0PDNT7cX45STSGGGpOw6dqK8DAlFMSN5xU0lSRAeoj7pahohTqSXTfbK4YFWejCMhT6RghP1dyJDXMoRD/QkR2ogZ72x+J/XTVV46mU0SlJFIjx9KEwZ1D2MS4I9KghWbKQJwoLqv0I8QLogpaus6BKc2ZXnSatmOceWfX1UrZ8VdZTBHtgHh8ABJ6AOLkADNAEGD+AJvIBX49F4Nt6M9+loySgyu+APjI9vIE6f4Q==</latexit>

/ ⇤2
SI

⇤2
W

Enhanced by 

<latexit sha1_base64="SBxgOy8wkiCCGpT+X0c8rb8lz+U="></latexit>

⇤SI

⇤QCD

<latexit sha1_base64="wm1xzkDjXNHnJQLyir/thEg9DLk=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwY0mkPpZFNwouKtoHNDFMppN26EwSZiZCCfkRN/6KGxeKuHAj/o3TNqC2Hhg4nHMPd+7xY0alsqwvozA3v7C4VFwurayurW+Ym1tNGSUCkwaOWCTaPpKE0ZA0FFWMtGNBEPcZafmD85HfuidC0ii8VcOYuBz1QhpQjJSWPLPqBALh1LnSkS7yUkdweHOZZT9KK8scRqSUlEPbuksPjjPPLFsVaww4S+yclEGOumd+ON0IJ5yECjMkZce2YuWmSCiKGclKTiJJjPAA9UhH0xBxIt10fF0G97TShUEk9AsVHKu/EyniUg65ryc5Un057Y3E/7xOooJTN6VhnCgS4smiIGFQRXBUFexSQbBiQ00QFlT/FeI+0nUpXWhJl2BPnzxLmocV+6hiXVfLtbO8jiLYAbtgH9jgBNTABaiDBsDgATyBF/BqPBrPxpvxPhktGHlmG/yB8fkN8uSiaw==</latexit>

⇤SI

⇤W
. 10�6

Also fermion operator:[ ][see also 
Bedi,TG,Grojean,Guedes,
Kley,Vuong: 2402.09361]
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Questions/Future Work

 — 1st order phase transition for gravitational wave signal?
• Study SU(N)/Sp(2N) phase transition in early Universe

• ……..

• Explore other possible strong dynamics
 — completely break GUT group by strong dynamics?

• Incorporate neutrino sector?
 — e.g. right handed neutrinos at   

<latexit sha1_base64="5Kb/12be63i4iMCeqiqRwC66Vl4=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV0OmdbTuii50WcE+oK0lk2ba0GRmSDJCGaobf8WNC0Xc+hXu/BvTh6CiBy4czrmXe+/xY86URujDyszNLywuZZdzK6tr6xv25lZNRYkktEoiHsmGjxXlLKRVzTSnjVhSLHxO6/7gbOzXb6hULAqv9DCmbYF7IQsYwdpIHXsn6OCWYgK66Dp1C6PbtCUFPKe1UcfOIwcdecUTDyLHQ26pMCYFz0WoCF0HTZAHM1Q69nurG5FE0FATjpVquijW7RRLzQino1wrUTTGZIB7tGloiAVV7XTywgjuG6ULg0iaCjWcqN8nUiyUGgrfdAqs++q3Nxb/8pqJDkrtlIVxomlIpouChEMdwXEesMskJZoPDcFEMnMrJH0sMdEmtZwJ4etT+D+pFRzXc9DlYb58OosjC3bBHjgALjgGZXABKqAKCLgDD+AJPFv31qP1Yr1OWzPWbGYb/ID19glLGZa9</latexit>

fa ⇠ 1012 GeV

<latexit sha1_base64="HOm5FJ8Efj4GaweGHMy0ZmOjUsY="></latexit>

Aa
µ(x, z) = 2⌘aµ⌫

x⌫

x2

(x2 + z2)2

x2⇢2 + (x2 + z2)2

• Small instantons in weakly-gauged holographic models
  [TG, Pomarol: 2110.01762]

 — other solutions that give axion mass enhancement?

  [Cox,TG, Paul: 2310.08557]
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Summary

• Origin of U(1) and axion decay constant? 

• Axion quality problem?

• Phenomenology

• 5D small instantons

28

 — gravitational wave signal from confining phase transition?

 — naturally explained by new strong dynamics

 — possible colored states near the TeV scale

 — Avoided by gauge/discrete symmetries which are part of axion strong dynamics

Axion properties naturally emerge from strong dynamics!

QCD axion elegantly solves the strong CP problem, but

 — can be part of GUT or supersymmetry breaking

 — can enhance axion mass and not spoil strong CP solution
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