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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 

[Crewther, DiVecchia, Veneziano, Witten,1979]

[DIne, Haskins, Ubaldi, Xu: 1801.03466][Ubaldi: 0811.1599]

✓̄ . 10�10
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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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4

[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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Origin of dim-5 axion-gluon coupling?

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

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] )

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

 ! eiq ↵�5 elementary 
complex scalar

<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

However:

Yukawa coupling: m ⇠ h
fap
2

Integrate out Dirac fermions:
g2s

32⇡2

a

fa
GG̃

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

mPQ ⌧ MPWhy is                      ?

What causes symmetry breaking? Axion quality problem?

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

U(1)PQ
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Questions

⇤0

Use strong dynamics to address these questions!

6

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

Origin of 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

<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!

<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
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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="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

elementary PQ scalar
<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> {

composite 
PQ operator

[Kim 1985; Choi, Kim 1985]; Composite Axion:

strong dynamics:

flavor symmetry:

<latexit sha1_base64="FMt3tzyhudM0hIhGdRiwzKQrapQ=">AAACKHicbVDLSsNAFJ3UV62vqks3g0VINyWRiu4sdeNKWrQPaEqYTCbt0MmjMxOxhH6OG3/FjYgi3folTtIutPXCMIdzzuXee5yIUSENY6bl1tY3Nrfy24Wd3b39g+LhUVuEMcekhUMW8q6DBGE0IC1JJSPdiBPkO4x0nNFNqnceCRc0DB7kJCJ9Hw0C6lGMpKLs4vV9S7+zcRla43GMXFi1JPWJgE3dqodP5SU2sRzEYXOqp39msIslo2JkBVeBuQAlsKiGXXy33BDHPgkkZkiInmlEsp8gLilmZFqwYkEihEdoQHoKBkjN7SfZoVN4phgXeiFXL5AwY393JMgXYuI7yukjORTLWkr+p/Vi6V31ExpEsSQBng/yYgZlCNPUoEs5wZJNFECYU7UrxEPEEZYq24IKwVw+eRW0zyvmRcVoVku1+iKOPDgBp0AHJrgENXALGqAFMHgGr+ADfGov2pv2pc3m1py26DkGf0r7/gHaJaSq</latexit>

SU(Nc) 4⇥Q(⇤) 4⇥ Q̄(⇤̄)

<latexit sha1_base64="kAqm8SlACqr4Kjaygp1qzqVGML0=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquH+ix6MVjRbcttEvJptk2NJssSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDv1W09UaSbFoxknNIjxQLCIEWys1Hrwq+enPdIrV9yaOwNaJl5OKpCj0St/dfuSpDEVhnCsdcdzExNkWBlGOJ2UuqmmCSYjPKAdSwWOqQ6y2bkTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/rpCa6DjImktRQQeaLopQjI9H0d9RnihLDx5Zgopi9FZEhVpgYm1DJhuAtvrxMmmc177Lm3l9U6jd5HEU4gmOoggdXUIc7aIAPBEbwDK/w5iTOi/PufMxbC04+cwh/4Hz+AAGajrI=</latexit>

SU(3)c

<latexit sha1_base64="NeMJx1Of13wqZh53LT6jYQwnhmA=">AAACEnicbVC7TgJBFJ3FF+ILtbSZSEygIbsGoyXRxsICHwsksNnMDgNMmN3ZzNzVEMI32PgrNhYaY2tl5984wBYKnmSSM+fcm3vvCWLBNdj2t5VZWl5ZXcuu5zY2t7Z38rt7dS0TRZlLpZCqGRDNBI+YCxwEa8aKkTAQrBEMLiZ+454pzWV0B8OYeSHpRbzLKQEj+fnSrVuslPyrNvCQaTz73eC24r0+EKXkQ6rV/XzBLttT4EXipKSAUtT8/Fe7I2kSsgioIFq3HDsGb0QUcCrYONdONIsJHZAeaxkaEbOAN5qeNMZHRungrlTmRYCn6u+OEQm1HoaBqQwJ9PW8NxH/81oJdM+8EY/iBFhEZ4O6icAg8SQf3OGKURBDQwhV3OyKaZ8oQsGkmDMhOPMnL5L6cdk5KdvXlUL1PI0jiw7QISoiB52iKrpENeQiih7RM3pFb9aT9WK9Wx+z0oyV9uyjP7A+fwBXmZtk</latexit>

SU(4)L ⇥ SU(4)R ! SU(4)V
QCD axion!

<latexit sha1_base64="+scfVORdjO1voggmq5g1BlA0dyU=">AAACH3icbZDLSsNAFIYnXmu9RV26GSyCIJTEeimuSl3oSirYCzShTKaTdujkwsxEKCE+iRtfxY0LRcRd38ZJGkFbfxj45j/nMHN+J2RUSMOYaAuLS8srq4W14vrG5ta2vrPbEkHEMWnigAW84yBBGPVJU1LJSCfkBHkOI21ndJXW2w+ECxr493IcEttDA5+6FCOprJ5+Hlvcg7fXdXGZwMfYclxYTeAxzKjyQ5aDeFxJ1DW1YzPp6SWjbGSC82DmUAK5Gj39y+oHOPKILzFDQnRNI5R2jLikmJGkaEWChAiP0IB0FfrII8KOs/0SeKicPnQDro4vYeb+noiRJ8TYc1Snh+RQzNZS879aN5Ju1Y6pH0aS+Hj6kBsxKAOYhgX7lBMs2VgBwpyqv0I8RBxhqSItqhDM2ZXnoXVSNs/Kxt1pqVbP4yiAfXAAjoAJLkAN3IAGaAIMnsALeAPv2rP2qn1on9PWBS2f2QN/pE2+ARgDoIk=</latexit>

NGBs : 8+ 3+ 3̄+ 1

“weakly” gauged:

assumed massless exotic quarks

Build models which better incorporate SM features:

• SM part of strong dynamics

• Connection to GUT/supersymmetry breaking?

Will give two examples
• Naturally massless exotic quarks <latexit sha1_base64="ooZO0TxjxBXObE6ZKrG6q0LXGqg=">AAAB6XicbVDLSgMxFM3UV62vqks3wSK4GjLTp7uiG5dV7APaoWTSTBuayQxJRihD/8CNC0Xc+kfu/BszbQVfBy4czrmXe+/xY86URujDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pVeZ376lULBJ3ehZTL8RjwQJGsDbS7WA+LJaQfdGouVUXIhuhuluuZcStV9wydIySoQRWaA2L74NRRJKQCk04VqrvoFh7KZaaEU7nhUGiaIzJFI9p31CBQ6q8dHHpHJ4ZZQSDSJoSGi7U7xMpDpWahb7pDLGeqN9eJv7n9RMdNLyUiTjRVJDloiDhUEcwexuOmKRE85khmEhmboVkgiUm2oRTWISw/BT+JV8hdFzbqdroplJqXq7iyIMTcArOgQPqoAmuQQu0AQEBeABP4NmaWo/Wi/W6bM1Zq5lj8APW2ycBgI2s</latexit>

}

Examples: [Randall1992]; [Lillard, Tait 2018];
[Vecchi 2021][Contino,Podo, Revello 2021]

[Redi, Sato 2016];[Cheng, Kaplan 2001]; [Harigaya, Ibe, Schmitz, Yanagida 2015];
[Gavela, Ibe, Quilez, Yanagida, 2019][Ardu,DiLuzio, Landini, Strumia, Teresi, Wang 2020]

[Dobrescu 1996] 

<latexit sha1_base64="V3e2JDH8AcLwoTIguRq+SM1C7qw=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCxCeymJVPRY9eKxRdMWmhA22027dDcJuxuhhJ68+Fe8eFDEq7/Bm//GbZuDtj4YeLw3w8y8IGFUKsv6Ngorq2vrG8XN0tb2zu6euX/QlnEqMHFwzGLRDZAkjEbEUVQx0k0EQTxgpBOMbqZ+54EISePoXo0T4nE0iGhIMVJa8s1jp2JX/cwVHDZbE+jKNJBEwTunUq/6V75ZtmrWDHCZ2DkpgxxN3/xy+zFOOYkUZkjKnm0lysuQUBQzMim5qSQJwiM0ID1NI8SJ9LLZGxN4qpU+DGOhK1Jwpv6eyBCXcswD3cmRGspFbyr+5/VSFV56GY2SVJEIzxeFKYMqhtNMYJ8KghUba4KwoPpWiIdIIKx0ciUdgr348jJpn9Xs85rVqpcb13kcRXAETkAF2OACNMAtaAIHYPAInsEreDOejBfj3fiYtxaMfOYQ/IHx+QMcJpb6</latexit>

U(1)PQ ⇢ SU(4)A
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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>

�

<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)

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

P, Q fermions are naturally massless!

Symmetry breaking:

SU(Nc) 
anomaly free

<latexit sha1_base64="ffWdhCWf27dO/To7P43SXXDX2UA="></latexit>

U(1)PQ ⇢ SU(10)A
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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 number P fermions = number 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

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

SU(Nc)

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

� = 12
[Cox, TG, Nguyen 1911.09385]

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025
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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

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025
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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" f a

!
!

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 ! (ø4, 2, 1) øu, ød, øe, 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)I 3

<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

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025
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Might be seen at IAXO (CERN)!

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

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025
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strong dynamics:
<latexit sha1_base64="0twOyazVKsrXXpWZy8dIOnTnUPw=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrNHokevGI0QUS2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3Uz91hNVmknxYMYJDWI8ECxiBBsrNe/9quee9soVt+bOgJaJl5MK5Gj0yl/dviRpTIUhHGvd8dzEBBlWhhFOJ6VuqmmCyQgPaMdSgWOqg2x27QSdWKWPIqlsCYNm6u+JDMdaj+PQdsbYDPWiNxX/8zqpia6CjIkkNVSQ+aIo5chINH0d9ZmixPCxJZgoZm9FZIgVJsYGVLIheIsvL5PmWc27qLl355X6dR5HEY7gGKrgwSXU4RYa4AOBR3iGV3hzpPPivDsf89aCk88cwh84nz/6to4U</latexit>

SU(10)
<latexit sha1_base64="oSUFMlF1SsXU2McRvTsuNjtVJhg=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VoNyUprbqsCuKygn1AE8pkMmmHTh7OTIQS8h9u/BU3LhRxJbjwb5ykXWjrhWEO55zLvfc4EaNCGsa3VlhZXVvfKG6WtrZ3dvf0/YOuCGOOSQeHLOR9BwnCaEA6kkpG+hEnyHcY6TmTq0zvPRAuaBjcyWlEbB+NAupRjKSihnr9AlYSy/Fgo5lWIbTuY+TCU0tSnwioBMThdVrJ/txlGml1qJeNmpEXXAbmHJTBvNpD/dNyQxz7JJCYISEGphFJO0FcUsxIWrJiQSKEJ2hEBgoGSM22k/y2FJ4oxoVeyNULJMzZ3x0J8oWY+o5y+kiOxaKWkf9pg1h653ZCgyiWJMCzQV7MoAxhFhR0KSdYsqkCCHOqdoV4jDjCUsVZUiGYiycvg269ZjZrxm2j3Lqcx1EER+AYVIAJzkAL3IA26AAMHsEzeAVv2pP2or1rHzNrQZv3HII/pX39AIREnqM=</latexit>

A(45) 6 ! øF ( ø10)

flavor symmetry:

“weakly” gauged:

SUSY SU(10) chiral gauge theory has nonperturbative superpotential:

modulus
<latexit sha1_base64="gkw1Zlc3cjL7Bj7GV8ED6rVBaNQ=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSUfRY9OKxgv2AJpTNdtMs3WzC7kQJtQf/ihcPinj1b3jz37htc9DWBwOP92aYmRekgmtwnG+rtLS8srpWXq9sbG5t79i7ey2dZIqyJk1EojoB0UxwyZrAQbBOqhiJA8HawfB64rfvmdI8kXeQp8yPyUDykFMCRurZB14acU/xQQREqeQBe1yGkPfsqlNzpsCLxC1IFRVo9Owvr5/QLGYSqCBad10nBX9EFHAq2LjiZZqlhA7JgHUNlSRm2h9N7x/jY6P0cZgoUxLwVP09MSKx1nkcmM6YQKTnvYn4n9fNILz0R1ymGTBJZ4vCTGBI8CQM3OeKURC5IYQqbm7FNCKKUDCRVUwI7vzLi6R1WnPPa87tWbV+VcRRRofoCJ0gF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrSWrmNlHf2B9/gCQZ5Zz</latexit>

! ! " i.e. runaway minimum!

<latexit sha1_base64="KmXsAifJyWwSjYVTXet51ecrPyo="></latexit>

VSUSY !

!
!
!
!
! 23

10

! 17

!
!
!
!

2/ 3

<latexit sha1_base64="RIfAjeXfze0ADsurJ2SvRGwOSfI=">AAACLHicbZBbSwJBFMdn7WZ2s3rsZUgCfZHd7o+SED0atmq4ssyOow7OXpg5G8jiB+qlrxJED0n02udovECm/WHgz++cw5zz9yLBFZjmyEitrK6tb6Q3M1vbO7t72f2DmgpjSZlNQxHKhkcUEzxgNnAQrBFJRnxPsLrXL4/r9ScmFQ+DBxhErOWTbsA7nBLQyM2Wq3b+rOBS7AD3mcJ23iq4j9hRsacY4GqUvyy4ieMRiW+Hv9iex242ZxbNifCysWYmh2aquNk3px3S2GcBUEGUalpmBK2ESOBUsGHGiRWLCO2TLmtqGxC9WSuZHDvEJ5q0cSeU+gWAJ3R+IiG+UgPf050+gZ5arI3hf7VmDJ3rVsKDKAYW0OlHnVhgCPE4OdzmklEQA20IlVzvimmPSEJB55vRIViLJy+b2mnRuiia9+e50s0sjjQ6Qscojyx0hUroDlWQjSh6Rq/oA42MF+Pd+DS+pq0pYzZziP7I+P4B5N2lAQ==</latexit>

SU(3)c ! U(1)Y " Sp(6) øF " SU(6) øF

BUT, runaway behavior can be stabilized with AMSB contribution! [Murayama: 2104.01179; Csaki, Murayama, Telem: 2104.10171]

supersymmetry-
breaking mass scale

chiral gauge theory

<latexit sha1_base64="byreoYkRTczHvBepbiUd5DhqiKc="></latexit>

Pf A =
1

2n n!
! i 1 i 2 ááái 2n Ai 1 i 2 Ai 3 i 4 á á áAi 2n ! 1 i 2n

2. High-quality axion from SUSY chiral dynamics
[TG, Murayama, Noether, Quilez: 2508.21813]

[see also Sato,Takeshita: 2508.21820]

<latexit sha1_base64="ZOtQnnsAlgaB04Lg71OkZijjMU4=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiTia1kUxGWLpi00IUymk3boTBJmJkIJ3bvxV9y4UMStP+DOv3HSZqGtBy4czrmXe+8JEkalsqxvY2l5ZXVtvbRR3tza3tk19/bbMk4FJg6OWSy6AZKE0Yg4iipGuokgiAeMdILRde53HoiQNI7u1TghHkeDiIYUI6Ul36zcObXzYz9zAyTgzcRVlBMJnZqda4LDZmvim1Wrbk0BF4ldkCoo0PTNL7cf45STSGGGpOzZVqK8DAlFMSOTsptKkiA8QgPS0zRCeqWXTX+ZwCOt9GEYC12RglP190SGuJRjHuhOjtRQznu5+J/XS1V46WU0SlJFIjxbFKYMqhjmwcA+FQQrNtYEYUH1rRAPkUBY6fjKOgR7/uVF0j6p22d1q3VabVwVcZTAIaiAGrDBBWiAW9AEDsDgETyDV/BmPBkvxrvxMWtdMoqZA/AHxucPPYaZSA==</latexit>

SU(6) øF ! U(1)PQ
SU(10) anomaly-free

[naturally massless fermions!]
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<latexit sha1_base64="+1wYbPMoSgymmnhquRAt05FZwLE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQSiJKLqsdeNGqNS0lTaEyXTSDp1MwsxEKCG48VfcuFDErV/hzr9x2mahrQcunDnnXube48eMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3mjJKBCYOjlgk2j6ShFFOHEUVI+1YEBT6jLT84dXYbz0QIWnE79QoJm6I+pwGFCOlJc/ca3ppV4Sw4TTus+P8cXnTqGWeWbYq1gRwntg5KYMcdc/86vYinISEK8yQlB3bipWbIqEoZiQrdRNJYoSHqE86mnIUEummkxMyeKiVHgwioYsrOFF/T6QolHIU+rozRGogZ72x+J/XSVRw4aaUx4kiHE8/ChIGVQTHecAeFQQrNtIEYUH1rhAPkEBY6dRKOgR79uR50jyp2GcV6/a0XK3lcRTBPjgAR8AG56AKrkEdOACDR/AMXsGb8WS8GO/Gx7S1YOQzu+APjM8fu4CWWw==</latexit>

VSUSY + VAMSB minimum at

At scale:

D-flat condition:
<latexit sha1_base64="G/ah1hvrVdke2ZVLoWuyzuVghmk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFL0IQT14jGAekCxhdjJJhszOLjO9QljyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXUEshUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdCughkuheB0FSt6KNadhIHkzGN1O/eYT10ZE6hHHMfdDOlCiLxhFKzXLje7dtXvaLZbcijsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbuhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/xUqDhBrth8UT+RBCMy/Z30hOYM5dgSyrSwtxI2pJoytAkVbAje4svLpHFW8S4q7sN5qXqTxZGHIziGMnhwCVW4hxrUgcEInuEV3pzYeXHenY95a87JZg7hD5zPH646jns=</latexit>

(VD = 0)
<latexit sha1_base64="8mkzm8qZD0I7wV8CI8ZQMj1Igx4=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCIJSZouhGKLpxWcE+oB1LJs20oZnMkGSU0umnuHGhiFu/xJ1/Y9rOQlsP5HI4517uzfFjzpR2nG8rt7K6tr6R3yxsbe/s7tnF/YaKEklonUQ8ki0fK8qZoHXNNKetWFIc+pw2/eHN1G8+UqlYJO71KKZeiPuCBYxgbaSuXUxx+lC5Sn1TT1NiatcuOWVnBrRM3IyUIEOta391ehFJQio04ViptuvE2htjqRnhdFLoJIrGmAxxn7YNFTikyhvPTp+gY6P0UBBJ84RGM/X3xBiHSo1C33SGWA/UojcV//PaiQ4uvTETcaKpIPNFQcKRjtA0B9RjkhLNR4ZgIpm5FZEBlphok1bBhOAufnmZNCpl97zs3J2VqtdZHHk4hCM4ARcuoAq3UIM6EHiCZ3iFNyu1Xqx362PemrOymQP4A+vzB348k38=</latexit>

|a|2 = |b|2 + |c|2

exact for 
<latexit sha1_base64="EAaEPfrpWT3nep2IDpDRDdPjV8g=">AAAB+nicbVDLSgMxFM3UV62vVpdugkVwVTLTp7uiGxcuKthWaIchk6ZtaDIzJBmljP0UNy4UceuXuPNvzLQVfB0IHM65h3tz/IgzpRH6sDIrq2vrG9nN3Nb2zu5evrDfUWEsCW2TkIfyxseKchbQtmaa05tIUix8Trv+5Dz1u7dUKhYG13oaUVfgUcCGjGBtJC9fEH3OYf/SJAbYS2w08/JFVDpt1JyqA1EJobpTrqXEqVecMrSNkqIIlmh5+ff+ICSxoIEmHCvVs1Gk3QRLzQins1w/VjTCZIJHtGdogAVVbjI/fQaPjTKAw1CaF2g4V78nEiyUmgrfTAqsx+q3l4r/eb1YDxtuwoIo1jQgi0XDmEMdwrQHOGCSEs2nhmAimbkVkjGWmGjTVm5ewuKn8C/5KqHjlOxqCV1Vis2zZR1ZcAiOwAmwQR00wQVogTYg4A48gCfwbN1bj9aL9boYzVjLzAH4AevtE8Wsk7A=</latexit>

m ! ! 10

Nambu-Goldstone bosons:
<latexit sha1_base64="lY7frtk45R818w9LB7uM20ZuV3I="></latexit>

dim[SU(6) øF ! U(1)PQ /Sp(6) øF ] = 15

Under
<latexit sha1_base64="8Qjgfh0bQeuXJGmGViG4sliuVtY=">AAAB7nicdVBNS8NAEN34WetX1aOXxSLUS9i0Ruut6MVjRdMW2lA22027dLMJuxuhhP4ILx4U8erv8ea/cdNWUNEHA4/3ZpiZFyScKY3Qh7W0vLK6tl7YKG5ube/slvb2WypOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8VXut++pVCwWd3qSUD/CQ8FCRrA2UvvWq9RO+qRfKiMbnbm1Cxci20VOvZqTqusgVIOOjWYogwWa/dJ7bxCTNKJCE46V6joo0X6GpWaE02mxlyqaYDLGQ9o1VOCIKj+bnTuFx0YZwDCWpoSGM/X7RIYjpSZRYDojrEfqt5eLf3ndVId1P2MiSTUVZL4oTDnUMcx/hwMmKdF8YggmkplbIRlhiYk2CRVNCF+fwv9Jq2o7ro1uTsuNy0UcBXAIjkAFOOAcNMA1aAIPEDAGD+AJPFuJ9Wi9WK/z1iVrMXMAfsB6+wRY+I7u</latexit>

SU(3)c
<latexit sha1_base64="015AJ6/lBD0yToH9s947mu7u+2Q=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksglAoiVXssejFYwXbCk0om+2mXbrZhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8G3r43w868IOFMacf5tgorq2vrG8XN0tb2zu6evX/QVnEqCW2RmMfyIcCKciZoSzPN6UMiKY4CTjvB6Gbqdx6pVCwW93qcUD/CA8FCRrA2Us8+8oIQ1VEF1Soo8wIsUW1iXm7PLjtVZwa0TNyclCFHs2d/ef2YpBEVmnCsVNd1Eu1nWGpGOJ2UvFTRBJMRHtCuoQJHVPnZ7IAJOjVKH4WxNCU0mqm/JzIcKTWOAtMZYT1Ui95U/M/rpjqs+xkTSaqpIPOPwpQjHaNpGqjPJCWajw3BRDKzKyJDLDHRJrOSCcFdPHmZtM+r7mXVubsoN67zOIpwDCdwBi5cQQNuoQktIDCBZ3iFN+vJerHerY95a8HKZw7hD6zPH/3Lk3I=</latexit>

8 + 3 + ø3 + 1
QCD axion!Obtain mass <latexit sha1_base64="RnzX/J//3/k3c1rBCIpq1/vi8DY=">AAAB8HicbVDLSgMxFM3UV62vqks3wSK4GmamT3dFNy4r2Ie0Q8mkmTY0mQxJRihDv8KNC0Xc+jnu/BszbQVfBwKHc+4l95wgZlRpx/mwcmvrG5tb+e3Czu7e/kHx8KijRCIxaWPBhOwFSBFGI9LWVDPSiyVBPGCkG0yvMr97T6SiIrrVs5j4HI0jGlKMtJHuBrEUsRaQD4slx75o1LyqBx3bcepeuZYRr17xytA1SoYSWKE1LL4PRgInnEQaM6RU33Vi7adIaooZmRcGiSIxwlM0Jn1DI8SJ8tPFwXN4ZpQRDIU0L9JwoX7fSBFXasYDM8mRnqjfXib+5/UTHTb8lEZxokmElx+FCYMmYpYejqgkWLOZIQhLam6FeIIkwtp0VFiUsEwK/5KvEjqe7VZt56ZSal6u6siDE3AKzoEL6qAJrkELtAEGHDyAJ/BsSevRerFel6M5a7VzDH7AevsEK5SQpg==</latexit>! m

<latexit sha1_base64="/piv3S971BJfoefvV50HT6G3jXg=">AAACEnicdZDLSgMxFIYz3q23UZdugkXQTckUL+3OC4hLBWsLnaFk0tMazGTGJCOUoc/gxldx40IRt67c+TZm2ioqeiDw8f/ncHL+MBFcG0LenbHxicmp6ZnZwtz8wuKSu7xyoeNUMaixWMSqEVINgkuoGW4ENBIFNAoF1MOro9yv34DSPJbnppdAENGu5B3OqLFSy93yBZVdAfgAZ35IFT7uf4GvhpYv4RqTllskJWJrdxfn4FWIZ6FarZTLVewNLEKKaFSnLffNb8csjUAaJqjWTY8kJsioMpwJ6Bf8VENC2RXtQtOipBHoIBuc1McbVmnjTqzskwYP1O8TGY207kWh7YyoudS/vVz8y2umplMJMi6T1IBkw0WdVGAT4zwf3OYKmBE9C5Qpbv+K2SVVlBmbYsGG8Hkp/h8uyiVvp0TOtov7h6M4ZtAaWkebyEN7aB+doFNUQwzdonv0iJ6cO+fBeXZehq1jzmhmFf0o5/UDdAecuQ==</latexit>

!A øF øF " #= 0
<latexit sha1_base64="EwtfzAhCGQh88p2TxwkK9frPKUY=">AAACCnicdVDLSgNBEJz1GeMr6tHLaBA8hdmgMblFvXiMYB6QDWF20hsHZ2fXmVkhLPHqxV/x4kERr36BN//GyUNQ0YKGoqqb7i4/FlwbQj6cmdm5+YXFzFJ2eWV1bT23sdnQUaIY1FkkItXyqQbBJdQNNwJasQIa+gKa/tXpyG/egNI8khdmEEMnpH3JA86osVI3t+MJKvsCcOqpENeC2+Mh9tRE8iRcY9LN5UmBWJRKeETcMnEtqVTKxWIFu2OLkDyaotbNvXu9iCUhSMME1brtkth0UqoMZwKGWS/REFN2RfvQtlTSEHQnHb8yxHtW6eEgUrakwWP1+0RKQ60HoW87Q2ou9W9vJP7ltRMTlDspl3FiQLLJoiAR2ER4lAvucQXMiIEllClub8XskirKjE0va0P4+hT/TxrFgntYIOcH+erJNI4M2ka7aB+56AhV0RmqoTpi6A49oCf07Nw7j86L8zppnXGmM1voB5y3TzBVmfI=</latexit>

!Pf A" #= 0

SU(10) anomaly-free

Symmetry breaking:
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PQ-violating operators

Use anomaly-free discrete symmetry:
<latexit sha1_base64="KhUwd7UWjCtNsvWNtjRAyY0xFVY="></latexit>

Z16 ! U(1)PQ (or                subgroups)
<latexit sha1_base64="ZWC6MM986B2RqTXhPdwINLZLbhg=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFcSEjTp7uiG5cV7APbECbTSTt08mBmIpSQnRt/xY0LRdz6C+78Gydthfo4MHDmnHu59x43YlRI0/zUlpZXVtfWcxv5za3tnV19b78twphj0sIhC3nXRYIwGpCWpJKRbsQJ8l1GOu74MvM7d4QLGgY3chIR20fDgHoUI6kkRz/q+0iOXDe5TZ2knJ7BxX89dfSCaZzXq1bFgqZhmjWrVM2IVStbJVhUSoYCmKPp6B/9QYhjnwQSMyREr2hG0k4QlxQzkub7sSARwmM0JD1FA+QTYSfTO1J4opQB9EKuXiDhVF3sSJAvxMR3VWW2pfjtZeJ/Xi+WXt1OaBDFkgR4NsiLGZQhzEKBA8oJlmyiCMKcql0hHiGOsFTR5achzC6Ff8l3CG3LKFYM87pcaFzM48iBQ3AMTkER1EADXIEmaAEM7sEjeAYv2oP2pL1qb7PSJW3ecwB+QHv/AoLdmbo=</latexit>

Z4, Z8

Forbids operators up to dimension n:

<latexit sha1_base64="NNkiXQ13Yx++CbYry4YwQu+OslE=">AAAB7XicbVDLSgMxFM3UV62vqks3wSLUzTAzfboQim5cVrC10A4lk2ba2EwyJBmhlP6DGxeKuPV/3Pk3ZtoKvg5cOJxzL/feE8SMKu04H1ZmZXVtfSO7mdva3tndy+8ftJVIJCYtLJiQnQApwignLU01I51YEhQFjNwG48vUv70nUlHBb/QkJn6EhpyGFCNtpHaRn7vV036+4Nhn9apX8aBjO07NK1VT4tXKXgm6RklRAEs0+/n33kDgJCJcY4aU6rpOrP0pkppiRma5XqJIjPAYDUnXUI4iovzp/NoZPDHKAIZCmuIaztXvE1MUKTWJAtMZIT1Sv71U/M/rJjqs+1PK40QTjheLwoRBLWD6OhxQSbBmE0MQltTcCvEISYS1CSg3D2HxKfxLvkJoe7ZbsZ3rcqFxsYwjC47AMSgCF9RAA1yBJmgBDO7AA3gCz5awHq0X63XRmrGWM4fgB6y3T2nOjl4=</latexit>

(n = 16)
<latexit sha1_base64="JUsN2tzfcwJzIZUX0qanzDhq+IU=">AAAB7XicbVDLSgMxFM3UV62vqks3wSLUzTAzfboQim5cVrC10A4lk2ba2EwyJBmhlP6DGxeKuPV/3Pk3ZtoKvg5cOJxzL/feE8SMKu04H1ZmZXVtfSO7mdva3tndy+8ftJVIJCYtLJiQnQApwignLU01I51YEhQFjNwG48vUv70nUlHBb/QkJn6EhpyGFCNtpHaRn3v1036+4Nhn9apX8aBjO07NK1VT4tXKXgm6RklRAEs0+/n33kDgJCJcY4aU6rpOrP0pkppiRma5XqJIjPAYDUnXUI4iovzp/NoZPDHKAIZCmuIaztXvE1MUKTWJAtMZIT1Sv71U/M/rJjqs+1PK40QTjheLwoRBLWD6OhxQSbBmE0MQltTcCvEISYS1CSg3D2HxKfxLvkJoe7ZbsZ3rcqFxsYwjC47AMSgCF9RAA1yBJmgBDO7AA3gCz5awHq0X63XRmrGWM4fgB6y3T25ejmE=</latexit>

(n = 28)

<latexit sha1_base64="IXg7cKSyYEHSBjV5dlUS1CTXIN0=">AAAB7HicbVDLSsNAFJ3UV62vqks3g0Wom5CkTxdC0Y3LCqYttKFMppN26GQSZiZCCf0GNy4UcesHufNvnLQVfB24cDjnXu69x48ZlcqyPozc2vrG5lZ+u7Czu7d/UDw86sgoEZi4OGKR6PlIEkY5cRVVjPRiQVDoM9L1p9eZ370nQtKI36lZTLwQjTkNKEZKS26ZXzbPh8WSZV40607NgZZpWQ2nUs+I06g6FWhrJUMJrNAeFt8HowgnIeEKMyRl37Zi5aVIKIoZmRcGiSQxwlM0Jn1NOQqJ9NLFsXN4ppURDCKhiyu4UL9PpCiUchb6ujNEaiJ/e5n4n9dPVND0UsrjRBGOl4uChEEVwexzOKKCYMVmmiAsqL4V4gkSCCudT2ERwvJT+Jd8hdBxTLtmWrfVUutqFUcenIBTUAY2aIAWuAFt4AIMKHgAT+DZ4Maj8WK8LltzxmrmGPyA8fYJ/GSOJQ==</latexit>

(n = 8)

Comparison with axion arising from elementary scalar  S:

PQ-violating: 
<latexit sha1_base64="aZ0pMuTAuV1WYzJMbIRmYs5LDNg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEN5YZqeiy6MaNpaJ9QDsdMmmmDc1khiQjlDDgr7hxoYhbv8Odf2P6WGjrgQuHc+7l3nuChFGpHOfbyi0tr6yu5dcLG5tb2zv27l5DxqnApI5jFotWgCRhlJO6ooqRViIIigJGmsHweuw3H4mQNOYPapQQL0J9TkOKkTKSbx90QoGwvu9WM33r17q6elrOMt8uOiVnArhI3Bkpghlqvv3V6cU4jQhXmCEp266TKE8joShmJCt0UkkShIeoT9qGchQR6enJ+Rk8NkoPhrEwxRWcqL8nNIqkHEWB6YyQGsh5byz+57VTFV56mvIkVYTj6aIwZVDFcJwF7FFBsGIjQxAW1NwK8QCZPJRJrGBCcOdfXiSNs5J7XnLuysXK1SyOPDgER+AEuOACVMANqIE6wECDZ/AK3qwn68V6tz6mrTlrNrMP/sD6/AHaxJVp</latexit>

SN

M N ! 4
P

forbidden with         symmetry
<latexit sha1_base64="MKdv7FotE91IIhbhelUDitJjXN4=">AAAB83icbVDLSgMxFM34rPVVdekmWARXQ2b6dFd040oq2Ad2hpJJ0zY0kxmSjFCG/oYbF4q49Wfc+Tdm2gq+DgQO59zLPTlBzJnSCH1YK6tr6xubua389s7u3n7h4LCtokQS2iIRj2Q3wIpyJmhLM81pN5YUhwGnnWBymfmdeyoVi8StnsbUD/FIsCEjWBvJ80Ksx0GQ3s361/1CEdnn9apbcSGyEaq5pWpG3FrZLUHHKBmKYIlmv/DuDSKShFRowrFSPQfF2k+x1IxwOst7iaIxJhM8oj1DBQ6p8tN55hk8NcoADiNpntBwrn7fSHGo1DQMzGSWUf32MvE/r5foYd1PmYgTTQVZHBomHOoIZgXAAZOUaD41BBPJTFZIxlhiok1N+XkJi5/Cv+SrhLZrOxUb3ZSLjYtlHTlwDE7AGXBADTTAFWiCFiAgBg/gCTxbifVovVivi9EVa7lzBH7AevsEhUOSAA==</latexit>

ZN

“elementary” axion 

“composite” axion 

<latexit sha1_base64="7513gov2cAnZeD/p4mLi4BLGvaM=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFcFUSUXRZFURcVbAXaGOYTKfttJMLMxOhhOzc+CpuXCji1ldw59s4bQNq6w8DH/85hzPn9yLOpLKsLyM3N7+wuJRfLqysrq1vmJtbNRnGgtAqCXkoGh6WlLOAVhVTnDYiQbHvcVr3Bhejev2eCsnC4FYNI+r4uBuwDiNYacs1d6/dhPVTdIaSlocFukzv2A/2XbNolayx0CzYGRQhU8U1P1vtkMQ+DRThWMqmbUXKSbBQjHCaFlqxpBEmA9ylTY0B9ql0kvEdKdrXTht1QqFfoNDY/T2RYF/Koe/pTh+rnpyujcz/as1YdU6dhAVRrGhAJos6MUcqRKNQUJsJShQfasBEMP1XRHpYYKJ0dAUdgj198izUDkv2ccm6OSqWz7M48rADe3AANpxAGa6gAlUg8ABP8AKvxqPxbLwZ75PWnJHNbMMfGR/fYi2YXQ==</latexit>

Jij A øF i øF j

<latexit sha1_base64="qcP84oEtFG1Fa4Lc2pSljDtAn9I=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseoF48RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMes64WqB5P0HWvXPGr/gxomQQ5qUCOeq/81e0rkgoqLeHYmE7gJzbMsLaMcDopdVNDE0xGeEA7jkosqAmz2cUTdOKUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+j/pMU2L52BFMNHO3IjLEGhPrQiq5EILFl5dJ86waXFT9+/NK7SaPowhHcAynEMAl1OAO6tAAAhKe4RXePOO9eO/ex7y14OUzh/AH3ucPvASQTA==</latexit>

PfA

<latexit sha1_base64="NQHIUl7IVb3ddnEUDUM+MB9GVf0=">AAAB9HicdVBNTwIxEO3iF+IX6tFLIzHBC+kSRbgRvXiExAUS2JBuKdDQdte2S0I2/A4vHjTGqz/Gm//GLmCiRl8yyct7M5mZF0ScaYPQh5NZW9/Y3Mpu53Z29/YP8odHLR3GilCPhDxUnQBrypmknmGG006kKBYBp+1gcpP67SlVmoXyzswi6gs8kmzICDZW8r2ie95PekrARnPezxdQCVlUKjAlbhW5ltRq1XK5Bt2FhVABrNDo5997g5DEgkpDONa666LI+AlWhhFO57lerGmEyQSPaNdSiQXVfrI4eg7PrDKAw1DZkgYu1O8TCRZaz0RgOwU2Y/3bS8W/vG5shlU/YTKKDZVkuWgYc2hCmCYAB0xRYvjMEkwUs7dCMsYKE2NzytkQvj6F/5NWueRellDzolC/XsWRBSfgFBSBC65AHdyCBvAAAffgATyBZ2fqPDovzuuyNeOsZo7BDzhvn6sPkWc=</latexit>

U(1)PQ
<latexit sha1_base64="vsWoR5uPTqgb7RJEJ0SWQSr7Jl0=">AAAB+HicdVDLSgMxFL3js9ZHR126CRbBVckUre2u6MZlBfuAdiiZNG1DM5khyQh16Je4caGIWz/FnX9jpq2gogcCh3POJfeeIBZcG4w/nJXVtfWNzdxWfntnd6/g7h+0dJQoypo0EpHqBEQzwSVrGm4E68SKkTAQrB1MrjK/fceU5pG8NdOY+SEZST7klBgr9d1C2lMhGvCQySwz67tFXMIWlQrKiFfFniW1WrVcriFvbmFchCUaffe9N4hoYucNFUTrrodj46dEGU4Fm+V7iWYxoRMyYl1LJQmZ9tP54jN0YpUBGkbKPmnQXP0+kZJQ62kY2GRIzFj/9jLxL6+bmGHVT7mME8MkXXw0TAQyEcpasAcrRo2YWkKo4nZXRMdEEWpsV3lbwtel6H/SKpe88xK+OSvWL5d15OAIjuEUPLiAOlxDA5pAIYEHeIJn5955dF6c10V0xVnOHMIPOG+fbbaTmw==</latexit>

dimension
<latexit sha1_base64="VfTzKjqPtS5f3sD/X5r3JbXNfZw=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgqWSr1vZW9OKxBfsB7VKy6Wwbm80uSVYopb/AiwdFvPqTvPlvzLYVVPTBwOO9GWbm+bHg2hDy4WRWVtfWN7Kbua3tnd29/P5BS0eJYtBkkYhUx6caBJfQNNwI6MQKaOgLaPvj69Rv34PSPJK3ZhKDF9Kh5AFn1FipcdbPF0iRWJTLOCVuhbiWVKuVUqmK3blFSAEtUe/n33uDiCUhSMME1brrkth4U6oMZwJmuV6iIaZsTIfQtVTSELQ3nR86wydWGeAgUrakwXP1+8SUhlpPQt92htSM9G8vFf/yuokJKt6UyzgxINliUZAIbCKcfo0HXAEzYmIJZYrbWzEbUUWZsdnkbAhfn+L/SatUdC+KpHFeqF0t48iiI3SMTpGLLlEN3aA6aiKGAD2gJ/Ts3DmPzovzumjNOMuZQ/QDztsn1jyM+A==</latexit>

3
<latexit sha1_base64="kCG42PqnPbNJUBtE7JNK5rBTlOA=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgqWSLre2t6MVjC/YD2qVk02kbm80uSVYoS3+BFw+KePUnefPfmG0rqOiDgcd7M8zM8yPBtSHkw8msrW9sbmW3czu7e/sH+cOjtg5jxaDFQhGqrk81CC6hZbgR0I0U0MAX0PGn16nfuQeleShvzSwCL6BjyUecUWOlZnmQL5AisahUcErcKnEtqdWqpVINuwuLkAJaoTHIv/eHIYsDkIYJqnXPJZHxEqoMZwLmuX6sIaJsSsfQs1TSALSXLA6d4zOrDPEoVLakwQv1+0RCA61ngW87A2om+reXin95vdiMql7CZRQbkGy5aBQLbEKcfo2HXAEzYmYJZYrbWzGbUEWZsdnkbAhfn+L/SbtUdMtF0rwo1K9WcWTRCTpF58hFl6iOblADtRBDgB7QE3p27pxH58V5XbZmnNXMMfoB5+0T2USM+g==</latexit>

5

<latexit sha1_base64="PK+Z41vuRZJMr1cqpS6H3KYWStk=">AAAB6XicdVBNSwMxEJ2tX7V+VT16CRZBEEq22Nreil48VrEf0C4lm2bb0Gx2SbJCKf0HXjwo4tV/5M1/Y7atoKIPBh7vzTAzz48F1wbjDyezsrq2vpHdzG1t7+zu5fcPWjpKFGVNGolIdXyimeCSNQ03gnVixUjoC9b2x1ep375nSvNI3plJzLyQDCUPOCXGSrdn5X6+gIvYolJBKXGr2LWkVquWSjXkzi2MC7BEo59/7w0imoRMGiqI1l0Xx8abEmU4FWyW6yWaxYSOyZB1LZUkZNqbzi+doROrDFAQKVvSoLn6fWJKQq0noW87Q2JG+reXin953cQEVW/KZZwYJuliUZAIZCKUvo0GXDFqxMQSQhW3tyI6IopQY8PJ2RC+PkX/k1ap6JaL+Oa8UL9cxpGFIziGU3DhAupwDQ1oAoUAHuAJnp2x8+i8OK+L1oyznDmEH3DePgE/jo0v</latexit>

+5
<latexit sha1_base64="u0Wej0gaVnhkZfr0PkUQI/M0nnQ=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBiyVbbG1vRS8eK9oPaJeSTbNtaDa7JFmhlP4ELx4U8eov8ua/MdtWUNEHA4/3ZpiZ58eCa4Pxh5NZWV1b38hu5ra2d3b38vsHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv746vUb98zpXkk78wkZl5IhpIHnBJjpdszt9zPF3ARW1QqKCVuFbuW1GrVUqmG3LmFcQGWaPTz771BRJOQSUMF0brr4th4U6IMp4LNcr1Es5jQMRmyrqWShEx70/mpM3RilQEKImVLGjRXv09MSaj1JPRtZ0jMSP/2UvEvr5uYoOpNuYwTwyRdLAoSgUyE0r/RgCtGjZhYQqji9lZER0QRamw6ORvC16fof9IqFd1yEd+cF+qXyziycATHcAouXEAdrqEBTaAwhAd4gmdHOI/Oi/O6aM04y5lD+AHn7ROyII1s</latexit>

! 15

[c.f. R-parity in MSSM]
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Axion-photon coupling

Collider signatures

• Colored NGB’s
<latexit sha1_base64="yf7vXP0sxxor9pEOmfNliEM1FY4="></latexit>

m8,3 !
gs

2!
C8,3m decays can be prompt (                         ) 

<latexit sha1_base64="jQ/gGNcDkvP0GbDHO8SuLpLcepY="></latexit>

m8 ! 800 GeVLHC limit:

<latexit sha1_base64="nZ5aPTl+DyMa4Sn7L14qVu0GwZU=">AAAB/3icbVDLSsNAFJ3Ud31FBTduBovgKkzSanUnutClgq2FtobJdNIOnUnCzEQosYK/4saFIm79DXf+jZO2gq8DFw7n3Mu99wQJZ0oj9GEVpqZnZufmF4qLS8srq/bael3FqSS0RmIey0aAFeUsojXNNKeNRFIsAk6vgv5J7l/dUKlYHF3qQULbAncjFjKCtZF8ezP0cUsxAV10fXiXtaSAp7Q+9O0Scg4P9r09DyIHoapX3s+JV614ZegaJUcJTHDu2++tTkxSQSNNOFaq6aJEtzMsNSOcDoutVNEEkz7u0qahERZUtbPR/UO4Y5QODGNpKtJwpH6fyLBQaiAC0ymw7qnfXi7+5zVTHR60MxYlqaYRGS8KUw51DPMwYIdJSjQfGIKJZOZWSHpYYqJNZMVRCONP4V/yFULdc9w9B11USkfHkzjmwRbYBrvABVVwBM7AOagBAm7BA3gCz9a99Wi9WK/j1oI1mdkAP2C9fQIVxJWC</latexit>

f a ! 109 GeV

or displaced (                       )
<latexit sha1_base64="jeQaF8wKideby5v9tB2mRtvamoc=">AAACAnicbVDLSgMxFM34rPVVdSVugkVwVTLTp7uiC11WsA9oa8mkmTY0mRmSjFCG6sZfceNCEbd+hTv/xkxbwdeBC4dz7uXee9yQM6UR+rAWFpeWV1ZTa+n1jc2t7czObkMFkSS0TgIeyJaLFeXMp3XNNKetUFIsXE6b7ugs8Zs3VCoW+Fd6HNKuwAOfeYxgbaReZt/r4Y5iAtroOradyW3ckQKe08akl8mi3Eml5BQdiHIIlZ18KSFOueDkoW2UBFkwR62Xee/0AxIJ6mvCsVJtG4W6G2OpGeF0ku5EioaYjPCAtg31saCqG09fmMAjo/ShF0hTvoZT9ftEjIVSY+GaToH1UP32EvE/rx1pr9KNmR9GmvpktsiLONQBTPKAfSYp0XxsCCaSmVshGWKJiTappachzD6Ff8lXCA0nZxdz6LKQrZ7O40iBA3AIjoENyqAKLkAN1AEBd+ABPIFn6956tF6s11nrgjWf2QM/YL19AlVOlsI=</latexit>

f a ! 1012 GeV

decay to gluons

• Can form stable heavy isotopes 
LHC R-hadron limit:

<latexit sha1_base64="+Gq4HEyM2N9zzexPeNyNM9nEy44=">AAACBHicdVDLSgMxFM34rPVVddlNsAiuhkzraN0V3bis0Bd0hpJJ0zY0mRmSjFCGCm78FTcuFHHrR7jzb8y0FVT0QOBwzrnc3BPEnCmN0Ie1tLyyurae28hvbm3v7Bb29lsqSiShTRLxSHYCrChnIW1qpjntxJJiEXDaDsaXmd++oVKxKGzoSUx9gYchGzCCtZF6haLopZ2pN9QmIqBjl93b1JMCNmhr2iuUkI1O3cq5C5HtIqdazkjZdRCqmCyaoQQWqPcK714/IomgoSYcK9V1UKz9FEvNCKfTvJcoGmMyxkPaNTTEgio/nR0xhUdG6cNBJM0LNZyp3ydSLJSaiMAkBdYj9dvLxL+8bqIHVT9lYZxoGpL5okHCoY5g1gjsM0mJ5hNDMJHM/BWSEZaYaNNb3pTwdSn8n7TKtuPa6PqkVLtY1JEDRXAIjoEDzkANXIE6aAIC7sADeALP1r31aL1Yr/PokrWYOQA/YL19Ai6Fl80=</latexit>

mX ! 1.25 TeV (like long-lived sbottom)

<latexit sha1_base64="VD1bsUFKrZSg91HArlSPWXdavPc=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEFjQkouiy6MZlBdsG2rRMJtN26GQS5iGUUPBX3LhQxK3f4c6/cdpmodUDFw7n3Mu994Qpo1K57pdVWFpeWV0rrpc2Nre2d+zdvaZMtMCkgROWCD9EkjDKSUNRxYifCoLikJFWOLqZ+q0HIiRN+L0apySI0YDTPsVIGalnHxBn4MCKD7Wudt2Tiq+jave0Z5ddx50B/iVeTsogR71nf3aiBOuYcIUZkrLtuakKMiQUxYxMSh0tSYrwCA1I21COYiKDbHb+BB4bJYL9RJjiCs7UnxMZiqUcx6HpjJEaykVvKv7ntbXqXwUZ5alWhOP5or5mUCVwmgWMqCBYsbEhCAtqboV4iATCyiRWMiF4iy//Jc0zx7tw3Lvzcu06j6MIDsERqAAPXIIauAV10AAYZOAJvIBX69F6tt6s93lrwcpn9sEvWB/fgPuTQw==</latexit>

e.g.(Xuu )0, (Xud )!
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Grand unification
Can extend SU(10) model to SU(14) to incorporate grand unification

Work in progress

<latexit sha1_base64="pAp7KiJNdSZPCCDhqQPjOtP7XG8=">AAACHHicbVDLSsNAFJ34rPUVdelmsAjtpiRaUXdVQVxWsA9oQplMJu3QycOZiVBCPsSNv+LGhSJuXAj+jZM0C229MMzhnHO59x4nYlRIw/jWFhaXlldWS2vl9Y3NrW19Z7cjwphj0sYhC3nPQYIwGpC2pJKRXsQJ8h1Gus74KtO7D4QLGgZ3chIR20fDgHoUI6mogX58AauJ5Xjw3ExrEFr3MXKhaViS+kRApSAOr9Nq9uc2s5HWBnrFqBt5wXlgFqACimoN9E/LDXHsk0BihoTom0Yk7QRxSTEjadmKBYkQHqMh6SsYIDXbTvLjUnioGBd6IVcvkDBnf3ckyBdi4jvK6SM5ErNaRv6n9WPpndkJDaJYkgBPB3kxgzKEWVLQpZxgySYKIMyp2hXiEeIIS5VnWYVgzp48DzpHdfOkbtw2Ks3LIo4S2AcHoApMcAqa4Aa0QBtg8AiewSt40560F+1d+5haF7SiZw/8Ke3rB/1tnt0=</latexit>

A(91) 10 ! øF ( ø14)

Global symmetry breaking:
<latexit sha1_base64="cNKdUM3qs4xU8q8KbFJN2cC4JVg=">AAACFHicbVBNS8NAEN3Ur1q/oh69LBahIpREFD0WBfFYqWkLTQib7aZdusmG3Y1SQn+EF/+KFw+KePXgzX/jts3Btj4YeLw3w8y8IGFUKsv6MQpLyyura8X10sbm1vaOubvXlDwVmDiYMy7aAZKE0Zg4iipG2okgKAoYaQWD67HfeiBCUh7fq2FCvAj1YhpSjJSWfPOk4VRs69jP3AAJeDOCrqC9vkJC8EfYSGY83yxbVWsCuEjsnJRBjrpvfrtdjtOIxAozJGXHthLlZUgoihkZldxUkgThAeqRjqYxioj0sslTI3iklS4MudAVKzhR/05kKJJyGAW6M0KqL+e9sfif10lVeOllNE5SRWI8XRSmDCoOxwnBLhUEKzbUBGFB9a0Q95FAWOkcSzoEe/7lRdI8rdrnVevurFy7yuMoggNwCCrABhegBm5BHTgAgyfwAt7Au/FsvBofxue0tWDkM/tgBsbXL5mYnK0=</latexit>

SU(10) øF ! Sp(10) øF

weakly gauge:
<latexit sha1_base64="LqhHbNpT+mW2hi2KqSB1FxWhDac=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUlE0WVREHdWatpCE8JkOmmHTiZhZiKU0KUbf8WNC0Xc+gnu/BsnbRbaeuDCmXPuZe49QcKoVJb1bSwsLi2vrJbWyusbm1vb5s5uS8apwMTBMYtFJ0CSMMqJo6hipJMIgqKAkXYwvMr99gMRksb8Xo0S4kWoz2lIMVJa8s2D5m3Vto6hK9NAEgWbTv70MzdAAl6PoW9WrJo1AZwndkEqoEDDN7/cXozTiHCFGZKya1uJ8jIkFMWMjMtuKkmC8BD1SVdTjiIivWxyyBgeaaUHw1jo4gpO1N8TGYqkHEWB7oyQGshZLxf/87qpCi+8jPIkVYTj6UdhyqCKYZ4K7FFBsGIjTRAWVO8K8QAJhJXOrqxDsGdPnietk5p9VrPuTiv1yyKOEtgHh6AKbHAO6uAGNIADMHgEz+AVvBlPxovxbnxMWxeMYmYP/IHx+QOkMJcz</latexit>

SO(10) ! SU(10) øF

<latexit sha1_base64="2NBKHNWfuA5VCPG0v6wvYsbUuyg=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSxCeymJWPRYFMRjpaYtNCFstpt26WYTdjdCCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcKoVJb1bRRWVtfWN4qbpa3tnd09c/+gLeNUYOLgmMWiGyBJGOXEUVQx0k0EQVHASCcYXU/9zgMRksb8Xo0T4kVowGlIMVJa8s3jllOpV6Er00ASBVtJxbaqfuYGSMCbCfTNslWzZoDLxM5JGeRo+uaX249xGhGuMENS9mwrUV6GhKKYkUnJTSVJEB6hAelpylFEpJfN/pjAU630YRgLXVzBmfp7IkORlOMo0J0RUkO56E3F/7xeqsJLL6M8SRXheL4oTBlUMZyGAvtUEKzYWBOEBdW3QjxEAmGloyvpEOzFl5dJ+6xm12vW3Xm5cZXHUQRH4ARUgA0uQAPcgiZwAAaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz9q9pce</latexit>

SU(5) ! Sp(10) øF

or <latexit sha1_base64="YyKthyfvpupDyVv+nqpvQGHiuVE=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEQShJqSiuSl3oSirYCzShTKaTduhkEmYmQglx5cZXceNCEbe+gjvfxkmbhbb+MPDxn3M4c34vYlQqy/o2FhaXlldWC2vF9Y3NrW1zZ7clw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW90mdXb90RIGvI7NY6IG6ABpz7FSGmrZx4kjgjgzVVdXqQPMHE8H1aqKTzJILHTnlmyytZEcB7sHEogV6Nnfjn9EMcB4QozJGXXtiLlJkgoihlJi04sSYTwCA1IVyNHAZFuMrkjhUfa6UM/FPpxBSfu74kEBVKOA093BkgN5WwtM/+rdWPln7sJ5VGsCMfTRX7MoAphFgrsU0GwYmMNCAuq/wrxEAmElY6uqEOwZ0+eh1albJ+WrdtqqVbP4yiAfXAIjoENzkANXIMGaAIMHsEzeAVvxpPxYrwbH9PWBSOf2QN/ZHz+AE32l6o=</latexit>

NGBs : 24 + 1

<latexit sha1_base64="811bmPBjAKin+TJS1R0OniClyi0=">AAACInicbZDLSsNAFIYn9VbrLerSzWARBKEkpeJlVepCV1LBXqAJZTKdtEMnF2YmQgnxVdz4Km5cKOpK8GGcpBG09cDAd/5/DjPnd0JGhTSMT62wsLi0vFJcLa2tb2xu6ds7bRFEHJMWDljAuw4ShFGftCSVjHRDTpDnMNJxxhep37kjXNDAv5WTkNgeGvrUpRhJJfX1s9jiHry+bIjzBN7HluPCai2BRzBD0/hBy0E8Vq3qUyM2k75eNipGVnAezBzKIK9mX3+3BgGOPOJLzJAQPdMIpR0jLilmJClZkSAhwmM0JD2FPvKIsONsxQQeKGUA3YCr40uYqb8nYuQJMfEcddNDciRmvVT8z+tF0j21Y+qHkSQ+nj7kRgzKAKZ5wQHlBEs2UYAwp+qvEI8QR1iqVEsqBHN25XloVyvmccW4qZXrjTyOItgD++AQmOAE1MEVaIIWwOABPIEX8Ko9as/am/YxvVrQ8pld8Ke0r2+Eh6Ex</latexit>

NGBs : 24 + 10 + ø10 + 1
<latexit sha1_base64="2X+qP5GUOEmY7t9lmd9CQDohxLM="></latexit>

(SO(10) dynamically broken to SU(5) ! U(1))

PQ-violating operators forbidden by anomaly-free          symmetry
<latexit sha1_base64="2ihdZTv67jGDM9dVpexIUdxEAxM=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq5IpWttd0Y3LCvaB7TBk0kwbmskMSUaow3yJGxeKuPVT3Pk3ZtoKKnogcDjnXu7J8WPOlEbowyqsrK6tbxQ3S1vbO7tle2+/q6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/epn7vTsqFYvEjZ7F1A3xWLCAEayN5NnlYYj1xPfT28xLnVrm2RVURQb1OsyJ00COIc1mo1ZrQmduIVQBS7Q9+304ikgSUqEJx0oNHBRrN8VSM8JpVhomisaYTPGYDgwVOKTKTefBM3hslBEMImme0HCuft9IcajULPTNZB5T/fZy8S9vkOig4aZMxImmgiwOBQmHOoJ5C3DEJCWazwzBRDKTFZIJlpho01XJlPD1U/g/6daqzlkVXZ9WWhfLOorgEByBE+CAc9ACV6ANOoCABDyAJ/Bs3VuP1ov1uhgtWMudA/AD1tsnCPWTWA==</latexit>

Z12

Axion-photon coupling:
<latexit sha1_base64="vVyFvPDj7yoA7MlPb91DL3+lC1Y=">AAAB73icbVDLSsNAFL2pr1pfUZduBovgqk18YDdCUQRXUsE+oA1lMp20QyeTODMRSuhPuHGhiFt/x51/47TNQlsPXDiccy/33uPHnCntON9Wbml5ZXUtv17Y2Nza3rF39xoqSiShdRLxSLZ8rChngtY105y2Yklx6HPa9IfXE7/5RKVikXjQo5h6Ie4LFjCCtZFaN+U7dFkpn3btolNypkCLxM1IETLUuvZXpxeRJKRCE46VartOrL0US80Ip+NCJ1E0xmSI+7RtqMAhVV46vXeMjozSQ0EkTQmNpurviRSHSo1C33SGWA/UvDcR//PaiQ4qXspEnGgqyGxRkHCkIzR5HvWYpETzkSGYSGZuRWSAJSbaRFQwIbjzLy+SxknJPS8592fF6lUWRx4O4BCOwYULqMIt1KAOBDg8wyu8WY/Wi/Vufcxac1Y2sw9/YH3+ANb7joc=</latexit>

E/N = 8 / 3

<latexit sha1_base64="CeSng6MYty5QoZRiVsXlXPcpRY4=">AAAB+XicbVBNSwMxEJ31s9avVY9egkWoB8uuKHosevFYwX5Ady3ZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv21lZXVvf2CxsFbd3dvf23YPDho5TRWidxDxWrQhrypmkdcMMp61EUSwiTpvR8G7qN0dUaRbLRzNOaChwX7IeI9hYqeO6AebJAJcDkZ49Zef+pOOWvIo3A1omfk5KkKPWcb+CbkxSQaUhHGvd9r3EhBlWhhFOJ8Ug1TTBZIj7tG2pxILqMJtdPkGnVumiXqxsSYNm6u+JDAutxyKynQKbgV70puJ/Xjs1vZswYzJJDZVkvqiXcmRiNI0BdZmixPCxJZgoZm9FZIAVJsaGVbQh+IsvL5PGRcW/qngPl6XqbR5HAY7hBMrgwzVU4R5qUAcCI3iGV3hzMufFeXc+5q0rTj5zBH/gfP4AjliS9A==</latexit>

! (µ)! 1

<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="gLMtF9QgdG+nFlfIC3R0XD/+LNg=">AAAB7XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunGJiQMamJBO6UCl05m0HRNC+Ac3LjTGrf/jzr+xDJj4OslNTs65N/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LRWnklCPxDyWNwFWlDNBPc00pzeJpDgKOG0Ho4uZ376nUrFYXOtxQv0IDwQLGcHaSC2v7Bz3bnvFErLrdVR16hDZLkKV2qkh6KRSc13o2ChDCSzQ7BXfu/2YpBEVmnCsVMdBifYnWGpGOJ0WuqmiCSYjPKAdQwWOqPIn2bVTeGSUPgxjaUpomKnfJyY4UmocBaYzwnqofnsz8T+vk+qw5k+YSFJNBZkvClMOdQxnr8M+k5RoPjYEE8nMrZAMscREm4AKWQjzT+Ff8hVCq2I7ro2uqqXG+SKOPDgAh6AMHHAGGuASNIEHCLgDD+AJPFux9Wi9WK/z1py1mNkHP2C9fQK3io6S</latexit>

U(1)Y

<latexit sha1_base64="aE9VUR2uWWOabwmPpr/bOSU0u8g=">AAAB7HicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunGJ0QESmJBO6UBDpzNpOyaE8A1uXGiMWz/InX9jGTDxdZKbnJxzb+69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXcb99TqVgs7vQkoX6Eh4KFjGBtJO/WK1dO+8USsut1VHXqENkuQpXauSHorFJzXejYKEMJLNHsF997g5ikERWacKxU10GJ9qdYakY4nRV6qaIJJmM8pF1DBY6o8qfZsTN4YpQBDGNpSmiYqd8npjhSahIFpjPCeqR+e3PxP6+b6rDmT5lIUk0FWSwKUw51DOefwwGTlGg+MQQTycytkIywxESbfApZCItP4V/yFUKrYjuujW6qpcblMo48OALHoAwccAEa4Bo0gQcIYOABPIFnS1iP1ov1umjNWcuZQ/AD1tsn+j+OJA==</latexit>

SU(2)

<latexit sha1_base64="X6K19W+f+aGsIHkEBzsF+jgmhNw=">AAAB7HicbVDLTgIxFO34RHyhLt00EhPcTDrAKOyIblxidIAEJqRTCjR0OpO2Y0ImfIMbFxrj1g9y599YBkx8neQmJ+fcm3vvCWLOlEbow1pZXVvf2Mxt5bd3dvf2CweHLRUlklCPRDySnQArypmgnmaa004sKQ4DTtvB5Grut++pVCwSd3oaUz/EI8GGjGBtJO/WK1XO+oUisut1VHXqENkuQuXauSGoUq65LnRslKEIlmj2C++9QUSSkApNOFaq66BY+ymWmhFOZ/leomiMyQSPaNdQgUOq/DQ7dgZPjTKAw0iaEhpm6veJFIdKTcPAdIZYj9Vvby7+53UTPaz5KRNxoqkgi0XDhEMdwfnncMAkJZpPDcFEMnMrJGMsMdEmn3wWwuJT+Jd8hdAq245ro5tqsXG5jCMHjsEJKAEHXIAGuAZN4AECGHgAT+DZEtaj9WK9LlpXrOXMEfgB6+0T+8SOJQ==</latexit>

SU(3)

<latexit sha1_base64="0oIDLgtD2TnydXZ87jipjjTcVwE=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwNWRqq+2u6EI3QoW+oC1DJs20ocnMkGSEMtRfceNCEbd+iDv/xnRawdeBC4dz7uXee7yIM6UR+rAyK6tr6xvZzdzW9s7uXn7/oK3CWBLaIiEPZdfDinIW0JZmmtNuJCkWHqcdb3I59zt3VCoWBk09jehA4FHAfEawNpKbL/gu7ism4I2b9KWAV63mzM0XkV2robJTg8iuIFSqnhmCTkvVSgU6NkpRBEs03Px7fxiSWNBAE46V6jko0oMES80Ip7NcP1Y0wmSCR7RnaIAFVYMkPX4Gj40yhH4oTQUapur3iQQLpabCM50C67H67c3F/7xerP3qIGFBFGsakMUiP+ZQh3CeBBwySYnmU0MwkczcCskYS0y0ySuXhrD4FP4lXyG0S7ZTsdFtuVi/WMaRBYfgCJwAB5yDOrgGDdACBEzBA3gCz9a99Wi9WK+L1oy1nCmAH7DePgFSEJSQ</latexit>

f a ! M GUT

<latexit sha1_base64="DF0HI5JQOgZ+E4cEskyN/bIAWSo=">AAAB7HicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunGJ0QESmJBO6UBDpzNpOyaE8A1uXGiMWz/InX9jGTDxdZKbnJxzb+69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaEeiXksOwFWlDNBPc00p51EUhwFnLaD8dXcb99TqVgs7vQkoX6Eh4KFjGBtJO82KVdP+8USsut1VHXqENkuQpXauSHorFJzXejYKEMJLNHsF997g5ikERWacKxU10GJ9qdYakY4nRV6qaIJJmM8pF1DBY6o8qfZsTN4YpQBDGNpSmiYqd8npjhSahIFpjPCeqR+e3PxP6+b6rDmT5lIUk0FWSwKUw51DOefwwGTlGg+MQQTycytkIywxESbfApZCItP4V/yFUKrYjuujW6qpcblMo48OALHoAwccAEa4Bo0gQcIYOABPIFnS1iP1ov1umjNWcuZQ/AD1tsnJpWOQQ==</latexit>

Sp(4)

<latexit sha1_base64="RVgH3E+d0DpjwIBb1QkaI0gtjEQ=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcDZna0XZXdOOyQl/QlpJJ0zY0yQxJRihD+ytuXCji1g9x59+YPgRfBy4czrmXe+8JY860QejDWVvf2Nzazuxkd/f2Dw7do+OGjhJFaJ1EPFKtEGvKmaR1wwynrVhRLEJOm+H4Zu4376nSLJI1M4lpV+ChZANGsLFSz82JjmYC+gjN0o4SsEYb056bR165jIp+GSIvQKhQurQEXRRKQQB9Dy2QBytUe+57px+RRFBpCMdat30Um26KlWGE02m2k2gaYzLGQ9q2VGJBdTddHD+FZ1bpw0GkbEkDF+r3iRQLrScitJ0Cm5H+7c3F/7x2YgalbspknBgqyXLRIOHQRHCeBOwzRYnhE0swUczeCskIK0yMzSu7CGH5KfxLvkJoFDw/8NBdMV+5XsWRASfgFJwDH1yBCrgFVVAHBEzAA3gCz87MeXRenNdl65qzmsmBH3DePgH66JRZ</latexit>

m ! 100 TeV

<latexit sha1_base64="BLixMkEz/qUXSxUYz3DDfs1rNp4=">AAAB7XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunGJ0UESmJBO6UClM520HRNC+Ac3LjTGrf/jzr+xDJj4OslNTs65N/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LSVSSahHBBeyHWBFOYupp5nmtJ1IiqOA09tgdDHzb++pVEzEN3qcUD/Cg5iFjGBtpNa1V3aqx71iCdn1Oqo6dYhsF6FK7dQQdFKpuS50bJShBBZo9orv3b4gaURjTThWquOgRPsTLDUjnE4L3VTRBJMRHtCOoTGOqPIn2bVTeGSUPgyFNBVrmKnfJyY4UmocBaYzwnqofnsz8T+vk+qw5k9YnKSaxmS+KEw51ALOXod9JinRfGwIJpKZWyEZYomJNgEVshDmn8K/5CuEVsV2XBtdVUuN80UceXAADkEZOOAMNMAlaAIPEHAHHsATeLaE9Wi9WK/z1py1mNkHP2C9fQJtuo5h</latexit>

SU(14)

<latexit sha1_base64="1Sshv4nHVLsC4DDn9og43l5iSvc=">AAAB7XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7AjunEnRnkkMCGdUqDSmU7ajgmZ8A9uXGiMW//HnX9jGTDxdZKbnJxzb+69x484UxqhDyuztLyyupZdz21sbm3v5Hf3mkrEktAGEVzIto8V5SykDc00p+1IUhz4nLb88cXMb91TqZgIb/Ukol6AhyEbMIK1kZo3V0UHHffyBWRXq6jsVCGyXYRKlVND0Emp4rrQsVGKAlig3su/d/uCxAENNeFYqY6DIu0lWGpGOJ3murGiESZjPKQdQ0McUOUl6bVTeGSUPhwIaSrUMFW/TyQ4UGoS+KYzwHqkfnsz8T+vE+tBxUtYGMWahmS+aBBzqAWcvQ77TFKi+cQQTCQzt0IywhITbQLKpSHMP4V/yVcIzZLtuDa6Lhdq54s4suAAHIIicMAZqIFLUAcNQMAdeABP4NkS1qP1Yr3OWzPWYmYf/ID19gledo5X</latexit>

SO(10)
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Axion-photon coupling limits on SUSY chiral axion
[TG, Murayama, Quilez: 2508.21813]

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025



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>

f a ! 1012 GeV   [e.g. Cox,TG, Paul: 2310.08557]

 — additional post-inflation scenarios?

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025



Summary

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

• Axion quality problem?

• Phenomenology
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Axion properties naturally emerge from strong dynamics!

QCD axion elegantly solves the strong CP problem, but

 — 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

 — can be part of GUT or supersymmetry breaking
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