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Plan	of	the	talk

• Introduction	and	motivations


• Models	of	composite	axions


• Anomaly	cancellation	conditions	and	their	general	solution


• Classification	of	high-quality	QCD	axion	models


• Conclusions	
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The	axion	solution	to	the	strong	CP	problem

• Experimental	fact:	absence	of	CP	violation	in	the	QCD	sector


• Theoretical	puzzle:	QCD	theta	angle	must	be	extremely	small:					 


• Axion	solution:	


- there	is	a	spontaneously	broken	anomalous	 	symmetry


- the	axion	is	the	Nambu-Goldstone	boson	associated	to	this	symmetry


- the	axion	potential	generated	by	QCD	effects	relaxes	 		to		

	


- 			is	dynamically	relaxed	to	exactly		 


θ < 10−10

U(1)PQ

θ 0

V(a) = − m2
π f 2

π 1 −
4mumd

(mu + md)2
sin2 ( a

2fa
−

θ
2 )

θ 0

Peccei	and	Quinn,	Wilczek,	Weinberg	(1977)		+		[…]

nEDM	-	PRL	124	(2020)	8,	081803

Vafa,	Witten	(1984)
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• The	 	symmetry	is	a	global	symmetry


• But	global	symmetries	are	explicitly	broken	in	quantum	gravity


• PQ	violating	effects	generated	at	the	Planck	scale	could	spoil	the	axion	solution


U(1)PQ

The	axion	quality	problem

UV	effects	:			local	PQ	violating	operator	with	dimension		ΔPQ

IR	effect

• neutron	EDM	experiment:

<latexit sha1_base64="uCtdAWBNLQnBFqMrNBQPSsguGh8=">AAACE3icbVC7TsNAEDzzDOEVoKTgRIREgSI7ioAKIVFAGSQSkGITrS8bOHFnW3drJGSl5BP4Clqo6BAtH0DBv2CHFBCYajSzq92ZMFHSkut+OBOTU9Mzs6W58vzC4tJyZWW1bePUCGyJWMXmIgSLSkbYIkkKLxKDoEOF5+HNUeGf36KxMo7O6C7BQMNVJPtSAOVSt7LR7wL3FVprpeaee5l59YG/w32jOT/GdrdSdWvuEPwv8UakykZodiuffi8WqcaIhAJrO56bUJCBISkUDsp+ajEBcQNX2MlpBBptkA2DDPhWaoFinqDhUvGhiD83MtDW3ukwn9RA13bcK8T/vE5K/f0gk1GSEkaiOERS4fCQFUbmDSHvSYNEUHyOXEZcgAEiNJKDELmY5pWV8z688fR/Sbte83ZrjdNG9fBg1EyJrbNNts08tscO2QlrshYT7J49sif27Dw4L86r8/Y9OuGMdtbYLzjvX9aRnGw=</latexit>

fa . 1012 GeVhigh	quality	for
<latexit sha1_base64="X05k5wHWQLDSPjE2ngayHjWQkNY=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrKjCKhQJBrKIJGHSKzofNmEU85n626NFEXhK2ihokO0/AsF/8LZuICEqUYzu9rZCWIpDLrup1NYWV1b3yhulra2d3b3yvsHbRMlmkOLRzLS3YAZkEJBCwVK6MYaWBhI6ASTq9TvPIA2IlK3OI3BD9lYiZHgDK101x+j9ULq1Qblilt1M9Bl4uWkQnI0B+Wv/jDiSQgKuWTG9Dw3Rn/GNAouYV7qJwZixidsDD1LFQvB+LMs8ZyeJIZhRGPQVEiaifB7Y8ZCY6ZhYCdDhvdm0UvF/7xegqMLfyZUnCAonh5CISE7ZLgWtgqgQ6EBkaXJgQpFOdMMEbSgjHMrJrabku3DW/x+mbRrVe+sWr+pVxqXeTNFckSOySnxyDlpkGvSJC3CiSJP5Jm8OI/Oq/PmvP+MFpx855D8gfPxDY+GlN0=</latexit>& 12

Kamionkowski	and	March-Russell,	Barr	and	Seckel	(1992)			+	[…]



• Axions	in	string	theory	with	exponentially	small	corrections


- axions	and	axion-like	particles	arise	naturally	in	string	theory


- 	


- The	size	of	the	breaking	effects	depends	on	properties	of	the	UV	completion


• Quantum	field	theories	with	fundamental	scalar	fields,	extra-dim,	SUSY,	etc.


• Quantum	field	theories	with	fundamental	fermions	and	gauge	dynamics	in	4D


δV(a) ∼ Λ4
UV e−SUV cos (a /fa + δ)

5

Some	proposed	solutions

Witten	(1984)

Kallosh	et	al.	(1995),	Svrcek	and	Witten,	Conlon	(2006),	[…]

we	focus	on	this	class	of	models	

see	talk	by	L.	di	Luzio	for	an	overview	of	axion	models



6

Models	of	composite	axions

Kim	-	PRD	31	(1985)	1733

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

−3
+1

−3
+1

SU(N ) SU(3)c U(1)PQ

- 		is	a	possible	gauge	group	assumed	to	be	weak	at		 


- 				are	left-handed	Weyl	fermions

GW ΛPQ

ψi , χi

• SU(N) × GW × GSM

<latexit sha1_base64="3cdcoFifYie0ebnu8PXhSfp3sBo=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIFCiyUQQRVSQKKINEHlJsovNlE045P3S3RoqslHwFLVR0iJYPoeBfsI0LCEw1mtnVzo4XSaHRsj6M0tLyyupaeb2ysbm1XTV3drs6jBWHDg9lqPoe0yBFAB0UKKEfKWC+J6HnTS8yv3cPSoswuMFZBK7PJoEYC84wlYZm1bZum9Q5po7y6SV0h2bNqls56F9iF6RGCrSH5qczCnnsQ4BcMq0HthWhmzCFgkuYV5xYQ8T4lE1gkNKA+aDdJA8+p4exZhjSCBQVkuYi/NxImK/1zPfSSZ/hnV70MvE/bxDjuOkmIohihIBnh1BIyA9prkTaCNCRUIDIsuRARUA5UwwRlKCM81SM04oqaR/24vd/Sfekbp/WG9eNWuu8aKZM9skBOSI2OSMtckXapEM4ickjeSLPxoPxYrwab9+jJaPY2SO/YLx/Ac0IleM=</latexit>

108 GeV

<latexit sha1_base64="X7st88rL8ev7xyReiznPEJ/zgl0=">AAAB/XicbVBNS8NAFNzUr1q/qh69LBbBU0mkqHgqeNCLUKFpC2kpm+1rXbrZhN0XoYTir/CqJ2/i1d/iwf9iEnPQ6pyGmfd488aPpDBo2x9WaWl5ZXWtvF7Z2Nza3qnu7nVMGGsOLg9lqHs+MyCFAhcFSuhFGljgS+j608vM796DNiJUbZxFMAjYRImx4AxTyevrgN4Mkyu3PR9Wa3bdzkH/EqcgNVKgNax+9kchjwNQyCUzxnPsCAcJ0yi4hHmlHxuIGJ+yCXgpVSwAM0jyyHN6FBuGIY1AUyFpLsLPjYQFxswCP50MGN6ZRS8T//O8GMfng0SoKEZQPDuEQkJ+yHAt0i6AjoQGRJYlByoU5UwzRNCCMs5TMU7LqaR9OIvf/yWdk7pzWm/cNmrNi6KZMjkgh+SYOOSMNMk1aRGXcBKSR/JEnq0H68V6td6+R0tWsbNPfsF6/wJy65Vd</latexit>

MGUT

<latexit sha1_base64="hmezSsSaXCrdm5ooJ6Waqg9NejQ=">AAAB/HicbVC7SgNBFJ2NrxhfUUubwSBYhV0JKlYBGxshgnlgsoTZyU0cMjO7zNwVwhK/wlYrO7H1Xyz8F3fjFpp4qsM593LPPUEkhUXX/XQKS8srq2vF9dLG5tb2Tnl3r2XD2HBo8lCGphMwC1JoaKJACZ3IAFOBhHYwvsz89gMYK0J9i5MIfMVGWgwFZ5hKdz2j6HU/achpv1xxq+4MdJF4OamQHI1++as3CHmsQCOXzNqu50boJ8yg4BKmpV5sIWJ8zEbQTalmCqyfzBJP6VFsGYY0AkOFpDMRfm8kTFk7UUE6qRje23kvE//zujEOz/1E6ChG0Dw7hELC7JDlRqRVAB0IA4gsSw5UaMqZYYhgBGWcp2KcdlNK+/Dmv18krZOqd1qt3dQq9Yu8mSI5IIfkmHjkjNTJFWmQJuFEkyfyTF6cR+fVeXPef0YLTr6zT/7A+fgG+YaVHw==</latexit>

MPl

ΛPQ - simplest	example:

In	this	example:


fermionic	mass	terms


set	to	zero	by	hand

?

can	we	have	accidental	(high-quality)	PQ	symmetry?	
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Selection	rules	on	PQ	violating	operators

• Not	every	PQ	violating	operator	is	dangerous	!


• A	generic	PQ	violating	operator	generates	a	potential	only	if	it	has	

non	vanishing	matrix	element	with	a	state	containing	axions:

<latexit sha1_base64="4Nka6LfVPraFVSS6XFiwwu8xnVY=">AAAB+HicbVA9TwJBEN3DL8Qv1NJmIzGxIneGqCXRxhIT+UjgQuaWAVf29s7dORMk/AdbreyMrf/Gwv/igVco+KqX92Yyb14QK2nJdT+d3NLyyupafr2wsbm1vVPc3WvYKDEC6yJSkWkFYFFJjXWSpLAVG4QwUNgMhpdTv/mAxspI39AoRj+EgZZ9KYBSqdHReM/dbrHklt0Z+CLxMlJiGWrd4lenF4kkRE1CgbVtz43JH4MhKRROCp3EYgxiCANsp1RDiNYfz9JO+FFigSIeo+FS8ZmIvzfGEFo7CoN0MgS6tfPeVPzPayfUP/fHUscJoRbTQyQVzg5ZYWRaA/KeNEgE0+TIpeYCDBChkRyESMUk7aWQ9uHNf79IGidl77Rcua6UqhdZM3l2wA7ZMfPYGauyK1ZjdSbYHXtiz+zFeXRenTfn/Wc052Q7++wPnI9vkiCTNA==</latexit>

6= 0

• The	operator	must	be	an	interpolating	operator	for	the	axion,			

with	vanishing	vectorial	charges.

• It	can	be	a	composite	operator	built	from	the	insertion	of	N	local	operatorsimporta
nt!

polynomial	in

recently	discussed	also	in	

Bonnefoy	-	2212.00102
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Chiral	models	with	non-abelian	factors

- accidental


- anomalous


- spont.	broken

Dobrescu	-	PRD	55	(1997)	5826

Randall	-	PLB	284	(1992)	77

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

−1
+1

−1
+1

SU(N ) SU(m) SU(3)c

m

m3 ×

U(1)PQ

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1m ×

3m ×

• The	leading	PQ	violating	effects	generated	at	dimension		 


									

ΔPQ = 3m

𝒪PQ = (ψ1χ1)m−n(ψ̄2 χ̄2)n n = 0,…, m (n ≠ m /2)

• Perturbativity	of	gauge	couplings	restricts	the	possible	values	of	m

		seems	disfavoredm > 3

• More	elaborate	models	with	a	moose	structure	have	been	proposed

Redi	and	Sato	’16,	Vecchi	’21,	Yanagida	et	al.	[…]
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Chiral	models	with	an	abelian	factor

- 			is	a	(possibly	reducible)	rep	of		 


- 	and	 		are	integer	charges	for	 	with:


		 									( )

ri GSM

pi qi U(1)D

pi ≠ − qi i ≠ j

• The	classification	of	PQ	violating	operators	requires	a	knowledge	

of	the	U(1)	charges

chiral	charge	assignment	

SU(N) × U(1) × GSM

Harigaya,	Nomura	’16




• Local	gauge	anomalies	for	 	impose	non-trivial	constraints
U(1)

10

The	anomaly	cancellation	equations

U(1) × [GSM]2

U(1) × [SU(N )]2

[U(1)]3

Dynkin	index	of	SM	rep:Dimension	of	SM	rep:

(zero	hypercharge	for	simplicity)	

In	fact	the	same	equations	apply	if:						 								,							SU(N ) → Gsemisimple ( □ , □ ) → (R, R)



• Local	gauge	anomalies	for	 	impose	non-trivial	constraints


• System	of	polynomial	equations	over	the	integers


- cubic	equations:	in	general	it	is	very	hard	to	find	all	the	integer	solutions	


U(1)

11

The	anomaly	cancellation	equations

U(1) × [GSM]2

U(1) × [SU(N )]2

[U(1)]3

(zero	hypercharge	for	simplicity)	



• Local	gauge	anomalies	for	 	impose	non-trivial	constraints


• System	of	polynomial	equations	over	the	integers


- cubic	equations:	in	general	it	is	very	hard	to	find	all	the	integer	solutions	


- The	case	of	a	pure	U(1)	gauge	theory	has	been	solved	recently


U(1)

12

The	anomaly	cancellation	equations

U(1) × [GSM]2

U(1) × [SU(N )]2

[U(1)]3

Costa,	Dobrescu,	Fox	’19,				Allanach,	Gripaios,	Tooby-Smith	’19

(zero	hypercharge	for	simplicity)	
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General	solution	for	nf = 2

• For	 		and	chiral	assignments		 	


- the	two	linear	equations	have	to	be	equivalent		(so	 ).


																																					 


																																					 


- combining	the	two	equations	we	obtain	an	homogeneous	quadric	


																																					 


where											 	


- Integers	charges	correspond	to	the	zero	locus	of		 		in		 


nf = 2 pi ≠ − qi

T1d2 = T2d1

(p1 + q1)d1 + (p2 + q2)d2 = 0

(p3
1 + q3

1)d1 + (p3
2 + q3

2)d2 = 0

Q(X, Y, Z) ≡ (d2
2 − d2

1)X2 + 3d2
2Y2 − 3d2

2 Z2 = 0

X = (p1 + q1), Y = (p1 − q1), Z = (p2 + q2)

Q(X, Y, Z) ℙℚ2

Conic	in	


projective	space!
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General	solution	for	nf = 2

• Theorem	1	(see	e.g.	Mordell):


Given	a	rational	point	 	on	a	conic,	there	are	in	fact	infinitely	many	rational	

points	and	they	can	all	be	found	as	the	intersection	of	a	rational	line	through	 	

and	the	conic	itself.


P
P

P

- In	our	case	 	,	and	we	find:P = [0 : 1 : 1]
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General	solution	for	arbitrary	nf

• In	the	general	case	we	cannot	reduce	the	system	to	a	quadric.


• However,	for	our	specific	system	of	equations,	by	using	one	of	the	

linear	equations,	we	can	reduce	the	system	to:	


- a	singular	cubic	hypersurface,	with	a	known	rational	double	point.	


- plus	an	additional	linear	equation.


• Theorem	2	(see	e.g.	Mordell):


Given	a	rational	double	point	 	on	a	cubic	hypersurface,	there	are	infinitely	

many	rational	points	and	they	can	all	be	found	as	the	intersection	of	a	rational	

line	through	 	and	the	cubic	itself.


P

P

-2 -1 0 1 2
-2

-1

0

1

2

P



• For	 		and	chiral	assignments		 	


- first	consider	the	equations	


																																					 


																																					 


- combining	the	two	equations	we	obtain	a	cubic	in	 





																																				


- The	point		 		is	a	rational	double	point	


nf = ν pi ≠ − qi

ν

∑
i=1

(pi + qi)di = 0,

ν

∑
i=1

(p3
i + q3

i )di = 0,

ℙℚ2ν−2

F (pi, qi) = d2
ν

ν−1

∑
i=1

di (p3
i + q3

i ) + d3
ν p3

ν − (
ν−1

∑
i=1

di(pi + qi) + dν pν)
3

.

Π0 = [1 : − 1 : … : 1 : − 1 : 1]
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General	solution	for	arbitrary	nf

solve	for	 	qν

Find	all	rational	points	as	intersections	of	cubic	and	rational	lines	through	Π0
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General	solution	for	arbitrary	nf

• Setting	 			for	notational	convenience,	we	find


- charges	parametrized	by	a	set	of	arbitrary	integers	subject	to	a	linear	constraint:	


ν = nf

where			 					,				 						,					 		are	polynomials	in	 		Dij = diTj − djTi μν = gcd(p̃1, . . . , q̃ν) AI (ℓi, mi)



• The	analysis	is	valid	for	arbitrary	semi-simple	compact			 


with	new	fermions	vector-like	under					 			:


																			 	


• The	theory	is	chiral	but	the	infrared	dynamics	is	controlled	by	the	vector-like	 


• 	Assignment	of	SM	hypercharge	can	be	included	straightforwardly


G × GSM

G × GSM

ψi = (R, pi, ri), χi = (R, qi, ri) i = 1,…, nf

G

18

General	solution	for	arbitrary	nf

:	SM	gauge	group	or	a	semi-simple	extensionGSM



• the	knowledge	of	the	 	charges	allows	us	to	identify	the	form


of	the	gauge	invariant	PQ	violating	local	operators	that	generate	a	potential.


- For	 	and	 	the	gauge	invariance	of	PQ	violating	operators	of	the	form:


																																								 		


							is	independent	from	the	charge	assignments	—	depends	only	on	SM	representations


• The	effect	of	multiple	insertions	depends	on	the	specific	charges.


- we	are	still	able	to	find	charge	assignments	with	


					the	desired	(maximal)	level	of	PQ	protection


U(1)

ν = 2 ν = 3

𝒪PQ = (ψ1χ1)κ1…(ψν χν)κν

19

Back	to	composite	axion	models

Single	insertions	can	be	easily	characterised useful	for	phenomenology
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Models	with		nf = 3

• We	classify	the	models	that	satisfy	the	following	conditions:


- anomaly	cancellation	


- confining	 	dynamics		(bound	on	the	multiplicity	of	fermions)


- perturbativity	of	the	SM	couplings	up	to	 		(no	low-scale	Landau	poles)

SU(N )

MPl
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Models	with		nf = 3

• The	PQ	violating	local	operators	depend	only	on	the	choice	of	SM	reps





• Multiple	insertions	of	local	operators	depend	on	charges	

𝒪PQ = (ψ1χ1)κ1(ψ2 χ2)κ2(ψ3χ3)κ3



22cfr: Randall	(1992)	,	Dobrescu	(1997),	Redi	and	Sato	(2016),		Vecchi	(2021)	

Classification	with	irreducible	SM	reps

• PQ	symmetry	can	be	protected	up	to	dim	18


• With	the	explicit	solution	we	were	able	to	prove	that	such	charge	assignments	exist	
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We	classified	all	the	high-quality	charge	assignments	with	charges				 


In	order	to	do	so	we	need	to	check	if	multiple	insertions	can	induce	PQ	violating	effects

|pi | , |qi | ≤ 10

Classification	with	irreducible	SM	reps
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High	quality	axion	-	explicit	GUT	model

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
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SU(5)GUT
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<latexit sha1_base64="5Iq7j3hdfkGeEdmUHJIcd5ENIOo=">AAAB/3icbVC7TsNAEDyHVwivACXNiQgpNJGNIkgZiYYykchDSqzofNmEU+5sc7dGiqwUfAUtVHSIlk+h4F+wjQtImGo0s6udHS+UwqBtf1qFtfWNza3idmlnd2//oHx41DVBpDl0eCAD3feYASl86KBACf1QA1OehJ43u0793gNoIwL/FuchuIpNfTERnGEiuUOtaKfqnI/iVnsxKlfsmp2BrhInJxWSozUqfw3HAY8U+MglM2bg2CG6MdMouIRFaRgZCBmfsSkMEuozBcaNs9ALehYZhgENQVMhaSbC742YKWPmyksmFcM7s+yl4n/eIMJJw42FH0YIPk8PoZCQHTJci6QNoGOhAZGlyYEKn3KmGSJoQRnniRgl9ZSSPpzl71dJ96LmXNbq7Xql2cibKZITckqqxCFXpEluSIt0CCf35Ik8kxfr0Xq13qz3n9GCle8ckz+wPr4BHTyVqg==</latexit>

U(1)PQ

<latexit sha1_base64="L8c9XCEG6d72Afaj4w84HgZvMjM=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQiJKrJReJSRaCiDREKk2IrWl0045fzQ3TpSZKXlK2ihokO0/AcF/4IdUkDCVKOZXe3sBImShhzn0yqtrK6tb5Q3K1vbO7t79v5B28SpFtgSsYp1JwCDSkbYIkkKO4lGCAOF98HouvDvx6iNjKM7miTohzCM5EAKoFzq2bYXgM68EOghGGTn02nPrjo1Zwa+TNw5qbI5mj37y+vHIg0xIqHAmK7rJORnoEkKhdOKlxpMQIxgiN2cRhCi8bNZ8ik/SQ1QzBPUXCo+E/H3RgahMZMwyCeLiGbRK8T/vG5Kgys/k1GSEkaiOERS4eyQEVrmlSDvS41EUCRHLiMuQAMRaslBiFxM844qeR/u4vfLpH1Wcy9q9dt6tdGYN1NmR+yYnTKXXbIGu2FN1mKCjdkTe2Yv1qP1ar1Z7z+jJWu+c8j+wPr4Bsp6mFs=</latexit>

5̄

<latexit sha1_base64="Hmqp8a409Zkbo4PirU/0/b5+Kr0=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU2ioAyEg1lkMhDiq3ofNmEU85n626NFBn/AV9BCxUdouUnKPgXbOMCErYazexoZ8ePpDBo25/W0vLK6tp6ZaO6ubW9s1vb2++aMNYcOjyUoe77zIAUCjooUEI/0sACX0LPn17leu8etBGhusVZBF7AJkqMBWeYUcPaoRtmcu5O3IDhnT9OHDtNh7W63bCLoYvAKUGdlNMe1r7cUcjjABRyyYwZOHaEXsI0Ci4hrbqxgYjxKZvAIIOKBWC8pMif0pPYMAxpBJoKSQsSfjsSFhgzC/xsM89o5rWc/E8bxDi+9BKhohhB8fwQCgnFIcO1yD4HOhIaEFmeHKhQlDPNEEELyjjPyDhrqpr14cx/vwi6Zw3nvNG8adZbrbKZCjkix+SUOOSCtMg1aZMO4eSBPJFn8mI9Wq/Wm/X+s7pklZ4D8mesj2+Eupry</latexit>

10

<latexit sha1_base64="Zs7u1S/iQ5uYCCqXlN1JmB22nF4=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg/JsaL1ZRNOOT90t0aKrIivoIWKDtHyLRT8C7ZxAQlTjWZ2tbPjx0oasu1Pq7Kyura+Ud2sbW3v7O7V9w+6Jkq0wI6IVKT7PhhUMsQOSVLYjzVC4Cvs+dPr3O89oDYyCu9oFqMXwCSUYymAMskdBED3/jh17Pmw3rCbdgG+TJySNFiJ9rD+NRhFIgkwJKHAGNexY/JS0CSFwnltkBiMQUxhgm5GQwjQeGkRec5PEgMU8Rg1l4oXIv7eSCEwZhb42WQe0Sx6ufif5yY0vvJSGcYJYSjyQyQVFoeM0DLrAvlIaiSCPDlyGXIBGohQSw5CZGKSlVPL+nAWv18m3bOmc9E8vz1vtFplM1V2xI7ZKXPYJWuxG9ZmHSZYxJ7YM3uxHq1X6816/xmtWOXOIfsD6+Mbzk2Vmw==</latexit>

10

<latexit sha1_base64="6+Y7pjcUQpG/umS9oBare2kiX+U=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWWQyEMkUbS+bMIp57N1t0aKrPAVtFDRIVr+hYJ/wTYpIGGq0cyudnb8SElLrvvpFJaWV1bXiuuljc2t7Z3y7l7ThrER2BChCk3bB4tKamyQJIXtyCAEvsKWP77K/NYDGitDfUuTCHsBjLQcSgGUSnfdAOjeHyZn03654lbdHHyReDNSYTPU++Wv7iAUcYCahAJrO54bUS8BQ1IonJa6scUIxBhG2EmphgBtL8kTT/lRbIFCHqHhUvFcxN8bCQTWTgI/ncwS2nkvE//zOjENL3uJ1FFMqEV2iKTC/JAVRqZVIB9Ig0SQJUcuNRdggAiN5CBEKsZpN6W0D2/++0XSPKl659XTm9NKrTZrpsgO2CE7Zh67YDV2zeqswQTT7Ik9sxfn0Xl13pz3n9GCM9vZZ3/gfHwDYRKVZQ==</latexit>

5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

<latexit sha1_base64="WLL251/xxa+dwycEK5YDkv44foY=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGE3BPUY8OIxinlAsoTeSScOmX0w0xsIIX/gVU/exKv/48F/cXfdgybWqajqpqvLi5Q0ZNufVmFtfWNzq7hd2tnd2z8oHx61TRhrgS0RqlB3PTCoZIAtkqSwG2kE31PY8SY3qd+ZojYyDB5oFqHrwziQIymAEun+ojYoV+yqnYGvEicnFZajOSh/9YehiH0MSCgwpufYEblz0CSFwkWpHxuMQExgjL2EBuCjcedZ0gU/iw1QyCPUXCqeifh7Yw6+MTPfSyZ9oEez7KXif14vptG1O5dBFBMGIj1EUmF2yAgtkwqQD6VGIkiTI5cBF6CBCLXkIEQixkknpaQPZ/n7VdKuVZ3Lav2uXmk08maK7ISdsnPmsCvWYLesyVpMsBF7Ys/sxZpar9ab9f4zWrDynWP2B9bHN4PikXc=</latexit>

+2
<latexit sha1_base64="hVzT3lpqNnr6uWPyCZPaFnn5c+4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXg3oMePEYxTwgCWF20olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109Xlhkoasu1Pq7Cyura+UdwsbW3v7O6V9w9aJoi0wKYIVKA7LjeopI9NkqSwE2rknquw7U5uUr89RW1k4D/QLMS+x8e+HEnBKZHuzy4G5YpdtTOwZeLkpAI5GoPyV28YiMhDn4TixnQdO6R+zDVJoXBe6kUGQy4mfIzdhPrcQ9OPs6RzdhIZTgELUTOpWCbi742Ye8bMPDeZ9Dg9mkUvFf/zuhGNrvux9MOI0BfpIZIKs0NGaJlUgGwoNRLxNDky6TPBNSdCLRkXIhGjpJNS0oez+P0yaZ1Xnctq7a5WqdfzZopwBMdwCg5cQR1uoQFNEDCCJ3iGF2tqvVpv1vvPaMHKdw7hD6yPb4VxkXg=</latexit>

+3
<latexit sha1_base64="5gBZJXImyY8Tzd5mo9jcDsdQcdo=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhshG4VFGoqEMiDykJIrWl0045fzQ3TpSZOUPaKGiQ7T8DwX/gm1cQMJUo5ld7ey4oZKGbPvTKqysrq1vFDdLW9s7u3vl/YOWCSItsCkCFeiOCwaV9LFJkhR2Qo3guQrb7uQm9dtT1EYG/gPNQux7MPblSAqgRLo/uxiUK3bVzsCXiZOTCsvRGJS/esNARB76JBQY03XskPoxaJJC4bzUiwyGICYwxm5CffDQ9OMs6ZyfRAYo4CFqLhXPRPy9EYNnzMxzk0kP6NEseqn4n9eNaHTdj6UfRoS+SA+RVJgdMkLLpALkQ6mRCNLkyKXPBWggQi05CJGIUdJJKenDWfx+mbTOq85ltXZXq9TreTNFdsSO2Slz2BWrs1vWYE0m2Ig9sWf2Yk2tV+vNev8ZLVj5ziH7A+vjG4uvkXw=</latexit>�5

<latexit sha1_base64="hVzT3lpqNnr6uWPyCZPaFnn5c+4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXg3oMePEYxTwgCWF20olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109Xlhkoasu1Pq7Cyura+UdwsbW3v7O6V9w9aJoi0wKYIVKA7LjeopI9NkqSwE2rknquw7U5uUr89RW1k4D/QLMS+x8e+HEnBKZHuzy4G5YpdtTOwZeLkpAI5GoPyV28YiMhDn4TixnQdO6R+zDVJoXBe6kUGQy4mfIzdhPrcQ9OPs6RzdhIZTgELUTOpWCbi742Ye8bMPDeZ9Dg9mkUvFf/zuhGNrvux9MOI0BfpIZIKs0NGaJlUgGwoNRLxNDky6TPBNSdCLRkXIhGjpJNS0oez+P0yaZ1Xnctq7a5WqdfzZopwBMdwCg5cQR1uoQFNEDCCJ3iGF2tqvVpv1vvPaMHKdw7hD6yPb4VxkXg=</latexit>

+3
<latexit sha1_base64="rR4HF15BmmPdzLnCbd4pYX/euoU=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhshGUaCMREMZEHlIiRWtL5twyvmhu3WkKMof0EJFh2j5Hwr+Bdu4gISpRjO72tnxIiUN2fanVVhb39jcKm6Xdnb39g/Kh0dtE8ZaYEuEKtRdDwwqGWCLJCnsRhrB9xR2vMlN6nemqI0MgweaRej6MA7kSAqgRLq/qA/KFbtqZ+CrxMlJheVoDspf/WEoYh8DEgqM6Tl2RO4cNEmhcFHqxwYjEBMYYy+hAfho3HmWdMHPYgMU8gg1l4pnIv7emINvzMz3kkkf6NEse6n4n9eLaXTtzmUQxYSBSA+RVJgdMkLLpALkQ6mRCNLkyGXABWggQi05CJGIcdJJKenDWf5+lbQvq069WrurVRqNvJkiO2Gn7Jw57Io12C1rshYTbMSe2DN7sabWq/Vmvf+MFqx855j9gfXxDY0+kX0=</latexit>�6

<latexit sha1_base64="NKjBitYRJ5pymqxRQlOaUF6wh+I=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXQvQY8OIxinlAsoTeSScOmX0w0xsIIX/gVU/exKv/48F/cXfdgybWqajqpqvLi5Q0ZNufVmFtfWNzq7hd2tnd2z8oHx61TRhrgS0RqlB3PTCoZIAtkqSwG2kE31PY8SY3qd+ZojYyDB5oFqHrwziQIymAEun+oj4oV+yqnYGvEicnFZajOSh/9YehiH0MSCgwpufYEblz0CSFwkWpHxuMQExgjL2EBuCjcedZ0gU/iw1QyCPUXCqeifh7Yw6+MTPfSyZ9oEez7KXif14vptG1O5dBFBMGIj1EUmF2yAgtkwqQD6VGIkiTI5cBF6CBCLXkIEQixkknpaQPZ/n7VdK+rDr1au2uVmk08maK7ISdsnPmsCvWYLesyVpMsBF7Ys/sxZpar9ab9f4zWrDynWP2B9bHN4oekXs=</latexit>

+6

<latexit sha1_base64="cBV483PIn9hQiBFd1uBTTU0G97o=">AAAB/nicbVDLSsNAFJ3UV62vqks3g0VwVRKpj41QqAtXUsE+oAllMr2tQyfJMHMjlFDwK9zqyp249Vdc+C+mMQttPavDOfdyzz2+ksKgbX9ahaXlldW14nppY3Nre6e8u9c2Uaw5tHgkI931mQEpQmihQAldpYEFvoSOP27M/M4DaCOi8A4nCryAjUIxFJxhKrk3/cTVAb1qTC9P++WKXbUz0EXi5KRCcjT75S93EPE4gBC5ZMb0HFuhlzCNgkuYltzYgGJ8zEbQS2nIAjBekmWe0qPYMIyoAk2FpJkIvzcSFhgzCfx0MmB4b+a9mfif14txeOElIlQxQshnh1BIyA4ZrkVaBtCB0IDIZsmBipByphkiaEEZ56kYp+2U0j6c+e8XSfuk6pxVa7e1Sr2eN1MkB+SQHBOHnJM6uSZN0iKcKPJEnsmL9Wi9Wm/W+89owcp39skfWB/fraeVdw==</latexit>

NDC = 5

dim	12	PQ	violating	operator:

Robust	model:	high	quality	irrespectively	of	GUT	scalar	sector

+	others!

GUT	scalars	in	

arbitrary	reps
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Phenomenological	features

• The	number	of	light	NGBs	is		 	


- 		is	the	number	of	irreps	in	the	set	 


- 1	axion	+	possibly	additional	ultralight	scalars	


• Models	with	GUT	dynamics:


additional	parametrically	light	GUT	states:											 


• The	properties	of	all	the	(pseudo)-NGBs	can	be	studied	in	detail	

systematically	using	an	effective	chiral	lagrangian


• Cosmological	species:


- the	QCD	axion	can	be	a	component	of	dark	matter


- all	the	light	scalars	can	constitute	a	component	of	dark	radiation


nirr − 2

nirr {ψi}

δm2
ã ∼

g2
5

16π2

Λ4
PQ

M2
GUT
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QCD	axion	low	energy	couplings	

GUT	models	have	fixed	E/N	=	8/3

• Axion	low	energy	couplings


- well-predicted	but	not	distinctive	low	energy	couplings

common	to	“hadronic	axion”	models

Grilli	di	Cortona,	Hardy,	Vega,	Villadoro	-	JHEP	05	(2016)	104

see	talk	by	G.	Villadoro
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Cosmological	evolution

• Cosmological	evolution:


- PQ	breaking	after	the	end	of	inflation	is	disfavored	for	composite	models

accidentally	stable	heavy	resonances	+	domain	walls

- in	the	GUT	scenario,	parametrically	light	metastable	NGBs

can	leave	imprints	in	cosmological	observables

- PQ	broken	during	inflation	

axion	populated	with	misalignment	mechanism	(possibly	DM)

δm2
ã ∼

g2
5

16π2

Λ4
PQ

M2
GUT
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Summary

• Chiral	gauge	theory	with	dynamical	generation	of	scales


• Strong	CP	solved	by	the	QCD	axion


• PQ	is	an	high	quality	accidental	symmetry	through	gauge	protection


• Possibly	DM


• Compatibility	with	SU(5)	unified	dynamics


High-quality	axion:

• General	solution	for	the	U(1)	charges:				 


with	new	fermions	vector-like	under					 


G × U(1) × GSM

G × GSM

Anomaly	cancellation
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Bonus
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Chiral	models	with	non-abelian	factors	—	SU(5)

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

−1
+1

−1
+1

SU(N ) SU(m) SU(5)GUT

m

m3 ×

U(1)PQ

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1m ×

3m ×

• The	leading	PQ	violating	effect	comes	from	a	double	insertion


							,					 															 		is	the	GUT	scalar			𝒪1 = ψ1ψ2 χ2
1Σ 𝒪2 = ψ1ψ2 χ2

2Σ† Σ

• The	axion	potential	is	generated	at	the	level	of	dimension	10						


						,									𝒪PQ = 𝒪1𝒪2 deff = 7 + 7 − 4 = 10

GUT	extension



31

An	attractive	model	that	doesn’t	work

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

<latexit sha1_base64="SC1w/cQ9xewX0eI7N9+VOb6nOZc=">AAACA3icbVA9TwJBFNzDL8QPTi1tNhITbMidQaUksdASIwckQMje8sANu3eX3Xcm5ELpr7DVys7Y+kMs/C8eJ4WiU01m3subN34khUHH+bByK6tr6xv5zcLW9s5u0d7bb5kw1hw8HspQd3xmQIoAPBQooRNpYMqX0PYnl3O/fQ/aiDBo4jSCvmLjQIwEZ5hKA7vY04reeuWzk0Fy5TVnA7vkVJwM9C9xF6REFmgM7M/eMOSxggC5ZMZ0XSfCfsI0Ci5hVujFBiLGJ2wM3ZQGTIHpJ1nwGT2ODcOQRqCpkDQT4edGwpQxU+Wnk4rhnVn25uJ/XjfGUa2fiCCKEQI+P4RCQnbIcC3SRoAOhQZENk8OVASUM80QQQvKOE/FOK2okPbhLn//l7ROK+55pXpTLdVri2by5JAckTJxyQWpk2vSIB7hJCaP5Ik8Ww/Wi/VqvX2P5qzFzgH5Bev9C+vClpU=</latexit>

SU(5)GUT

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

<latexit sha1_base64="Y3Aij/7Q2o8C5534rnrGJ9Sx4lM=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIhAioUiYYySOQhJVZ0vmzCkfP5dLdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OoKWw6LqfTmFpeWV1rbhe2tjc2t4p7+61bBQbDk0eych0AmZBCgVNFCihow2wMJDQDsZXmd9+AGNFpG5xosEP2UiJoeAMU6nV01b0T/vlilt1c9BF4s1IhczQ6Je/eoOIxyEo5JJZ2/VcjX7CDAouYVrqxRY042M2gm5KFQvB+kmedkqPYsswohoMFZLmIvzeSFho7SQM0smQ4Z2d9zLxP68b4/DCT4TSMYLi2SEUEvJDlhuR1gB0IAwgsiw5UKEoZ4YhghGUcZ6KcdpLKe3Dm/9+kbROqt5ZtXZTq9QvZ80UyQE5JMfEI+ekTq5JgzQJJ/fkiTyTF+fReXXenPef0YIz29knf+B8fAMEspN6</latexit>

 3

<latexit sha1_base64="GziGR56/aV7Qx7QDL8isWq/FLSI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTZEQIUi0VAGiTykxIrOl01y5PzQ3RopWPkHWqjoEC1/Q8G/4BgXkDDVaGZXOztepKQh2/60lpZXVtfWCxvFza3tnd3S3n7ThLEW2BChCnXb4waVDLBBkhS2I43c9xS2vPH1zG89oDYyDO5oEqHr82EgB1JwSqVmV4xk76xXKtsVOwNbJE5OypCj3it9dfuhiH0MSChuTMexI3ITrkkKhdNiNzYYcTHmQ+ykNOA+GjfJ0k7ZcWw4hSxCzaRimYi/NxLuGzPxvXTS5zQy895M/M/rxDS4dBMZRDFhIGaHSCrMDhmhZVoDsr7USMRnyZHJgAmuORFqybgQqRinvRTTPpz57xdJ87TinFeqt9Vy7SpvpgCHcAQn4MAF1OAG6tAAAffwBM/wYj1ar9ab9f4zumTlOwfwB9bHN97mk2I=</latexit>�3

<latexit sha1_base64="5Iq7j3hdfkGeEdmUHJIcd5ENIOo=">AAAB/3icbVC7TsNAEDyHVwivACXNiQgpNJGNIkgZiYYykchDSqzofNmEU+5sc7dGiqwUfAUtVHSIlk+h4F+wjQtImGo0s6udHS+UwqBtf1qFtfWNza3idmlnd2//oHx41DVBpDl0eCAD3feYASl86KBACf1QA1OehJ43u0793gNoIwL/FuchuIpNfTERnGEiuUOtaKfqnI/iVnsxKlfsmp2BrhInJxWSozUqfw3HAY8U+MglM2bg2CG6MdMouIRFaRgZCBmfsSkMEuozBcaNs9ALehYZhgENQVMhaSbC742YKWPmyksmFcM7s+yl4n/eIMJJw42FH0YIPk8PoZCQHTJci6QNoGOhAZGlyYEKn3KmGSJoQRnniRgl9ZSSPpzl71dJ96LmXNbq7Xql2cibKZITckqqxCFXpEluSIt0CCf35Ik8kxfr0Xq13qz3n9GCle8ckz+wPr4BHTyVqg==</latexit>

U(1)PQ

<latexit sha1_base64="L8c9XCEG6d72Afaj4w84HgZvMjM=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQiJKrJReJSRaCiDREKk2IrWl0045fzQ3TpSZKXlK2ihokO0/AcF/4IdUkDCVKOZXe3sBImShhzn0yqtrK6tb5Q3K1vbO7t79v5B28SpFtgSsYp1JwCDSkbYIkkKO4lGCAOF98HouvDvx6iNjKM7miTohzCM5EAKoFzq2bYXgM68EOghGGTn02nPrjo1Zwa+TNw5qbI5mj37y+vHIg0xIqHAmK7rJORnoEkKhdOKlxpMQIxgiN2cRhCi8bNZ8ik/SQ1QzBPUXCo+E/H3RgahMZMwyCeLiGbRK8T/vG5Kgys/k1GSEkaiOERS4eyQEVrmlSDvS41EUCRHLiMuQAMRaslBiFxM844qeR/u4vfLpH1Wcy9q9dt6tdGYN1NmR+yYnTKXXbIGu2FN1mKCjdkTe2Yv1qP1ar1Z7z+jJWu+c8j+wPr4Bsp6mFs=</latexit>

5̄

<latexit sha1_base64="Hmqp8a409Zkbo4PirU/0/b5+Kr0=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU2ioAyEg1lkMhDiq3ofNmEU85n626NFBn/AV9BCxUdouUnKPgXbOMCErYazexoZ8ePpDBo25/W0vLK6tp6ZaO6ubW9s1vb2++aMNYcOjyUoe77zIAUCjooUEI/0sACX0LPn17leu8etBGhusVZBF7AJkqMBWeYUcPaoRtmcu5O3IDhnT9OHDtNh7W63bCLoYvAKUGdlNMe1r7cUcjjABRyyYwZOHaEXsI0Ci4hrbqxgYjxKZvAIIOKBWC8pMif0pPYMAxpBJoKSQsSfjsSFhgzC/xsM89o5rWc/E8bxDi+9BKhohhB8fwQCgnFIcO1yD4HOhIaEFmeHKhQlDPNEEELyjjPyDhrqpr14cx/vwi6Zw3nvNG8adZbrbKZCjkix+SUOOSCtMg1aZMO4eSBPJFn8mI9Wq/Wm/X+s7pklZ4D8mesj2+Eupry</latexit>

10

<latexit sha1_base64="Zs7u1S/iQ5uYCCqXlN1JmB22nF4=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg/JsaL1ZRNOOT90t0aKrIivoIWKDtHyLRT8C7ZxAQlTjWZ2tbPjx0oasu1Pq7Kyura+Ud2sbW3v7O7V9w+6Jkq0wI6IVKT7PhhUMsQOSVLYjzVC4Cvs+dPr3O89oDYyCu9oFqMXwCSUYymAMskdBED3/jh17Pmw3rCbdgG+TJySNFiJ9rD+NRhFIgkwJKHAGNexY/JS0CSFwnltkBiMQUxhgm5GQwjQeGkRec5PEgMU8Rg1l4oXIv7eSCEwZhb42WQe0Sx6ufif5yY0vvJSGcYJYSjyQyQVFoeM0DLrAvlIaiSCPDlyGXIBGohQSw5CZGKSlVPL+nAWv18m3bOmc9E8vz1vtFplM1V2xI7ZKXPYJWuxG9ZmHSZYxJ7YM3uxHq1X6816/xmtWOXOIfsD6+Mbzk2Vmw==</latexit>

10

<latexit sha1_base64="6+Y7pjcUQpG/umS9oBare2kiX+U=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWWQyEMkUbS+bMIp57N1t0aKrPAVtFDRIVr+hYJ/wTYpIGGq0cyudnb8SElLrvvpFJaWV1bXiuuljc2t7Z3y7l7ThrER2BChCk3bB4tKamyQJIXtyCAEvsKWP77K/NYDGitDfUuTCHsBjLQcSgGUSnfdAOjeHyZn03654lbdHHyReDNSYTPU++Wv7iAUcYCahAJrO54bUS8BQ1IonJa6scUIxBhG2EmphgBtL8kTT/lRbIFCHqHhUvFcxN8bCQTWTgI/ncwS2nkvE//zOjENL3uJ1FFMqEV2iKTC/JAVRqZVIB9Ig0SQJUcuNRdggAiN5CBEKsZpN6W0D2/++0XSPKl659XTm9NKrTZrpsgO2CE7Zh67YDV2zeqswQTT7Ik9sxfn0Xl13pz3n9GCM9vZZ3/gfHwDYRKVZQ==</latexit>

5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

+5
−3
+1

+5q
−3q
+q

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

<latexit sha1_base64="GziGR56/aV7Qx7QDL8isWq/FLSI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTZEQIUi0VAGiTykxIrOl01y5PzQ3RopWPkHWqjoEC1/Q8G/4BgXkDDVaGZXOztepKQh2/60lpZXVtfWCxvFza3tnd3S3n7ThLEW2BChCnXb4waVDLBBkhS2I43c9xS2vPH1zG89oDYyDO5oEqHr82EgB1JwSqVmV4xk76xXKtsVOwNbJE5OypCj3it9dfuhiH0MSChuTMexI3ITrkkKhdNiNzYYcTHmQ+ykNOA+GjfJ0k7ZcWw4hSxCzaRimYi/NxLuGzPxvXTS5zQy895M/M/rxDS4dBMZRDFhIGaHSCrMDhmhZVoDsr7USMRnyZHJgAmuORFqybgQqRinvRTTPpz57xdJ87TinFeqt9Vy7SpvpgCHcAQn4MAF1OAG6tAAAffwBM/wYj1ar9ab9f4zumTlOwfwB9bHN97mk2I=</latexit>�3

16

1

1

16

SO(10)L SO(10)R

SO(10)	x	SO(10)	breaking	to	SU(5)	x	U(1)
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An	attractive	model	that	doesn’t	work

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

<latexit sha1_base64="SC1w/cQ9xewX0eI7N9+VOb6nOZc=">AAACA3icbVA9TwJBFNzDL8QPTi1tNhITbMidQaUksdASIwckQMje8sANu3eX3Xcm5ELpr7DVys7Y+kMs/C8eJ4WiU01m3subN34khUHH+bByK6tr6xv5zcLW9s5u0d7bb5kw1hw8HspQd3xmQIoAPBQooRNpYMqX0PYnl3O/fQ/aiDBo4jSCvmLjQIwEZ5hKA7vY04reeuWzk0Fy5TVnA7vkVJwM9C9xF6REFmgM7M/eMOSxggC5ZMZ0XSfCfsI0Ci5hVujFBiLGJ2wM3ZQGTIHpJ1nwGT2ODcOQRqCpkDQT4edGwpQxU+Wnk4rhnVn25uJ/XjfGUa2fiCCKEQI+P4RCQnbIcC3SRoAOhQZENk8OVASUM80QQQvKOE/FOK2okPbhLn//l7ROK+55pXpTLdVri2by5JAckTJxyQWpk2vSIB7hJCaP5Ik8Ww/Wi/VqvX2P5qzFzgH5Bev9C+vClpU=</latexit>

SU(5)GUT

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

<latexit sha1_base64="BJfzSy6XvmpMLvza8q6aEZJV+to=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRAkQViYYySOQhkihaXzbhlPPZulsjRVb4Clqo6BAt/0LBv2CbFJAw1WhmVzs7fqSkJdf9dApLyyura8X10sbm1vZOeXevacPYCGyIUIWm7YNFJTU2SJLCdmQQAl9hyx9fZX7rAY2Vob6lSYS9AEZaDqUASqW7bgB07w8Tb9ovV9yqm4MvEm9GKmyGer/81R2EIg5Qk1BgbcdzI+olYEgKhdNSN7YYgRjDCDsp1RCg7SV54ik/ii1QyCM0XCqei/h7I4HA2kngp5NZQjvvZeJ/Xiem4UUvkTqKCbXIDpFUmB+ywsi0CuQDaZAIsuTIpeYCDBChkRyESMU47aaU9uHNf79ImidV76x6enNaqV3OmimyA3bIjpnHzlmNXbM6azDBNHtiz+zFeXRenTfn/We04Mx29tkfOB/fWQSVWw==</latexit>

1

<latexit sha1_base64="Y3Aij/7Q2o8C5534rnrGJ9Sx4lM=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIhAioUiYYySOQhJVZ0vmzCkfP5dLdGClb+gRYqOkTL31DwL9gmBSRMNZrZ1c5OoKWw6LqfTmFpeWV1rbhe2tjc2t4p7+61bBQbDk0eych0AmZBCgVNFCihow2wMJDQDsZXmd9+AGNFpG5xosEP2UiJoeAMU6nV01b0T/vlilt1c9BF4s1IhczQ6Je/eoOIxyEo5JJZ2/VcjX7CDAouYVrqxRY042M2gm5KFQvB+kmedkqPYsswohoMFZLmIvzeSFho7SQM0smQ4Z2d9zLxP68b4/DCT4TSMYLi2SEUEvJDlhuR1gB0IAwgsiw5UKEoZ4YhghGUcZ6KcdpLKe3Dm/9+kbROqt5ZtXZTq9QvZ80UyQE5JMfEI+ekTq5JgzQJJ/fkiTyTF+fReXXenPef0YIz29knf+B8fAMEspN6</latexit>

 3

<latexit sha1_base64="GziGR56/aV7Qx7QDL8isWq/FLSI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTZEQIUi0VAGiTykxIrOl01y5PzQ3RopWPkHWqjoEC1/Q8G/4BgXkDDVaGZXOztepKQh2/60lpZXVtfWCxvFza3tnd3S3n7ThLEW2BChCnXb4waVDLBBkhS2I43c9xS2vPH1zG89oDYyDO5oEqHr82EgB1JwSqVmV4xk76xXKtsVOwNbJE5OypCj3it9dfuhiH0MSChuTMexI3ITrkkKhdNiNzYYcTHmQ+ykNOA+GjfJ0k7ZcWw4hSxCzaRimYi/NxLuGzPxvXTS5zQy895M/M/rxDS4dBMZRDFhIGaHSCrMDhmhZVoDsr7USMRnyZHJgAmuORFqybgQqRinvRTTPpz57xdJ87TinFeqt9Vy7SpvpgCHcAQn4MAF1OAG6tAAAffwBM/wYj1ar9ab9f4zumTlOwfwB9bHN97mk2I=</latexit>�3

<latexit sha1_base64="5Iq7j3hdfkGeEdmUHJIcd5ENIOo=">AAAB/3icbVC7TsNAEDyHVwivACXNiQgpNJGNIkgZiYYykchDSqzofNmEU+5sc7dGiqwUfAUtVHSIlk+h4F+wjQtImGo0s6udHS+UwqBtf1qFtfWNza3idmlnd2//oHx41DVBpDl0eCAD3feYASl86KBACf1QA1OehJ43u0793gNoIwL/FuchuIpNfTERnGEiuUOtaKfqnI/iVnsxKlfsmp2BrhInJxWSozUqfw3HAY8U+MglM2bg2CG6MdMouIRFaRgZCBmfsSkMEuozBcaNs9ALehYZhgENQVMhaSbC742YKWPmyksmFcM7s+yl4n/eIMJJw42FH0YIPk8PoZCQHTJci6QNoGOhAZGlyYEKn3KmGSJoQRnniRgl9ZSSPpzl71dJ96LmXNbq7Xql2cibKZITckqqxCFXpEluSIt0CCf35Ik8kxfr0Xq13qz3n9GCle8ckz+wPr4BHTyVqg==</latexit>

U(1)PQ

<latexit sha1_base64="L8c9XCEG6d72Afaj4w84HgZvMjM=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQiJKrJReJSRaCiDREKk2IrWl0045fzQ3TpSZKXlK2ihokO0/AcF/4IdUkDCVKOZXe3sBImShhzn0yqtrK6tb5Q3K1vbO7t79v5B28SpFtgSsYp1JwCDSkbYIkkKO4lGCAOF98HouvDvx6iNjKM7miTohzCM5EAKoFzq2bYXgM68EOghGGTn02nPrjo1Zwa+TNw5qbI5mj37y+vHIg0xIqHAmK7rJORnoEkKhdOKlxpMQIxgiN2cRhCi8bNZ8ik/SQ1QzBPUXCo+E/H3RgahMZMwyCeLiGbRK8T/vG5Kgys/k1GSEkaiOERS4eyQEVrmlSDvS41EUCRHLiMuQAMRaslBiFxM844qeR/u4vfLpH1Wcy9q9dt6tdGYN1NmR+yYnTKXXbIGu2FN1mKCjdkTe2Yv1qP1ar1Z7z+jJWu+c8j+wPr4Bsp6mFs=</latexit>

5̄

<latexit sha1_base64="Hmqp8a409Zkbo4PirU/0/b5+Kr0=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU2ioAyEg1lkMhDiq3ofNmEU85n626NFBn/AV9BCxUdouUnKPgXbOMCErYazexoZ8ePpDBo25/W0vLK6tp6ZaO6ubW9s1vb2++aMNYcOjyUoe77zIAUCjooUEI/0sACX0LPn17leu8etBGhusVZBF7AJkqMBWeYUcPaoRtmcu5O3IDhnT9OHDtNh7W63bCLoYvAKUGdlNMe1r7cUcjjABRyyYwZOHaEXsI0Ci4hrbqxgYjxKZvAIIOKBWC8pMif0pPYMAxpBJoKSQsSfjsSFhgzC/xsM89o5rWc/E8bxDi+9BKhohhB8fwQCgnFIcO1yD4HOhIaEFmeHKhQlDPNEEELyjjPyDhrqpr14cx/vwi6Zw3nvNG8adZbrbKZCjkix+SUOOSCtMg1aZMO4eSBPJFn8mI9Wq/Wm/X+s7pklZ4D8mesj2+Eupry</latexit>

10

<latexit sha1_base64="Zs7u1S/iQ5uYCCqXlN1JmB22nF4=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRAspINJRBIg/JsaL1ZRNOOT90t0aKrIivoIWKDtHyLRT8C7ZxAQlTjWZ2tbPjx0oasu1Pq7Kyura+Ud2sbW3v7O7V9w+6Jkq0wI6IVKT7PhhUMsQOSVLYjzVC4Cvs+dPr3O89oDYyCu9oFqMXwCSUYymAMskdBED3/jh17Pmw3rCbdgG+TJySNFiJ9rD+NRhFIgkwJKHAGNexY/JS0CSFwnltkBiMQUxhgm5GQwjQeGkRec5PEgMU8Rg1l4oXIv7eSCEwZhb42WQe0Sx6ufif5yY0vvJSGcYJYSjyQyQVFoeM0DLrAvlIaiSCPDlyGXIBGohQSw5CZGKSlVPL+nAWv18m3bOmc9E8vz1vtFplM1V2xI7ZKXPYJWuxG9ZmHSZYxJ7YM3uxHq1X6816/xmtWOXOIfsD6+Mbzk2Vmw==</latexit>

10

<latexit sha1_base64="6+Y7pjcUQpG/umS9oBare2kiX+U=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWWQyEMkUbS+bMIp57N1t0aKrPAVtFDRIVr+hYJ/wTYpIGGq0cyudnb8SElLrvvpFJaWV1bXiuuljc2t7Z3y7l7ThrER2BChCk3bB4tKamyQJIXtyCAEvsKWP77K/NYDGitDfUuTCHsBjLQcSgGUSnfdAOjeHyZn03654lbdHHyReDNSYTPU++Wv7iAUcYCahAJrO54bUS8BQ1IonJa6scUIxBhG2EmphgBtL8kTT/lRbIFCHqHhUvFcxN8bCQTWTgI/ncwS2nkvE//zOjENL3uJ1FFMqEV2iKTC/JAVRqZVIB9Ig0SQJUcuNRdggAiN5CBEKsZpN6W0D2/++0XSPKl659XTm9NKrTZrpsgO2CE7Zh67YDV2zeqswQTT7Ik9sxfn0Xl13pz3n9GCM9vZZ3/gfHwDYRKVZQ==</latexit>

5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="WZ5T/+sjnd8qFYr87FaJeAvCfXg=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFX4uMY8OIxinlAEkLvpBOHzD6Y6Q2EJX/gVU/exKv/48F/cXfdgybWqajqpqvLDZU0ZNufVmFldW19o7hZ2tre2d0r7x+0TBBpgU0RqEB3XDCopI9NkqSwE2oEz1XYdic3qd+eojYy8B9oFmLfg7EvR1IAJdL92cWgXLGrdga+TJycVFiOxqD81RsGIvLQJ6HAmK5jh9SPQZMUCuelXmQwBDGBMXYT6oOHph9nSef8JDJAAQ9Rc6l4JuLvjRg8Y2aem0x6QI9m0UvF/7xuRKPrfiz9MCL0RXqIpMLskBFaJhUgH0qNRJAmRy59LkADEWrJQYhEjJJOSkkfzuL3y6R1XnUuq7W7WqVez5spsiN2zE6Zw65Ynd2yBmsywUbsiT2zF2tqvVpv1vvPaMHKdw7ZH1gf34iPkXo=</latexit>

+5

dim	6	PQ	violating	operators:

+5
−3
+1

+5q
−3q
+q

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

<latexit sha1_base64="GziGR56/aV7Qx7QDL8isWq/FLSI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTZEQIUi0VAGiTykxIrOl01y5PzQ3RopWPkHWqjoEC1/Q8G/4BgXkDDVaGZXOztepKQh2/60lpZXVtfWCxvFza3tnd3S3n7ThLEW2BChCnXb4waVDLBBkhS2I43c9xS2vPH1zG89oDYyDO5oEqHr82EgB1JwSqVmV4xk76xXKtsVOwNbJE5OypCj3it9dfuhiH0MSChuTMexI3ITrkkKhdNiNzYYcTHmQ+ykNOA+GjfJ0k7ZcWw4hSxCzaRimYi/NxLuGzPxvXTS5zQy895M/M/rxDS4dBMZRDFhIGaHSCrMDhmhZVoDsr7USMRnyZHJgAmuORFqybgQqRinvRTTPpz57xdJ87TinFeqt9Vy7SpvpgCHcAQn4MAF1OAG6tAAAffwBM/wYj1ar9ab9f4zumTlOwfwB9bHN97mk2I=</latexit>�3

16

1

1

16

SO(10)L SO(10)R

OL = ψ1ψ2(ψ*3 )2

OR = χ1χ2(χ*3 )2SO(10)	x	SO(10)	breaking	to	SU(5)	x	U(1)

single	insertions	are	innocuous


but	a	double	insertion	 	


generates	a	potential	for	the	axion

OLOR

deff = 12 − 4 = 8



33

Models	with		nf = 2



34

OPQ = (ψ1χ1)κ1(ψ2 χ2)κ2

κi = di /gcd(d1, d2)
ΔPQ = 3(d1 + d2)/gcd(d1, d2)

Models	with		nf = 2

• We	classify	the	models	that	satisfy	the	following	conditions:


- anomaly	cancellation	


- confining	 	dynamics		(bound	on	the	multiplicity	of	fermions)


- perturbativity	of	the	SM	couplings	up	to	 		(no	low-scale	Landau	poles)


• From	the	explicit	solutions	for	the	 	charges


- PQ	violating	local	operators	that	generate	a	potential	have	the	form:	


SU(N )

MPl

U(1)



35

General	classification	for	nf = 2

• Using	the	explicit	solutions	we	are	able	to	easily	find	charge	

assignments	with	no	PQ	violating	effects	below		ΔPQ



36

General	classification	for	nf = 2

• Using	the	explicit	solutions	we	are	able	to	easily	find	charge	

assignments	with	no	PQ	violating	effects	below		ΔPQ



37

Phenomenology	of	models	with	nf = 2

spontaneous

Symmetry	Breaking	Pattern:
<latexit sha1_base64="lFXa0AD650uKE6KzSishHEXrGi0="></latexit>

SU(2)⇥ SU(2)⇥U(1)V �! SU(2)V ⇥U(1)V

Consider	a	massless	vector-like	theory

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>



explicit
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Harigaya,	Nomura		-	PRD	94	(2016)	035013


Co,	Harigaya,	Nomura		-	PRL	118	(2017)	101801

and	consider	the	weak	gauging	of	a	subgroup

Symmetry	Breaking	Pattern:

U(1)D
<latexit sha1_base64="Ou8AC09w80VbNJR+IAXmAItzSt0=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESGFJrIBCcpIUFAGCSeRkihaXzbhlPNDd2ukyOQnaKGiQ7T8DAX/gm1cQMJUo5ld7ex4kZKGbPvTWlpeWV1bL22UN7e2d3Yre/stE8ZaoCtCFeqOBwaVDNAlSQo7kUbwPYVtb3KV+e0H1EaGwR1NI+z7MA7kSAqgVOq4NedkkFzPBpWqXbdz8EXiFKTKCjQHla/eMBSxjwEJBcZ0HTuifgKapFA4K/digxGICYyxm9IAfDT9JM8748exAQp5hJpLxXMRf28k4Bsz9b100ge6N/NeJv7ndWMaXfYTGUQxYSCyQyQV5oeM0DItAvlQaiSCLDlyGXABGohQSw5CpGKcNlNO+3Dmv18krdO6c1a3b8+rjUbRTIkdsiNWYw67YA12w5rMZYIp9sSe2Yv1aL1ab9b7z+iSVewcsD+wPr4BpWGTwQ==</latexit>

0  a < 1
<latexit sha1_base64="AlU6GK0c73f8BhVWEQ6XgvXvXLY=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIBCQqKSDSUQSIPKbGi9WUTTjk/uFsjRVbEV9BCRYdo+RYK/gXbuICEqUYzu9rZ8SIlDdn2p1VaWl5ZXSuvVzY2t7Z3qrt7bRPGWmBLhCrUXQ8MKhlgiyQp7EYawfcUdrzJVeZ3HlAbGQa3NI3Q9WEcyJEUQKnUs3lf4T0HfukMqjW7bufgi8QpSI0VaA6qX/1hKGIfAxIKjOk5dkRuApqkUDir9GODEYgJjLGX0gB8NG6SR57xo9gAhTxCzaXiuYi/NxLwjZn6XjrpA92ZeS8T//N6MY0u3EQGUUwYiOwQSYX5ISO0TLtAPpQaiSBLjlwGXIAGItSSgxCpGKflVNI+nPnvF0n7pO6c1u2bs1qjUTRTZgfskB0zh52zBrtmTdZigoXsiT2zF+vRerXerPef0ZJV7OyzP7A+vgHz1pRp</latexit>

chiral	theory	for

U(1)D
<latexit sha1_base64="LnYIIUl1IXySMxw5mOmrTmcjrP0=">AAAB/HicbVC7TsNAEDyHVwivACXNiQgpNJENSFBGgoIySDiJSKzofNmEU85n626NFFnhK2ihokO0/AsF/4JtXEDCVKOZXe3s+JEUBm370yotLa+srpXXKxubW9s71d29tgljzcHloQx112cGpFDgokAJ3UgDC3wJHX9ymfmdB9BGhOoWpxF4ARsrMRKcYSrd9XVA3bpzPLgaVGt2w85BF4lTkBop0BpUv/rDkMcBKOSSGdNz7Ai9hGkUXMKs0o8NRIxP2Bh6KVUsAOMleeIZPYoNw5BGoKmQNBfh90bCAmOmgZ9OBgzvzbyXif95vRhHF14iVBQjKJ4dQiEhP2S4FmkVQIdCAyLLkgMVinKmGSJoQRnnqRin3VTSPpz57xdJ+6ThnDbsm7Nas1k0UyYH5JDUiUPOSZNckxZxCSeKPJFn8mI9Wq/Wm/X+M1qyip198gfWxzeQmpQ4</latexit>

acquires	a	mass	from	the	bilinear	condensate m�D ⇠ f eD
<latexit sha1_base64="rpY9PxmPq4VWokKmKzQuPEmeS58=">AAACDXicbVBNS8NAEN34bf2qehIvi0XwICVRQY+iPXisYFVoQpis07p0Nwm7E6GE4k/wV3jVkzfx6m/w4H8xqT2o9Z0e780w816UKmnJdT+cicmp6ZnZufnKwuLS8kp1de3SJpkR2BKJSsx1BBaVjLFFkhRepwZBRwqvot5p6V/dobEyiS+on2KgoRvLjhRAhRRWN3SY+13QGsLGgPtWat7h/i6GjbBac+vuEHyceCNSYyM0w+qnf5OITGNMQoG1bc9NKcjBkBQKBxU/s5iC6EEX2wWNQaMN8mGEAd/OLFDCUzRcKj4U8edGDtravo6KSQ10a/96pfif186ocxTkMk4zwliUh0gqHB6ywsiiG+Q30iARlJ8jlzEXYIAIjeQgRCFmRVmVog/vb/pxcrlX9/br7vlB7fhk1Mwc22RbbId57JAdszPWZC0m2D17ZE/s2XlwXpxX5+17dMIZ7ayzX3DevwDVjJrt</latexit>

<latexit sha1_base64="lFXa0AD650uKE6KzSishHEXrGi0="></latexit>

SU(2)⇥ SU(2)⇥U(1)V �! SU(2)V ⇥U(1)V

<latexit sha1_base64="a6/U9V9z8octs+PL98WKRQ+vmIw=">AAACIXicbVC7TsNAEDyHVwivACXNiQgJCiIbIqCMREMZJByQ4ihaH0s45Xy27tagyMpX8Al8BS1UdIgOIf4FJ7jgNdVoZlezO2GipCXXfXNKU9Mzs3Pl+crC4tLySnV1rW3j1Aj0RaxicxGCRSU1+iRJ4UViEKJQ4Xk4OB775zdorIz1GQ0T7EbQ1/JKCqBc6lV3AxPxQMW6b2T/msCY+Jb7295OL9tvj3hAMkJbCO1Rr1pz6+4E/C/xClJjBVq96kdwGYs0Qk1CgbUdz02om4EhKRSOKkFqMQExgD52cqohT+tmk7dGfCu1QDFP0HCp+ETE7xsZRNYOozCfjICu7W9vLP7ndVK6OupmUicpoRbjIJIKJ0FWGJn3hfxSGiSC8eXIpeYCDBChkRyEyMU0L7CS9+H9/v4vae/VvYN647RRazaLZspsg22ybeaxQ9ZkJ6zFfCbYHXtgj+zJuXeenRfn9Wu05BQ76+wHnPdPr8Oiwg==</latexit>

�! U(1)3V ⇥U(1)V

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

�a
<latexit sha1_base64="Ia6mPn6pPGPizp73rx8YmV3zNqI=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PYFCt2XU7B18mTkFqrEBzUP3qD0MR+xiQUGBMz7EjchPQJIXCeaUfG4xATGCMvZQG4KNxkzzpnJ/EBijkEWouFc9F/L2RgG/MzPfSSR/o0Sx6mfif14tpdO0mMohiwkBkh0gqzA8ZoWVaAfKh1EgEWXLkMuACNBChlhyESMU47aSS9uEsfr9M2ud156Ju313WGo2imTI7YsfslDnsijXYLWuyFhNsxJ7YM3uxptar9Wa9/4yWrGLnkP2B9fENzf+RoQ==</latexit>

+a
<latexit sha1_base64="4bLaQj525Sep+yYgxHZaWnNiyIk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/BoNqza7bOfgycQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgJj7KU0AB+Nm+RJ5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAj2bRy8T/vF5Mo2s3kUEUEwYiO0RSYX7ICC3TCpAPpUYiyJIjlwEXoIEIteQgRCrGaSeVtA9n8ftl0j6vOxd1++6y1mgUzZTZETtmp8xhV6zBblmTtZhgI/bEntmLNbVerTfr/We0ZBU7h+wPrI9vyt+Rnw==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

Phenomenology	of	models	with	nf = 2



eaten	by	𝛾D	pseudo
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• chiral	fermions	should	come	in	complete	GUT	multiplets

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

�a
<latexit sha1_base64="Ia6mPn6pPGPizp73rx8YmV3zNqI=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PYFCt2XU7B18mTkFqrEBzUP3qD0MR+xiQUGBMz7EjchPQJIXCeaUfG4xATGCMvZQG4KNxkzzpnJ/EBijkEWouFc9F/L2RgG/MzPfSSR/o0Sx6mfif14tpdO0mMohiwkBkh0gqzA8ZoWVaAfKh1EgEWXLkMuACNBChlhyESMU47aSS9uEsfr9M2ud156Ju313WGo2imTI7YsfslDnsijXYLWuyFhNsxJ7YM3uxptar9Wa9/4yWrGLnkP2B9fENzf+RoQ==</latexit>

+a
<latexit sha1_base64="4bLaQj525Sep+yYgxHZaWnNiyIk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/BoNqza7bOfgycQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgJj7KU0AB+Nm+RJ5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAj2bRy8T/vF5Mo2s3kUEUEwYiO0RSYX7ICC3TCpAPpUYiyJIjlwEXoIEIteQgRCrGaSeVtA9n8ftl0j6vOxd1++6y1mgUzZTZETtmp8xhV6zBblmTtZhgI/bEntmLNbVerTfr/We0ZBU7h+wPrI9vyt+Rnw==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="SC1w/cQ9xewX0eI7N9+VOb6nOZc=">AAACA3icbVA9TwJBFNzDL8QPTi1tNhITbMidQaUksdASIwckQMje8sANu3eX3Xcm5ELpr7DVys7Y+kMs/C8eJ4WiU01m3subN34khUHH+bByK6tr6xv5zcLW9s5u0d7bb5kw1hw8HspQd3xmQIoAPBQooRNpYMqX0PYnl3O/fQ/aiDBo4jSCvmLjQIwEZ5hKA7vY04reeuWzk0Fy5TVnA7vkVJwM9C9xF6REFmgM7M/eMOSxggC5ZMZ0XSfCfsI0Ci5hVujFBiLGJ2wM3ZQGTIHpJ1nwGT2ODcOQRqCpkDQT4edGwpQxU+Wnk4rhnVn25uJ/XjfGUa2fiCCKEQI+P4RCQnbIcC3SRoAOhQZENk8OVASUM80QQQvKOE/FOK2okPbhLn//l7ROK+55pXpTLdVri2by5JAckTJxyQWpk2vSIB7hJCaP5Ik8Ww/Wi/VqvX2P5qzFzgH5Bev9C+vClpU=</latexit>

SU(5)GUT
99	NGBs	:	

GUT	breaking

<latexit sha1_base64="Pc+Nt5FuXleMe1dOyDDyFbWbbcQ=">AAACM3icbVDLSsNAFJ3UV62vqks3g0V0VZJS1J0FNy4r2Af0xWR6W4dOkmHmRighn+Mn+BVudSHiRtz6Dya1Bdt6VmfOOZc797hKCoO2/WZlVlbX1jeym7mt7Z3dvfz+Qd0EoeZQ44EMdNNlBqTwoYYCJTSVBua5Ehru6Dr1Gw+gjQj8Oxwr6Hhs6IuB4AwTqZe/KpW7UVt5MW0HSoaGJm97xqPUtOP4dCY481mna/fyBbtoT0CXiTMlBTJFtZf/aPcDHnrgI5fMmJZjK+xETKPgEuJcOzSgGB+xIbQS6jMPTCeaHBrTk9AwDKgCTYWkExH+TkTMM2bsuUnSY3hvFr1U/M9rhTi47ETCVyGCz9NFKCRMFhmuRdIg0L7QgMjSnwMVPuVMM0TQgjLOEzFMKs0lfTiL1y+TeqnonBfLt+VCpTJtJkuOyDE5Iw65IBVyQ6qkRjh5JM/khbxaT9a79Wl9/UYz1nTmkMzB+v4BuqapXA==</latexit>

24± � 240 � 240
0 � 1± � 10

<latexit sha1_base64="X1JJ38Khxi957bvHlY82VNjYzys=">AAACD3icbVC7TgJBFJ3FF+ILtaSZSIxWZNcQtSSxscREHgksZHa44ITZ3cnMHROy2cJP8CtstbIztn6Chf/ighQKnurknHtz7zmBksKg6346uZXVtfWN/GZha3tnd6+4f9A0sdUcGjyWsW4HzIAUETRQoIS20sDCQEIrGF9N/dY9aCPi6BYnCvyQjSIxFJxhJvWLpa6xygBSr+fSbqykNTTxeombpif9YtmtuDPQZeLNSZnMUe8Xv7qDmNsQIuSSGdPxXIV+wjQKLiEtdK0BxfiYjaCT0YiFYPxkFiKlx9YwjKkCTYWkMxF+byQsNGYSBtlkyPDOLHpT8T+vY3F46SciUhYh4tNDKCTMDhmuRdYO0IHQgMimnwMVEeVMM0TQgjLOM9FmdRWyPrzF9MukeVbxzivVm2q5Vps3kyclckROiUcuSI1ckzppEE4eyBN5Ji/Oo/PqvDnvP6M5Z75zSP7A+fgGXzqbyQ==</latexit>

� 10 � 10
0

SM	singlets

one	(combination)	of	the	two	singlets	has	anomalous	couplings	to	SM

axion-like	particle

<latexit sha1_base64="nVASLA/dmzqxb1VxCVffqMzrDGc="></latexit>

�m2
ã ⇠ g2GUT

16⇡2

⇤4
DC

M2
GUT

GUT	contribution

not	QCD	axion
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Phenomenology	of	models	with	nf = 2
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SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

SU(NDC)⇥U(1)D
<latexit sha1_base64="PuqiafHLr2GbBqH2sWTuEsk18DY=">AAACFHicbVC7TsNAEDyHVwivACXNiQgpaSIbkKCMlBRUKAicRIoj63zZhFPOD92tkSIrLZ/AV9BCRYdo6Sn4F2yTAgJTjWZ2NbvjRVJoNM0Po7C0vLK6VlwvbWxube+Ud/c6OowVB5uHMlQ9j2mQIgAbBUroRQqY70noepNm5nfvQGkRBjc4jWDgs3EgRoIzTCW3TB3l02u7eukmGWs1ZzXqoPBBU7tq1dyWW66YdTMH/UusOamQOdpu+dMZhjz2IUAumdZ9y4xwkDCFgkuYlZxYQ8T4hI2hn9KApVmDJP9kRo9izTCkESgqJM1F+LmRMF/rqe+lkz7DW73oZeJ/Xj/G0fkgEUEUIwQ8C0IhIQ/SXIm0IqBDoQCRZZcDFQHlTDFEUIIyzlMxTjsrpX1Yi9//JZ3junVSN69OK43GvJkiOSCHpEosckYa5IK0iU04uSeP5Ik8Gw/Gi/FqvH2PFoz5zj75BeP9CxqpnIM=</latexit>

 1
<latexit sha1_base64="V2ssH59osEt0IIAWecDcLQgiIzI=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgQRmJhjJI5CElVnS+bMKR89m6WyMFK/9ACxUdouVvKPgXbJMCEqYazexqZyeIlbTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZKDECmyJSkekE3KKSGpskSWEnNsjDQGE7GF/lfvsBjZWRvqVJjH7IR1oOpeCUSa1ebGXf61eqbs0twBaJNyNVmKHRr3z1BpFIQtQkFLe267kx+Sk3JIXCabmXWIy5GPMRdjOqeYjWT4u0U3acWE4Ri9EwqVgh4u+NlIfWTsIgmww53dl5Lxf/87oJDS/9VOo4IdQiP0RSYXHICiOzGpANpEEinidHJjUT3HAiNJJxITIxyXopZ314898vktZpzTuruTfn1Xp91kwJDuEITsCDC6jDNTSgCQLu4Qme4cV5dF6dN+f9Z3TJme0cwB84H9//25Nz</latexit>

 2
<latexit sha1_base64="nUTSASOOD+dvqe3UqviTSJVw7ps=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRB5SYkXnyyYcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ewEWgqLrvvplFZW19Y3ypuVre2d3b3q/kHHRrHh0OaRjEwvYBakUNBGgRJ62gALAwndYHqV+d0HMFZE6hZnGvyQTZQYC84wlToDbcWwMazW3Lqbgy4TryA1UqA1rH4NRhGPQ1DIJbO277ka/YQZFFzCvDKILWjGp2wC/ZQqFoL1kzztnJ7ElmFENRgqJM1F+L2RsNDaWRikkyHDO7voZeJ/Xj/G8aWfCKVjBMWzQygk5IcsNyKtAehIGEBkWXKgQlHODEMEIyjjPBXjtJdK2oe3+P0y6TTq3lndvTmvNZtFM2VyRI7JKfHIBWmSa9IibcLJPXkiz+TFeXRenTfn/We05BQ7h+QPnI9vAXmTdA==</latexit>

�1
<latexit sha1_base64="r2vVWM2hYxmhD2OmXrq9v96L+8k=">AAAB+HicbVC7TsNAEFyHVwivACXNiQiJKrIBCcpINJRBIg8psaLzZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe563KCSAbZIksJupJH7nsKON73O/M4DaiPD4I5mEbo+HwdyJAWnVGr3xUQOnEG1ZtftHGyZOAWpQYHmoPrVH4Yi9jEgobgxPceOyE24JikUziv92GDExZSPsZfSgPto3CRPO2cnseEUsgg1k4rlIv7eSLhvzMz30kmf08Qsepn4n9eLaXTlJjKIYsJAZIdIKswPGaFlWgOyodRIxLPkyGTABNecCLVkXIhUjNNeKmkfzuL3y6R9VnfO6/btRa3RKJopwxEcwyk4cAkNuIEmtEDAPTzBM7xYj9ar9Wa9/4yWrGLnEP7A+vgG2h6TWw==</latexit>

�2
<latexit sha1_base64="euy58w27gT4DSQVZtajTwtDXJkA=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIDEpSRaCiDRBKkxIrWl01y5PzQ3RopWPkHWqjoEC1/Q8G/YBsXkDDVaGZXOztepKQh2/60Siura+sb5c3K1vbO7l51/6BjwlgLbItQhfrOA4NKBtgmSQrvIo3gewq73vQq87sPqI0Mg1uaRej6MA7kSAqgVOr0xUQOGoNqza7bOfgycQpSYwVag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgpj7KU0AB+Nm+Rp5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAE7PoZeJ/Xi+m0aWbyCCKCQORHSKpMD9khJZpDciHUiMRZMmRy4AL0ECEWnIQIhXjtJdK2oez+P0y6TTqzlndvjmvNZtFM2V2xI7ZKXPYBWuya9ZibSbYPXtiz+zFerRerTfr/We0ZBU7h+wPrI9v262TXA==</latexit>

�1
<latexit sha1_base64="1YUi5yH3fS2N3wKDOS3HFsLeMqg=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PnEG1ZtftHHyZOAWpsQLNQfWrPwxF7GNAQoExPceOyE1AkxQK55V+bDACMYEx9lIagI/GTfKkc34SG6CQR6i5VDwX8fdGAr4xM99LJ32gR7PoZeJ/Xi+m0bWbyCCKCQORHSKpMD9khJZpBciHUiMRZMmRy4AL0ECEWnIQIhXjtJNK2oez+P0yaZ/XnYu6fXdZazSKZsrsiB2zU+awK9Zgt6zJWkywEXtiz+zFmlqv1pv1/jNasoqdQ/YH1sc3gy+RcQ==</latexit>

�a
<latexit sha1_base64="Ia6mPn6pPGPizp73rx8YmV3zNqI=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJhsgGJCgj0VAGRB5SYkXryyaccn7obh0psvIHtFDRIVr+h4J/wTYuIGGq0cyudna8SElDtv1plVZW19Y3ypuVre2d3b3q/kHbhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3KT+Z0paiPD4IFmEbo+jAM5kgIole7PYFCt2XU7B18mTkFqrEBzUP3qD0MR+xiQUGBMz7EjchPQJIXCeaUfG4xATGCMvZQG4KNxkzzpnJ/EBijkEWouFc9F/L2RgG/MzPfSSR/o0Sx6mfif14tpdO0mMohiwkBkh0gqzA8ZoWVaAfKh1EgEWXLkMuACNBChlhyESMU47aSS9uEsfr9M2ud156Ju313WGo2imTI7YsfslDnsijXYLWuyFhNsxJ7YM3uxptar9Wa9/4yWrGLnkP2B9fENzf+RoQ==</latexit>

+a
<latexit sha1_base64="4bLaQj525Sep+yYgxHZaWnNiyIk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/BoNqza7bOfgycQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUziv92GAEYgJj7KU0AB+Nm+RJ5/wkNkAhj1BzqXgu4u+NBHxjZr6XTvpAj2bRy8T/vF5Mo2s3kUEUEwYiO0RSYX7ICC3TCpAPpUYiyJIjlwEXoIEIteQgRCrGaSeVtA9n8ftl0j6vOxd1++6y1mgUzZTZETtmp8xhV6zBblmTtZhgI/bEntmLNbVerTfr/We0ZBU7h+wPrI9vyt+Rnw==</latexit>

+1
<latexit sha1_base64="kIJyw4e6TEgTjoNoob0IBdx5qEE=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBT0GvHiMYh6QLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w/aJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJObzO9MURsZBg80i9D1YRzIkRRAqXR/5gyqNbtu5+DLxClIjRVoDqpf/WEoYh8DEgqM6Tl2RG4CmqRQOK/0Y4MRiAmMsZfSAHw0bpInnfOT2ACFPELNpeK5iL83EvCNmfleOukDPZpFLxP/83oxja7dRAZRTBiI7BBJhfkhI7RMK0A+lBqJIEuOXAZcgAYi1JKDEKkYp51U0j6cxe+XSfu87lzU7bvLWqNRNFNmR+yYnTKHXbEGu2VN1mKCjdgTe2Yv1tR6td6s95/RklXsHLI/sD6+AYAPkW8=</latexit>

<latexit sha1_base64="SC1w/cQ9xewX0eI7N9+VOb6nOZc=">AAACA3icbVA9TwJBFNzDL8QPTi1tNhITbMidQaUksdASIwckQMje8sANu3eX3Xcm5ELpr7DVys7Y+kMs/C8eJ4WiU01m3subN34khUHH+bByK6tr6xv5zcLW9s5u0d7bb5kw1hw8HspQd3xmQIoAPBQooRNpYMqX0PYnl3O/fQ/aiDBo4jSCvmLjQIwEZ5hKA7vY04reeuWzk0Fy5TVnA7vkVJwM9C9xF6REFmgM7M/eMOSxggC5ZMZ0XSfCfsI0Ci5hVujFBiLGJ2wM3ZQGTIHpJ1nwGT2ODcOQRqCpkDQT4edGwpQxU+Wnk4rhnVn25uJ/XjfGUa2fiCCKEQI+P4RCQnbIcC3SRoAOhQZENk8OVASUM80QQQvKOE/FOK2okPbhLn//l7ROK+55pXpTLdVri2by5JAckTJxyQWpk2vSIB7hJCaP5Ik8Ww/Wi/VqvX2P5qzFzgH5Bev9C+vClpU=</latexit>

SU(5)GUT

Phenomenology	of	models	with	nf = 2

⊕ 1
⊕ 1

⊕ 1
⊕ 1

• 2	light	Goldstone	bosons


- one	anomalous


- one	exact	

axion

massless	scalar	up	to	UV	effects	

• Models	with	2	or	more	different	 	reps	have	an	axionGSM
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Some	open	questions

• We	found	all	the	charge	assignments	such	that	local	gauge	anomalies	cancel


- what	about	global	(non-perturbative)	anomalies?


• Are	there	more	efficient	ways	to	classify	charge	assignments	such	that	


operators	with	a	given	property	(e.g.	PQ	violating	operators)


are	forbidden	up	to	a	given	dimension?


• Do	all	the	consistent	charge	assignments	admit	an	embedding	in	string	theory?


• Observational	distinctive	signatures	from	pseudo-NGB	?


