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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 

✓̄ . 10�10

[Crewther, DiVecchia, Veneziano, Witten,1979]
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Simplest solution: massless up quark
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[Georgi, McArthur 1981; Choi, Kim, Sze 1988]

<latexit sha1_base64="Rb+dZDQlJGFuAPycaxRSaAiJLqw="></latexit>

CP violation / Im[e�i✓det(Mq)]

<latexit sha1_base64="d1vKszzaSy6eOxGaF05e2dLUPhM=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUIBGNFGRgYWok+pCaKHMdprdpOZDugKvRTWBhAiJUvYeNvcNsMUDiSpaNzztW9PmHKqNKO82WVVlbX1jfKm5Wt7Z3dPbu631VJJjHp4IQlsh8iRRgVpKOpZqSfSoJ4yEgvHDdnfu+eSEUTcacnKfE5GgoaU4y0kQK76t2acISC3JMctpvX08CuOXVnDviXuAWpgQKtwP70ogRnnAiNGVJq4Dqp9nMkNcWMTCtepkiK8BgNycBQgThRfj4/fQqPjRLBOJHmCQ3n6s+JHHGlJjw0SY70SC17M/E/b5Dp+NLPqUgzTQReLIozBnUCZz3AiEqCNZsYgrCk5laIR0girE1bFVOCu/zlv6R7WnfP6077rNa4Kuoog0NwBE6ACy5AA9yAFugADB7AE3gBr9aj9Wy9We+LaMkqZg7AL1gf338Uk4A=</latexit>

⇤QCD

massless up quark

<latexit sha1_base64="il/RxEw1yt5szejZCi825JI8f0M=">AAAB8nicbVDJSgNBEO2JW4xb1KOXxiB4CpPJ6i3oxWMEs8Akhp5OJWnSs9BdI4SQz/DiQRGvfo03/8aeJILbg4LHe1VU1fMiKTTa9oeVWlvf2NxKb2d2dvf2D7KHRy0dxopDk4cyVB2PaZAigCYKlNCJFDDfk9D2JleJ374HpUUY3OI0gp7PRoEYCs7QSG4XkN11IyV86Gdzdv6iVnHKDrXztl11ipWEONWSU6QFoyTIkRUa/ex7dxDy2IcAuWRauwU7wt6MKRRcwjzTjTVEjE/YCFxDA+aD7s0WJ8/pmVEGdBgqUwHShfp9YsZ8rae+Zzp9hmP920vE/zw3xmGtNxNBFCMEfLloGEuKIU3+pwOhgKOcGsK4EuZWysdMMY4mpcwihOWn9C/5CqHl5AvlvH1TytUvV3GkyQk5JeekQKqkTq5JgzQJJyF5IE/k2ULr0XqxXpetKWs1c0x+wHr7BM/tkZo=</latexit>

⌘0(958 MeV) plays role of axion!

Energy

<latexit sha1_base64="z/Az9sXZ/ZaqWjAg3RiyE6aH9vc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyURRTdC0Y0boYJ9QBvCZDJph85M4sxEKbGf4saFIm79Enf+jdM2C209cOFwzr3ce0+QMKq043xbhaXlldW14nppY3Nre8cu77ZUnEpMmjhmsewESBFGBWlqqhnpJJIgHjDSDoZXE7/9QKSisbjTo4R4HPUFjShG2ki+XYZZT3IYEj2u3vj3RxeOb1ecmjMFXCRuTiogR8O3v3phjFNOhMYMKdV1nUR7GZKaYkbGpV6qSILwEPVJ11CBOFFeNj19DA+NEsIolqaEhlP190SGuFIjHphOjvRAzXsT8T+vm+ro3MuoSFJNBJ4tilIGdQwnOcCQSoI1GxmCsKTmVogHSCKsTVolE4I7//IiaR3X3NOac3tSqV/mcRTBPjgAVeCCM1AH16ABmgCDR/AMXsGb9WS9WO/Wx6y1YOUze+APrM8fjvGS5A==</latexit>

det(Mq) = 0 i.e. no CP violation! (anomalous) removes 
<latexit sha1_base64="KFfdVfBo1OGN9awg3BG6hv/MMgg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHgxWMF24pNKJPtpl262YTdiVBKwR/hxYMiXv033vw3bj8O2vpg4PHeDDPzokwKQ5737RRWVtfWN4qbpa3tnd298v5B06S5ZrzBUpnq+wgNl0LxBgmS/D7THJNI8lY0uJ74rUeujUjVHQ0zHibYUyIWDMlKD0GEOqA+J+yUK17Vm8JdJv6cVGCOeqf8FXRTlidcEZNoTNv3MgpHqEkwycelIDc8QzbAHm9bqjDhJhxNLx67J1bpunGqbSlyp+rviREmxgyTyHYmSH2z6E3E/7x2TvFVOBIqy4krNlsU59Kl1J2873aF5ozk0BJkWthbXdZHjYxsSCUbgr/48jJpnlX9i6p3e16pRU+zOIpwBMdwCj5cQg1uoA4NYKDgGV7hzTHOi/PufMxaC848wkP4A+fzB9Q9kYU=</latexit>

✓̄
<latexit sha1_base64="PwJU3bq39VlN0mN56RoMan76Gpk=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrNHpEvXjExAUS2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3U791hNVmknxYMYJDWI8ECxiBBsrNf2qd9q77pUrbs2dAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXibNs5p3UXPvzyv1mzyOIhzBMVTBg0uowx00wAcCj/AMr/DmSOfFeXc+5q0FJ585hD9wPn8AJkmOMQ==</latexit>

U(1)A

<latexit sha1_base64="0oUzx4TGpG+EN/3PdchCUZkZfyk=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzAjil6EoBePEcwCmXGo6XSSJj2LvShhyC948Ve8eFDEqzdv/o2d5aCJDwoe71VRVS9MOZPKcb6t3MLi0vJKfrWwtr6xuWVv79RlogWhNZLwRDRDkJSzmNYUU5w2U0EhCjlthP3Lkd+4p0KyJL5Rg5T6EXRj1mEElJECuxQF+tzB3p2GNi5pT7BuT4EQyQOmtxnzgKc9GGJ9GNhFp+yMgeeJOyVFNEU1sL+8dkJ0RGNFOEjZcp1U+RkIxQinw4KnJU2B9KFLW4bGEFHpZ+OPhvjAKG3cSYSpWOGx+nsig0jKQRSazghUT856I/E/r6VV58zPWJxqRWMyWdTRHKsEj+LBbSYoUXxgCBDBzK2Y9EAAUSbEggnBnX15ntSPyu5J2bk+LlYupnHk0R7aRyXkolNUQVeoimqIoEf0jF7Rm/VkvVjv1sekNWdNZ3bRH1ifP418nNo=</latexit>

mu = 0 (u ! ei↵u) symmetry of u quark
<latexit sha1_base64="V9mJjP2kZe0DQEcwZqgtryRDfcY=">AAAB7XicbVDLTgIxFO3gC/GFunTTSExwM+kgo7BD3bjExEESmJBO6UCl05m0HRNC+Ac3LjTGrf/jzr+xDJj4OslNTs65N/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7LRWnklCPxDyW7QArypmgnmaa03YiKY4CTm+D0eXMv72nUrFY3OhxQv0IDwQLGcHaSC2v7Bz3znvFErLrdVR16hDZLkKV2qkh6KRSc13o2ChDCSzQ7BXfu/2YpBEVmnCsVMdBifYnWGpGOJ0WuqmiCSYjPKAdQwWOqPIn2bVTeGSUPgxjaUpomKnfJyY4UmocBaYzwnqofnsz8T+vk+qw5k+YSFJNBZkvClMOdQxnr8M+k5RoPjYEE8nMrZAMscREm4AKWQjzT+Ff8hVCq2I7ro2uq6XGxSKOPDgAh6AMHHAGGuAKNIEHCLgDD+AJPFux9Wi9WK/z1py1mNkHP2C9fQKTKo56</latexit>

U(1)A

Up quark mass is generated by QCD:

<latexit sha1_base64="83M8odpq/WIWYplYok5G6h4OaoE="></latexit>

dmu

d lnµ
= �mu +D[↵(µ)]m⇤

dm
⇤
s

perturbative correction = 0

nonperturbative correction
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Require new UV contribution to <latexit sha1_base64="wXPmwQWRpdx1GcPw6cJmJktJtXY=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWre2t6MVjRfsB7VKyabYNTXaXJCuUpT/BiwdFvPqLvPlvzLYVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80EzxkLcONYN1YMSJ9wTr+5CrzO/dMaR6Fd2YaM0+SUcgDTomx0q0cJINiCZexRbWKMuLWsGtJvV6rVOrInVsYl2CJ5qD43h9GNJEsNFQQrXsujo2XEmU4FWxW6CeaxYROyIj1LA2JZNpL56fO0IlVhiiIlK3QoLn6fSIlUuup9G2nJGasf3uZ+JfXS0xQ81IexolhIV0sChKBTISyv9GQK0aNmFpCqOL2VkTHRBFqbDoFG8LXp+h/0q6U3fMyvjkrNS6XceThCI7hFFy4gAZcQxNaQGEED/AEz45wHp0X53XRmnOWM4fwA87bJ7qVjho=</latexit>mu!

[Alexandrou et al 2002.07802]Lattice QCD: 
<latexit sha1_base64="PjZlgc+iG+/D5hB6hlF8+8573sU="></latexit>

mu(2 GeV) = 2.16+0.49
�0.26 MeV

Instanton calculation with hard cutoff

Suggests nonperturbative           NOT sufficiently large!  <latexit sha1_base64="EytjpE7XFdbKEWyqW4PJbCpCyd8=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GmamT3dFNy4r2ge0Q8mkmTY0yQxJRihDP8GNC0Xc+kXu/BszbQVfBy4czrmXe+8JYkaVdpwPK7e2vrG5ld8u7Ozu7R8UD486KkokJm0csUj2AqQIo4K0NdWM9GJJEA8Y6QbTq8zv3hOpaCTu9CwmPkdjQUOKkTbSLR8mw2LJsS8aNa/qQcd2nLpXrmXEq1e8MnSNkqEEVmgNi++DUYQTToTGDCnVd51Y+ymSmmJG5oVBokiM8BSNSd9QgThRfro4dQ7PjDKCYSRNCQ0X6veJFHGlZjwwnRzpifrtZeJ/Xj/RYcNPqYgTTQReLgoTBnUEs7/hiEqCNZsZgrCk5laIJ0girE06hUUIy0/hX/IVQsez3art3FRKzctVHHlwAk7BOXBBHTTBNWiBNsBgDB7AE3i2mPVovVivy9actZo5Bj9gvX0CxOOOHg==</latexit>mu

[Dine, Draper, Festuccia: 1410.8505]

<latexit sha1_base64="6NlkQZ7vdftI1qoKegA5Icz1Npw=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GmamT3dFNy4r2ge0Q8mkmTY0yQxJRihDP8GNC0Xc+kXu/BszbQVfBy4czrmXe+8JYkaVdpwPK7e2vrG5ld8u7Ozu7R8UD486KkokJm0csUj2AqQIo4K0NdWM9GJJEA8Y6QbTq8zv3hOpaCTu9CwmPkdjQUOKkTbSLR/iYbHk2BeNmlf1oGM7Tt0r1zLi1SteGbpGyVACK7SGxffBKMIJJ0JjhpTqu06s/RRJTTEj88IgUSRGeIrGpG+oQJwoP12cOodnRhnBMJKmhIYL9ftEirhSMx6YTo70RP32MvE/r5/osOGnVMSJJgIvF4UJgzqC2d9wRCXBms0MQVhScyvEEyQR1iadwiKE5afwL/kKoePZbtV2biql5uUqjjw4AafgHLigDprgGrRAG2AwBg/gCTxbzHq0XqzXZWvOWs0cgx+w3j4BqZuODA==</latexit>mc

Rules out massless 
up quark solution! 

<latexit sha1_base64="SQHqOudV+5Uc3qtOR9v8jNZ53QE=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4qtmitb0VvXisYD+gXUo2zbah2eyaZIWy9E948aCIV/+ON/+N2baCij4YeLw3w8w8PxZcG4w/nKXlldW19dxGfnNre2e3sLff0lGiKGvSSESq4xPNBJesabgRrBMrRkJfsLY/vsr89j1Tmkfy1kxi5oVkKHnAKTFW6rinPTWK+rhfKOIStqhUUEbcKnYtqdWq5XINuTML4yIs0OgX3nuDiCYhk4YKonXXxbHxUqIMp4JN871Es5jQMRmyrqWShEx76ezeKTq2ygAFkbIlDZqp3ydSEmo9CX3bGRIz0r+9TPzL6yYmqHopl3FimKTzRUEikIlQ9jwacMWoERNLCFXc3oroiChCjY0ob0P4+hT9T1rlkntewjdnxfrlIo4cHMIRnIALF1CHa2hAEygIeIAneHbunEfnxXmdty45i5kD+AHn7RN8a4+f</latexit>

1/⇢0
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Nonzero up quark Yukawa:
<latexit sha1_base64="zIQO/QCLwaMwrcFkx408GfyAKJM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9kPaUDbbSbt0s4m7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+W9GSfoR3QgecgZNVZ6GPfSrsRH4vbKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mB0/IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKbfkz5XyIwYW0KZ4vZWwoZUUWZsRiUbgrf48jJpnlW9i6p7d16pXedxFOEIjuEUPLiEGtxCHRrAIIJneIU3RzkvzrvzMW8tOPnMIfyB8/kDUKWQFQ==</latexit>

yu 6= 0

introduce a new (anomalous)
<latexit sha1_base64="1/wMyNTIcXCoL5EAs77Vz/9iqm4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiih6LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa55Ne980G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXti4Z31XAfLmvN2yKOMpzAKdTBg2towj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz/nyI19</latexit>

U(1) Peccei-Quinn symmetry [Peccei, Quinn 1977]

Obtain (light) QCD axion

[Weinberg 1978; Wilczek 1978]

1.

Possible ways

<latexit sha1_base64="WWueykHXoJt4+HmUXj7gJZ1Jytc=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cKthabUDbbSbt0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpDi2eyER3QmZACgUtFCihk2pgcSjhIRzdTP2HJ9BGJOoexykEMRsoEQnO0EqPfsi0j0NA1qvW3Lo7A10mXkFqpECzV/3y+wnPYlDIJTOm67kpBjnTKLiEScXPDKSMj9gAupYqFoMJ8tnFE3pilT6NEm1LIZ2pvydyFhszjkPbGTMcmkVvKv7ndTOMroJcqDRDUHy+KMokxYRO36d9oYGjHFvCuBb2VsqHTDOONqSKDcFbfHmZtM/q3kXdvTuvNa6LOMrkiByTU+KRS9Igt6RJWoQTRZ7JK3lzjPPivDsf89aSU8wckj9wPn8ApJ2Q5Q==</latexit>

✓̄ cannot be removed

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

<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

<latexit sha1_base64="P+hUX9sg/kZf89wByfU/Hjpp8+s="></latexit>

10�6 eV . ma . 10�2 eV

Axion mass:

<latexit sha1_base64="yt0X0jMSBZhgLQe0p56HwgQIJt4="></latexit>

(109 GeV . fa . 1012 GeV)
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2. Enhance effect of small instantons

How to enhance QCD coupling or reduce Yukawa suppression?

<latexit sha1_base64="NsnqyRDUjG9MGBqh1kYNm+KK09A="></latexit>

yu ⇠ ⇧f
yf
4⇡

✓
8⇡2

g2

◆6

e
� 8⇡2

g2

<latexit sha1_base64="I9yzQ2iulGQPlNO9235OZtBa2Kc=">AAAB6XicbVDJSgNBEK2JW4xb1KOXxiB4GnpiRpNb0IvHKGaBZAg9nZ6kSc9Cd48QQv7AiwdFvPpH3vwbO5MIbg8KHu9VUVXPTwRXGuMPK7eyura+kd8sbG3v7O4V9w9aKk4lZU0ai1h2fKKY4BFraq4F6ySSkdAXrO2Pr+Z++55JxePoTk8S5oVkGPGAU6KNdNub9YslbNdquOLUELZdjMvVc0PwWbnqusixcYYSLNHoF997g5imIYs0FUSproMT7U2J1JwKNiv0UsUSQsdkyLqGRiRkyptml87QiVEGKIilqUijTP0+MSWhUpPQN50h0SP125uL/3ndVAdVb8qjJNUsootFQSqQjtH8bTTgklEtJoYQKrm5FdERkYRqE04hC2HxKfpLvkJolW3HtfFNpVS/XMaRhyM4hlNw4ALqcA0NaAKFAB7gCZ6tsfVovVivi9actZw5hB+w3j4BDM6NtA==</latexit>

}

<latexit sha1_base64="dVe8Wy0Oxx9Uc/QHAuyKQyP6fuk=">AAAB9HicbVDLTgIxFO3gC/GFunTTSEzcOOkgo8OO6MYlJgImMJJOKdDQzoxth4RM+A43LjTGrR/jzr+xDJj4OslNTs65N/feE8ScKY3Qh5VbWl5ZXcuvFzY2t7Z3irt7TRUlktAGiXgkbwOsKGchbWimOb2NJcUi4LQVjC5nfmtMpWJReKMnMfUFHoSszwjWRvI7ignooLv0xPGm3WIJ2dUqqjhViGwXobJ3Zgg6LXuuCx0bZSiBBerd4nunF5FE0FATjpVqOyjWfoqlZoTTaaGTKBpjMsID2jY0xIIqP82OnsIjo/RgP5KmQg0z9ftEioVSExGYToH1UP32ZuJ/XjvRfc9PWRgnmoZkvqifcKgjOEsA9pikRPOJIZhIZm6FZIglJtrkVMhCmH8K/5KvEJpl23FtdF0p1S4WceTBATgEx8AB56AGrkAdNAAB9+ABPIFna2w9Wi/W67w1Zy1m9sEPWG+fnwqRWw==</latexit>

⇠ 10�18 Yukawa suppression

in the UV and “power-law” running

[Gupta, Khoze, Spannowsky 2012.00017]

EXAMPLES

(a) Partial compositeness in composite Higgs model

new colored fermions in the UV 
<latexit sha1_base64="d/BDBjHE7UWhGkM0zC8wNeIItzY=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ6btaN0V3bisYB/QGUomzbShSWZIMkIp/Q03LhRx68+482/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm4Wt4vbO7t5+6eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040vs79zj1VmiXyzkxSGgo8lCxmBBsrBcO+DjQTsBakrF8qIxed+9VLHyLXR169kpOK7yFUhZ6L5iiDJZr90nswSEgmqDSEY617HkpNOMXKMMLprBhkmqaYjPGQ9iyVWFAdTuc3z+CpVQYwTpQtaeBc/T4xxULriYhsp8BmpH97ufiX18tMXA+nTKaZoZIsFsUZhyaBeQBwwBQlhk8swUQxeyskI6wwMTamog3h61P4P2lXXM930W2t3LhaxlEAx+AEnAEPXIAGuAFN0AIEpOABPIFnJ3MenRfnddG64ixnjsAPOG+f5OWRmQ==</latexit>

gs ⇠ 4⇡

<latexit sha1_base64="O6NGiSv+qXmzPcuW25aS2pCrTpU=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuwqRttO6KblxWsA9oQplMJ+3QmSTMTIQQ+htuXCji1p9x5984aSuo6IELh3Pu5d57goQzpRH6sFZW19Y3Nktb5e2d3b39ysFhV8WpJLRDYh7LfoAV5SyiHc00p/1EUiwCTnvB9Lrwe/dUKhZHdzpLqC/wOGIhI1gbycuGoaeYgA0vYcNKFdno3K1fuhDZLnKatYLUXAehOnRsNEcVLNEeVt69UUxSQSNNOFZq4KBE+zmWmhFOZ2UvVTTBZIrHdGBohAVVfj6/eQZPjTKCYSxNRRrO1e8TORZKZSIwnQLrifrtFeJf3iDVYdPPWZSkmkZksShMOdQxLAKAIyYp0TwzBBPJzK2QTLDERJuYyiaEr0/h/6Rbsx3XRreNautqGUcJHIMTcAYccAFa4Aa0QQcQkIAH8ASerdR6tF6s10XrirWcOQI/YL19AuzKkZ4=</latexit>

yf ⇠ 4⇡

pions at compositeness scale ~ TeV
<latexit sha1_base64="FhcAFfUCyyvbQBfq+YcVHGHcy40=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvoacm2rtZb0YvHCrYW2qVk02kbms0uSVYopb/BiwdFvPqDvPlvzLYVVPTBwOO9GWbmhYng2hDy4eSWlldW1/LrhY3Nre2d4u5eU8epYtBgsYhVK6QaBJfQMNwIaCUKaBQKuAtHV5l/dw9K81jemnECQUQHkvc5o8ZKjQ4YetwtlohLzvzKhY+J6xOvWs5I2fcIqWDPJTOU0AL1bvG904tZGoE0TFCt2x5JTDChynAmYFropBoSykZ0AG1LJY1AB5PZsVN8ZJUe7sfKljR4pn6fmNBI63EU2s6ImqH+7WXiX147Nf1qMOEySQ1INl/UTwU2Mc4+xz2ugBkxtoQyxe2tmA2poszYfAo2hK9P8f+kWXY93yU3p6Xa5SKOPDpAh+gEeegc1dA1qqMGYoijB/SEnh3pPDovzuu8NecsZvbRDzhvn8Mujqk=</latexit>

⌘0

depends on all quark Yukawa couplings!
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[Agrawal, Howe: 1712.05803]

[Csaki, Ruhdorfer, Shirman:  1912.02197]

3.  Alternative to generate up Yukawa coupling?

Use spontaneous breaking of chiral symmetry!

<latexit sha1_base64="yqHHAGvWbfhXT4wsScxWiyVyzOw=">AAACAXicdVDLSgMxFM3UV62vUTeCm2AR6mbIdBytu6IblxWdttDWkkkzbWjmQZJRSqkbf8WNC0Xc+hfu/BvTh6CiBy4czrmXe+/xE86kQujDyMzNLywuZZdzK6tr6xvm5lZVxqkg1CMxj0Xdx5JyFlFPMcVpPREUhz6nNb9/NvZrN1RIFkdXapDQVoi7EQsYwUpLbXPn0is4B9dOU7BuT2Eh4ls4kdpmHlnoyHVOXIgsF9ml4pgUXRshB9oWmiAPZqi0zfdmJyZpSCNFOJayYaNEtYZYKEY4HeWaqaQJJn3cpQ1NIxxS2RpOPhjBfa10YBALXZGCE/X7xBCHUg5CX3eGWPXkb28s/uU1UhWUWkMWJamiEZkuClIOVQzHccAOE5QoPtAEE8H0rZD0sMBE6dByOoSvT+H/pFq0bNdCF4f58uksjizYBXugAGxwDMrgHFSABwi4Aw/gCTwb98aj8WK8TlszxmxmG/yA8fYJUeSViQ==</latexit>

SU(3)3 ! SU(3)(b) Product group 

 (anomalous) U(1)                        at each site

large gauge couplings at each site

But only  <latexit sha1_base64="fylkNbCyx6rZ7sxIBW6CNGJbe6I=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwFSa10XZXdOOygn1AG8JkOmmHTh7MTIQY+iVuXCji1k9x5984TSv4OnDhcM693HuPn3AmFUIfxsrq2vrGZmmrvL2zu1cx9w+6Mk4FoR0S81j0fSwpZxHtKKY47SeC4tDntOdPr+Z+744KyeLoVmUJdUM8jljACFZa8sxK5vlwmIg4UTHMPOWZVWQ1m6huNyGyHIRqjXNN0Fmt4TjQtlCBKlii7Znvw1FM0pBGinAs5cBGiXJzLBQjnM7Kw1TSBJMpHtOBphEOqXTz4vAZPNHKCAax0BUpWKjfJ3IcSpmFvu4MsZrI395c/M8bpCpouDmLklTRiCwWBSmH+sl5CnDEBCWKZ5pgIpi+FZIJFpgonVW5CGHxKfxLvkLo1izbsdBNvdq6XMZRAkfgGJwCG1yAFrgGbdABBKTgATyBZ+PeeDRejNdF64qxnDkEP2C8fQIEFpNU</latexit>yb / yt is viable!

Gauge flavor symmetry(c) [Cordova, Hong, Koren:  2402.12453]

Use small instantons to generate down-type quark mass

This talk

Gherghetta-MasslessUpSolution  - 9 December 2024



8

Embed QCD into grand-color group 

<latexit sha1_base64="SLgv5NORR1jUvar+mI8VqJzmAEY="></latexit>

e.g. GGC = SU(N + 3) ! SU(N)⇥ SU(3)

<latexit sha1_base64="f95wfqCK7E7OZvcgPlVhLtWX+4w="></latexit>

 U (⇤) !  U (⇤, 1), U(1,⇤)

<latexit sha1_base64="VS4mspaon2fVdVaTnyZLO704xCI="></latexit>

L � g2GC

M2
GC

 †
U 

†
Ū
UŪ + h.c.

<latexit sha1_base64="pw0dURAtmISzGjKAu+imV6WjHH0="></latexit>

mU ⇠ ⇤3
c0

M2
GC

[Bedi, TG, Harigaya, 2408.11246]

Does not depend on 
other quark masses!

“quarks”“grand-color 
quark partners”

<latexit sha1_base64="V/viSjM5/5K8B5Qnjyv8w796eUk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFqp3Wsa0fdJv1pz6+4cZJV4BalBgWa/+tUbJCyLuUImqTFdz00xyKlGwSSfVnqZ4SllYzrkXUsVjbkJ8vm5U3JmlQGJEm1LIZmrvydyGhsziUPbGVMcmWVvJv7ndTOMboJcqDRDrthiUZRJggmZ/U4GQnOGcmIJZVrYWwkbUU0Z2oQqNgRv+eVV0rqoe1d19+Gy1rgt4ijDCZzCOXhwDQ24hyb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD6qfjyA=</latexit>

 U has a chiral symmetry

<latexit sha1_base64="yPsKoFB+L5/llGDvEUAPk232pQ4="></latexit>

h U Ū i ⇠ �⇤3
c0

<latexit sha1_base64="fumyG8WbCQIm97m1rGRV+sj6e68=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDg440m6p7Ff8GcgyCXJShhy1bumr09MsS7hCJqm17cBPMRxTg4JJPil2MstTyoa0z9uOKppwG45n107IqVN6JNbGlUIyU39PjGli7SiJXGdCcWAXvan4n9fOML4Ox0KlGXLF5oviTBLUZPo66QnDGcqRI5QZ4W4lbEANZegCKroQgsWXl0njvBJcVvz7i3L1Jo+jAMdwAmcQwBVU4Q5qUAcGj/AMr/Dmae/Fe/c+5q0rXj5zBH/gff4ApUmPLA==</latexit>

✓removes      term 

Below             symmetry breaking scale:
<latexit sha1_base64="MIwZgTX8bptPbxuI8zDrsXSXvWk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY/FHvQiVLAf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2MK5nfvuJKs0i+WAmMfUFHkoWMoKNlR7v+mlPCXRTn/bLFbfqzoCWiZeTCuRo9MtfvUFEEkGlIRxr3fXc2PgpVoYRTqelXqJpjMkYD2nXUokF1X46u3iKTqwyQGGkbEmDZurviRQLrScisJ0Cm5Fe9DLxP6+bmPDKT5mME0MlmS8KE45MhLL30YApSgyfWIKJYvZWREZYYWJsSCUbgrf48jJpnVW9i6p7f16pXedxFOEIjuEUPLiEGtxCA5pAQMIzvMKbo50X5935mLcWnHzmEP7A+fwB6kaQaw==</latexit>

MGC

SU(N) confinement:

(massless)

[Chiral symmetry assumed to accidentally arise from exact discrete symmetry]

[e.g. technicolor: Dimopoulos, Susskind 1979]

Toy model Generate up-quark mass via spontaneous symmetry breaking

<latexit sha1_base64="3/u+6GjhObgE0GIHixV1vZsTcFs=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjKto3VX7EI3QgX7wHYomTTThmYyQ5IRytC/cONCEbf+jTv/xkxbQUUPXDiccy/33uPHnCmN0IeVW1peWV3Lrxc2Nre2d4q7ey0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++N65rfvqVQsErd6ElMvxEPBAkawNtLddT/tyRBe1qf9YgnZ6NStnLsQ2S5yquWMlF0HoQp0bDRDCSzQ6Bffe4OIJCEVmnCsVNdBsfZSLDUjnE4LvUTRGJMxHtKuoQKHVHnp7OIpPDLKAAaRNCU0nKnfJ1IcKjUJfdMZYj1Sv71M/MvrJjqoeikTcaKpIPNFQcKhjmD2PhwwSYnmE0MwkczcCskIS0y0CalgQvj6FP5PWmXbcW10c1KqXSziyIMDcAiOgQPOQA1cgQZoAgIEeABP4NlS1qP1Yr3OW3PWYmYf/ID19glBs5Cn</latexit>

MGC

Gherghetta-MasslessUpSolution  - 9 December 2024
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Standard Model embedding  

Two-step breaking required to 
stabilise the vacuum

Embed SM quarks into 
<latexit sha1_base64="I3iQDbpYM8g7vqpch4lVXJLpvas=">AAACAXicdVDLSgMxFM34rPVVdSO4CRaxRSiZqrXdFd24kopOW2mHIZNm2tDMgyQjlKFu/BU3LhRx61+4829MH4KKHrhwOOde7r3HjTiTCqEPY2Z2bn5hMbWUXl5ZXVvPbGzWZRgLQi0S8lA0XSwpZwG1FFOcNiNBse9y2nD7ZyO/cUuFZGFwrQYRtX3cDZjHCFZacjLbV1aueHFwmG8r5lMJrZyZd5Kb/aGTyaIC0iiV4IiYZWRqUqmUi8UKNMcWQlkwRc3JvLc7IYl9GijCsZQtE0XKTrBQjHA6TLdjSSNM+rhLW5oGWK+zk/EHQ7inlQ70QqErUHCsfp9IsC/lwHd1p49VT/72RuJfXitWXtlOWBDFigZkssiLOVQhHMUBO0xQovhAE0wE07dC0sMCE6VDS+sQvj6F/5N6sWAeF9DlUbZ6Oo0jBXbALsgBE5yAKjgHNWABAu7AA3gCz8a98Wi8GK+T1hljOrMFfsB4+wR0cJT/</latexit>

SU(2N + 3)⇥ U(1)Y 0

[Valenti,Vecchi, Xu, 2206.04077]

massless RH up quark removes

<latexit sha1_base64="szVlMNS9TRsiMAYFWS+Ml3yQIaY=">AAACP3icbVBLSwMxGMz6rPVV9eglWAQPUnZF0WPRi8cK9gHdsmSzX9vQbHabZIWy7D/z4l/w5tWLB0W8ejN9KH04EJjMzEfyjR9zprRtv1hLyyura+u5jfzm1vbObmFvv6aiRFKo0ohHsuETBZwJqGqmOTRiCST0OdT93s3Qrz+AVCwS93oQQyskHcHajBJtJK9QczkRHQ7YjRXz0r6XZH80yFw5Mk/xbMr1icRBNn1LfrOugD62vULRLtkj4EXiTEgRTVDxCs9uENEkBKEpJ0o1HTvWrZRIzSiHLO8mCmJCe6QDTUMFCUG10tH+GT42SoDbkTRHaDxSpydSEio1CH2TDInuqnlvKP7nNRPdvmqlTMSJBkHHD7UTjnWEh2XigEmgmg8MIVQy81dMu0QSqk3leVOCM7/yIqmdlZyLkn13XixfT+rIoUN0hE6Qgy5RGd2iCqoiih7RK3pHH9aT9WZ9Wl/j6JI1mTlAM7C+fwAjArC/</latexit>

h qu qdi, h d̄ ūi 6= 0 Electroweak symmetricSp(2N) confinement:

Spontaneously breaks          chiral symmetry, 
<latexit sha1_base64="cFYZXje+mlgLN0ONEgSlJDu/2xA=">AAAB9HicdVBNSwMxEJ31s9avqkcvwSJ4Ktmitb0VvXisYD+gu5Rsmrah2eyaZAtl6e/w4kERr/4Yb/4bs20FFX0w8Hhvhpl5QSy4Nhh/OCura+sbm7mt/PbO7t5+4eCwpaNEUdakkYhUJyCaCS5Z03AjWCdWjISBYO1gfJ357QlTmkfyzkxj5odkKPmAU2Ks5Hux5r3UC4hCyaxXKOIStqhUUEbcKnYtqdWq5XINuXML4yIs0egV3r1+RJOQSUMF0brr4tj4KVGGU8FmeS/RLCZ0TIasa6kkIdN+Oj96hk6t0keDSNmSBs3V7xMpCbWehoHtDIkZ6d9eJv7ldRMzqPopl3FimKSLRYNEIBOhLAHU54pRI6aWEKq4vRXREVGEGptT3obw9Sn6n7TKJfeihG/Pi/WrZRw5OIYTOAMXLqEON9CAJlC4hwd4gmdn4jw6L87ronXFWc4cwQ84b58wE5Ji</latexit>

 ū generates       Yukawa coupling!<latexit sha1_base64="DdQ3qDDHwrFTz8BiQwDZm2QSzSo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBU8kWre2t6MVjRfsB7VKyabYNzWaXJCsspT/BiwdFvPqLvPlvzLYVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5CrzO/dMaR7JO5PGzAvJSPKAU2KsdJsOkkGxhMvYolpFGXFr2LWkXq9VKnXkzi2MS7BEc1B87w8jmoRMGiqI1j0Xx8abEmU4FWxW6CeaxYROyIj1LJUkZNqbzk+doROrDFEQKVvSoLn6fWJKQq3T0LedITFj/dvLxL+8XmKCmjflMk4Mk3SxKEgEMhHK/kZDrhg1IrWEUMXtrYiOiSLU2HQKNoSvT9H/pF0pu+dlfHNWalwu48jDERzDKbhwAQ24hia0gMIIHuAJnh3hPDovzuuiNecsZw7hB5y3T8zdjiY=</latexit>yu

Effective Lagrangian:

How to induce nonzero                       ?
<latexit sha1_base64="9nNy9CiYB/BuqCbc75FeRCcKqTc="></latexit>

h q ūi, h q d̄i

[TG, Nagata, Shifman 1604.01127]

<latexit sha1_base64="emV8dpixiZ25IFs8RiQI7nBavY4=">AAAB8XicbVDJSgNBEO2JW4xb1KOXxiB4CjOT1VvQi8cIZsFMCD2dnqRJT8/QXSOEkL/w4kERr/6NN//GniSC24OCx3tVVNXzY8E12PaHlVlb39jcym7ndnb39g/yh0dtHSWKshaNRKS6PtFMcMlawEGwbqwYCX3BOv7kKvU790xpHslbmMasH5KR5AGnBIx05/lEeTBmQAb5gl28qFfdiovtom3X3FI1JW6t7JawY5QUBbRCc5B/94YRTUImgQqidc+xY+jPiAJOBZvnvESzmNAJGbGeoZKETPdni4vn+MwoQxxEypQEvFC/T8xIqPU09E1nSGCsf3up+J/XSyCo92dcxgkwSZeLgkRgiHD6Ph5yxSiIqSGEKm5uxXRMFKFgQsotQlh+iv+SrxDabtGpFO2bcqFxuYoji07QKTpHDqqhBrpGTdRCFEn0gJ7Qs6WtR+vFel22ZqzVzDH6AevtEwY/kSY=</latexit>

✓̄

Gherghetta-MasslessUpSolution  - 9 December 2024
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Global flavor symmetry:
<latexit sha1_base64="vNFRyMZwAuWoHnAHlPbQmSOBP6k=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1GD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5Bojd0=</latexit>

SU(4)

Sp(2N) confinement:
<latexit sha1_base64="7jMyfjqxfK8JU3neZtRe7SOGC/Q=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEI9VISqeix6MVjpfYD2lA22027dLMJuxulxB78K148KOLVv+HNf+O2zUFbHww83pthZp4fc6a043xbS8srq2vruY385tb2zq69t99QUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8nvjNeyoVi8SdHsXUC3FfsIARrI3UtQ9r9WL5tCNZf6CxlNEDqsVG6NoFp+RMgRaJm5ECZKh27a9OLyJJSIUmHCvVdp1YeymWmhFOx/lOomiMyRD3adtQgUOqvHR6/xidGKWHgkiaEhpN1d8TKQ6VGoW+6QyxHqh5byL+57UTHVx6KRNxoqkgs0VBwpGO0CQM1GOSEs1HhmAimbkVkQGWmGgTWd6E4M6/vEgaZyX3vOTclguVqyyOHBzBMRTBhQuowA1UoQ4EHuEZXuHNerJerHfrY9a6ZGUzB/AH1ucP9EmUxQ==</latexit>

SU(4) ! Sp(4) 5 = 1+ 4  Nambu-Goldstone bosons
SU(2) Higgs-like doublet

<latexit sha1_base64="pINAiMfRQq/82TuYCh+ugdt3nss=">AAAB7HicbVDLSsNAFJ34rPVVdelmsAiuwqQ22u6KbrqsYNpCG8tkOmmHTiZhZiKU0G9w40IRt36QO//GaVrB14ELh3Pu5d57goQzpRH6sFZW19Y3Ngtbxe2d3b390sFhW8WpJNQjMY9lN8CKciaop5nmtJtIiqOA004wuZ77nXsqFYvFrZ4m1I/wSLCQEayN5PVb7K45KJWRXa+jqlOHyHYRqtQuDEHnlZrrQsdGOcpgidag9N4fxiSNqNCEY6V6Dkq0n2GpGeF0VuyniiaYTPCI9gwVOKLKz/JjZ/DUKEMYxtKU0DBXv09kOFJqGgWmM8J6rH57c/E/r5fqsOZnTCSppoIsFoUphzqG88/hkElKNJ8agolk5lZIxlhiok0+xTyExafwL/kKoV2xHddGN9Vy42oZRwEcgxNwBhxwCRqgCVrAAwQw8ACewLMlrEfrxXpdtK5Yy5kj8APW2yfVUY60</latexit>

⇧H

Quark bilinears : where 
<latexit sha1_base64="3U0Xpm0FOss7Y0oYjF7eogCMhiM="></latexit>

1p
2
⇧h ⌘ Re ⇧H

0

Effective Lagrangian:
linear mixing

<latexit sha1_base64="SSlVz98HcU2Krgo3xhVyHlTGgTM=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASL4KpkitZ2IRTduKxgL9AZSibNtKGZzJBkCnUovoobF4q49T3c+TZm2goqeiDw8f/ncE5+P+ZMaYQ+rNzS8srqWn69sLG5tb1j7+61VJRIQpsk4pHs+FhRzgRtaqY57cSS4tDntO2PrjK/PaZSsUjc6klMvRAPBAsYwdpIPfvA5VgMOIVD6Mo5XYx7dhGVkKlKBWbgVJFjoFarlss16MwshIpgUY2e/e72I5KEVGjCsVJdB8XaS7HUjHA6LbiJojEmIzygXYMCh1R56ez6KTw2Sh8GkTRPaDhTv0+kOFRqEvqmM8R6qH57mfiX1010UPVSJuJEU0Hmi4KEQx3BLArYZ5ISzScGMJHM3ArJEEtMtAmsYEL4+in8H1rlknNWQjenxfrlIo48OARH4AQ44BzUwTVogCYg4A48gCfwbN1bj9aL9TpvzVmLmX3wo6y3T9C9lNM=</latexit>

hhi = v induces nonzero VEV

<latexit sha1_base64="I4KT0rrs/eMpJ/RyUFva1g6uudU="></latexit>

yu ' N

4

g2GC

g22

⇤2
Sp

M2
GC

yd [Bedi, TG, Harigaya, 2408.11246]

Obtain:

<latexit sha1_base64="ArcElMuIEt2pZn2aShOpOHyseck="></latexit>

⇤̂3
Sp ⌘ N

16⇡2
⇤3
Sp

generates effective up-quark 
Yukawa coupling

Obtain:
<latexit sha1_base64="g/wYp5Nn7alB8mgLPasspfpBdn0="></latexit>

m2
⇧H

' g22
16⇡2

⇤2
Sp

Gherghetta-MasslessUpSolution  - 9 December 2024
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Generation of up-quark Yukawa coupling: (SM — one generation)
[Bedi, TG, Harigaya, 2408.11246]

Large N required

Gherghetta-MasslessUpSolution  - 9 December 2024
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To reduce N, add vector-like quarks:
<latexit sha1_base64="B5O6ksBlVg1aWCnNfouSTRPqTl4=">AAACD3icdVDLSgMxFM34rPU16tJNsCgVpGSK1nZX6sZlBactdIaSSdM2NPMgyYhl6B+48VfcuFDErVt3/o2ZaQUVPRBycs693NzjRZxJhdCHsbC4tLyymlvLr29sbm2bO7stGcaCUJuEPBQdD0vKWUBtxRSnnUhQ7Huctr3xReq3b6iQLAyu1SSiro+HARswgpWWeuaR05SsZxedRnh7fAKzV+J4WEB7WszuzOmZBVRCGpUKTIlVRZYmtVq1XK5BK7MQKoA5mj3z3emHJPZpoAjHUnYtFCk3wUIxwuk078SSRpiM8ZB2NQ2wT6WbZPtM4aFW+nAQCn0CBTP1e0eCfSknvqcrfaxG8reXin953VgNqm7CgihWNCCzQYOYQxXCNBzYZ4ISxSeaYCKY/iskIywwUTrCvA7ha1P4P2mVS9ZZCV2dFuqNeRw5sA8OQBFY4BzUwSVoAhsQcAcewBN4Nu6NR+PFeJ2VLhjznj3wA8bbJ66tmzI=</latexit>

 U (⇤), Ū (⇤̄)

X
<latexit sha1_base64="Pdl67D6Q8njXmskc0deIAhtljho=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZManQg1ybqlsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwWfHvL8rVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDMYKO4A==</latexit>

ū
<latexit sha1_base64="ujmj4vOGmdmIT8uetvkPYtawjE0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cWTFtoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVZq+L1yxa26c5BV4uWkAjnqvfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmh07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TfpcITNibAllittbCRtSRZmx2ZRsCN7yy6ukeVH1rqpu47JSu83jKMIJnMI5eHANNbiHOvjAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHsn+M3Q==</latexit>

U

<latexit sha1_base64="SKzCVfI8Kc37oRuJrpeYPo/j73k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix66bEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrd3kcBTiFM7gAD26gCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBnsuM0A==</latexit>

H

<latexit sha1_base64="lNpVo8UFt7FFDCUHLIHVTUfKtA0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3O+M+Q==</latexit>q

<latexit sha1_base64="6cSBHM3t2t6rYjbZOzd2QYySAYo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCmwSSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1klN0cvDbNKrVP2aPwNaJkFBqlCg0at8dfuKZIJKSzg2phP4qY1yrC0jnE7K3czQFJMRHtCOoxILaqJ8du0EnTqljxKlXUmLZurviRwLY8Yidp0C26FZ9Kbif14ns8l1lDOZZpZKMl+UZBxZhaavoz7TlFg+dgQTzdytiAyxxsS6gMouhGDx5WXSPK8FlzX//qJavyniKMExnMAZBHAFdbiDBoRA4BGe4RXePOW9eO/ex7x1xStmjuAPvM8fz9SPSA==</latexit>mUu
<latexit sha1_base64="GQuolMnDZBAAra7h/UT1g4T/kCI=">AAAB8HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrFj0WvXis4LaVdinZbLYNTbJLkhXK0l/hxYMiXv053vw3pu0etHUgMMzMI+9NmHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU1kmmCPVJwhPVDbGmnEnqG2Y47aaKYhFy2gnHtzO/80SVZol8MJOUBgIPJYsZwcZKj31uoxEe+INqza27c6BV4hWkBgVag+pXP0pIJqg0hGOte56bmiDHyjDC6bTSzzRNMRnjIe1ZKrGgOsjnC0/RmVUiFCfKPmnQXP09kWOh9USENimwGellbyb+5/UyE18HOZNpZqgki4/ijCOToNn1KGKKEsMnlmCimN0VkRFWmBjbUcWW4C2fvEraF3WvUXfvL2vNm6KOMpzAKZyDB1fQhDtogQ8EBDzDK7w5ynlx3p2PRbTkFDPH8AfO5w+esZBJ</latexit>

�U

has chiral symmetry
<latexit sha1_base64="xhwsLJL0NVn5F/imHBFIwaXIxtY=">AAAB9HicbVDLSgMxFM3UV62vqks3wSK4GtLp013RjcsK1hY6Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtBV8HbhwOOde7r3HjzlTGqEPK7e2vrG5ld8u7Ozu7R8UD4/uVJRIQjsk4pHs+VhRzgTtaKY57cWS4tDntOtPrjK/O6VSsUjc6llMvRCPBAsYwdpInttWbJC6PpYwmQ+KJWRfNOtOzYHIRqjhVOoZcRpVpwLLRslQAiu0B8V3dxiRJKRCE46V6pdRrL0US80Ip/OCmygaYzLBI9o3VOCQKi9dHD2HZ0YZwiCSpoSGC/X7RIpDpWahbzpDrMfqt5eJ/3n9RAdNL2UiTjQVZLkoSDjUEcwSgEMmKdF8ZggmkplbIRljiYk2ORUWISw/hX/JVwh3jl2u2eimWmpdruLIgxNwCs5BGTRAC1yDNugAAu7BA3gCz9bUerRerNdla85azRyDH7DePgEIgZJG</latexit>

 ū

Sp(2N) confinement:

<latexit sha1_base64="nMT8iASNG2k7DOFPzcf9jhNtaqU=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8lUQUPUnRi8cKpi20IWy2m3bp7ibsh1DS/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvzhhV2vO+nZXVtfWNzdJWeXtnd2+/cnDYVKmRmAQ4Zalsx0gRRgUJNNWMtDNJEI8ZacXDu6nfeiJS0VQ86lFGQo76giYUI22lLo+CmzGP8sBMxlGl6tW8Gdxl4hekCgUaUeWr20ux4URozJBSHd/LdJgjqSlmZFLuGkUyhIeoTzqWCsSJCvPZzRP31Co9N0mlLaHdmfp7IkdcqRGPbSdHeqAWvan4n9cxOrkOcyoyo4nA80WJYa5O3WkAbo9KgjUbWYKwpPZWFw+QRFjbmMo2BH/x5WXSPK/5lzXv4aJavy3iKMExnMAZ+HAFdbiHBgSAIYNneIU3xzgvzrvzMW9dcYqZI/gD5/MHTPGR2w==</latexit>

mU > |mUu|
<latexit sha1_base64="+sjrmu30TX6bL4F+DlKr5EJOPsE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdursJuxshhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL4g508Z1v53S2vrG5lZ5u7Kzu7d/UD086ugoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTO9yv/tElWaRfDRpTH2Bx5KFjGCTS+kwuRlWa27dnQOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfEzrAwjnM4qg0TTGJMpHtO+pRILqv1sfusMnVllhMJI2ZIGzdXfExkWWqcisJ0Cm4le9nLxP6+fmPDaz5iME0MlWSwKE45MhPLH0YgpSgxPLcFEMXsrIhOsMDE2nooNwVt+eZV0Lupeo+4+XNaat0UcZTiBUzgHD66gCffQgjYQmMAzvMKbI5wX5935WLSWnGLmGP7A+fwB+EGOMA==</latexit>yu =

<latexit sha1_base64="vl5PiClaJGm1Eq6n1JCu7LVQyMQ="></latexit>

+
N

4

g2GC

g22

⇤2
Sp

M2
GC

yd sin�
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Generation of up-quark Yukawa coupling: (SM — one generation)
[Bedi, TG, Harigaya, 2408.11246]

<latexit sha1_base64="V+8svGvtX01bByTT4O76DV/maFY=">AAACB3icbVDNSsNAGNz4W+tf1KMgi0XwICERRS9C0YvHCk1baELYbDbt0t0k7G6EEurJi6/ixYMiXn0Fb76N2zYHbR1YGGa+4dtvwoxRqWz721hYXFpeWa2sVdc3Nre2zZ3dlkxzgYmLU5aKTogkYTQhrqKKkU4mCOIhI+1wcDP22/dESJomTTXMiM9RL6ExxUhpKTAPeOBeOQ+FJzhsktboBHpMpyOkZdtyArNmW/YEcJ44JamBEo3A/PKiFOecJAozJGXXsTPlF0goihkZVb1ckgzhAeqRrqYJ4kT6xeSOETzSSgTjVOiXKDhRfycKxKUc8lBPcqT6ctYbi/953VzFl35BkyxXJMHTRXHOoErhuBQYUUGwYkNNEBZU/xXiPhIIK11dVZfgzJ48T1qnlnNu2Xdntfp1WUcF7INDcAwccAHq4BY0gAsweATP4BW8GU/Gi/FufExHF4wyswf+wPj8AZFgl9M=</latexit>

mU = 1 TeV,�U = 0.1
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Generalization to two and three generations
Minimal two-generation model not phenomenologically viable add vector like quarks

<latexit sha1_base64="YoWa08j7ku2odf7WNuF385y9jfo=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5CkT3dFNy4rWFtoQphMp+3QyYN5CDX0S9y4UMStn+LOv3HSVvB14MLhnHu5954wZVRI2/4wCmvrG5tbxe3Szu7eftk8OLwVieKYdHHCEt4PkSCMxqQrqWSkn3KCopCRXji9zP3eHeGCJvGNnKXEj9A4piOKkdRSYJa9jqBB5oWIQxU488Cs2NZ5q+HWXWhbtt10q42cuM2aW4WOVnJUwAqdwHz3hglWEYklZkiIgWOn0s8QlxQzMi95SpAU4Skak4GmMYqI8LPF4XN4qpUhHCVcVyzhQv0+kaFIiFkU6s4IyYn47eXif95AyVHLz2icKklivFw0UgzKBOYpwCHlBEs20wRhTvWtEE8QR1jqrEqLEJafwr/kK4Rb13Lqln1dq7QvVnEUwTE4AWfAAU3QBlegA7oAAwUewBN4Nu6NR+PFeF22FozVzBH4AePtE65+kxs=</latexit>

 ū1
has chiral symmetry

<latexit sha1_base64="B9aEzruV0EtCdtMg0cDyfYDIYNI="></latexit>

 ū2 , d̄1,2
have nonzero Yukawa couplings

[Bedi, TG, Harigaya, 2408.11246]
Generation of up-quark Yukawa coupling: (SM — two generations)

<latexit sha1_base64="I8JYVtQ6XmgX0kIHVD53jhs2z3g=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVUmnTxdC0Y0LhYq2FtqhZDJpG5p5kGSEMnTjxl9x40IRt/6DO//GTFvF14HA4Zx7uLnHCTmTCqF3IzU3v7C4lF7OrKyurW+Ym1tNGUSC0AYJeCBaDpaUM582FFOctkJBsedweu0MTxL/+oYKyQL/So1Canu477MeI1hpqWvunnfjjvDgZTiGR50zHXTxl9I1syh3WC1bJQuiHEIVq1BOiFUpWgWY10qCLJih3jXfOm5AIo/6inAsZTuPQmXHWChGOB1nOpGkISZD3KdtTX3sUWnHkyvGcF8rLuwFQj9fwYn6PRFjT8qR5+hJD6uB/O0l4n9eO1K9qh0zP4wU9cl0US/iUAUwqQS6TFCi+EgTTATTf4VkgAUmSheXmZQwvRT+JZ8lNK1cvpRDF8Vs7XhWRxrsgD1wAPKgAmrgFNRBAxBwC+7BI3gy7owH49l4mY6mjFlmG/yA8foB7eeYOQ==</latexit>

MSp = ⇤Sp

<latexit sha1_base64="B0PAeJ5ec1DZlkagVQSf9Amif+E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJU0fboQil3oRqhobaENYTKdtkMnD2YmQolZ+CtuXCji1t9w5984aSP4OnDhcM693HuPEzAqpGF8aJmFxaXllexqbm19Y3NL3965EX7IMWljn/m86yBBGPVIW1LJSDfgBLkOIx1n0kz8zi3hgvretZwGxHLRyKNDipFUkq3vXdhRn7vwKojhScrPmrGt543Ccb1qVkxoFAyjZpaqCTFrZbMEi0pJkAcpWrb+3h/4OHSJJzFDQvSKRiCtCHFJMSNxrh8KEiA8QSPSU9RDLhFWNLs/hodKGcChz1V5Es7U7xMRcoWYuo7qdJEci99eIv7n9UI5rFsR9YJQEg/PFw1DBqUPkzDggHKCJZsqgjCn6laIx4gjLFVkuVkI80/hX/IVwo1ZKFYKxmU53zhN48iCfXAAjkAR1EADnIMWaAMM7sADeALP2r32qL1or/PWjJbO7IIf0N4+AQF1lXQ=</latexit>

MSp = MGC
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What about three generations?
Large top quark Yukawa coupling generates large Higgs-pion mixing:

SU(2) doublet pion

<latexit sha1_base64="cQcLF4EdB0wk7sBloo9c4LMl52k=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5IURTdC0Y0boYJ9QBPLZDJph85MwsxEKCFu/BU3LhRx61+482+ctllo64ELh3Pu5d57goRRpR3n21pYXFpeWS2tldc3Nre27Z3dlopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Grstx+IVDQWd3qUEJ+jvqARxUgbqWfvZ57kMCQ6h5mHEYM3+X3tAjqwZ1ecqjMBnCduQSqgQKNnf3lhjFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTT7I4ZFRQhjF0pTQcKL+nsgQV2rEA9PJkR6oWW8s/ud1Ux2d+xkVSaqJwNNFUcqgjuE4DhhSSbBmI0MQltTcCvEASYS1Ca1sQnBnX54nrVrVPa06tyeV+mURRwkcgENwDFxwBurgGjRAE2DwCJ7BK3iznqwX6936mLYuWMXMHvgD6/MHT8yVfQ==</latexit>

detM2 = 0 SM Higgs is dominantly 
<latexit sha1_base64="hFZHxnXlIgeR7TdfkMU28i9aZhE=">AAAB7HicbVDLSgMxFM3UV62vqks3wSK4GjJ9WGdXdNNlBacttGPJpJk2NJMZkoxQSr/BjQtF3PpB7vwb02kFXwcuHM65l3vvCRLOlEbow8qtrW9sbuW3Czu7e/sHxcOjtopTSahHYh7LboAV5UxQTzPNaTeRFEcBp51gcr3wO/dUKhaLWz1NqB/hkWAhI1gbyeu32F1zUCwh26k4FVSGyHZd98KtG4LKlZpbhY6NMpTACq1B8b0/jEkaUaEJx0r1HJRof4alZoTTeaGfKppgMsEj2jNU4Igqf5YdO4dnRhnCMJamhIaZ+n1ihiOlplFgOiOsx+q3txD/83qpDi/9GRNJqqkgy0VhyqGO4eJzOGSSEs2nhmAimbkVkjGWmGiTTyELYfkp/Eu+QmiXbadmo5tqqXG1iiMPTsApOAcOqIMGaIIW8AABDDyAJ/BsCevRerFel605azVzDH7AevsE3USOug==</latexit>

⇧H

top Yukawa:
<latexit sha1_base64="wOXad7VRNcv0B6cokyhW6ulVafI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdbHfrXm1t0ZyDLxClKDAs1+9as3iFkacYVMUmO6npugn1ONgkk+qfRSwxPKxnTIu5YqGnHj57NTJ+TEKgMSxtqWQjJTf0/kNDImiwLbGVEcmUVvKv7ndVMMr/xcqCRFrth8UZhKgjGZ/k0GQnOGMrOEMi3srYSNqKYMbToVG4K3+PIyeTyrexd19+681rgu4ijDERzDKXhwCQ24hSa0gMEQnuEV3hzpvDjvzse8teQUM4fwB87nD3QUjeg=</latexit>yt

Can be avoided by treating 3rd generation quarks as SU(2N+3) singlets

requires non-perturbative
<latexit sha1_base64="4MXM1cinvny5kpg06jLH98bvj7c=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjLTp7uiG5cV7QPaoWTSTBuayQxJRihDP8GNC0Xc+kXu/BszbQVfBy4czrmXe+/xY86URujDyq2tb2xu5bcLO7t7+wfFw6OOihJJaJtEPJI9HyvKmaBtzTSnvVhSHPqcdv3pVeZ376lULBJ3ehZTL8RjwQJGsDbS7WxYHhZLyL5o1NyqC5GNUN0t1zLi1ituGTpGyVACK7SGxffBKCJJSIUmHCvVd1CsvRRLzQin88IgUTTGZIrHtG+owCFVXro4dQ7PjDKCQSRNCQ0X6veJFIdKzULfdIZYT9RvLxP/8/qJDhpeykScaCrIclGQcKgjmP0NR0xSovnMEEwkM7dCMsESE23SKSxCWH4K/5KvEDqu7VRtdFMpNS9XceTBCTgF58ABddAE16AF2oCAMXgAT+DZ4taj9WK9Lltz1mrmGPyA9fYJcyON6A==</latexit>y3

Mass-squared matrix         :
<latexit sha1_base64="4O2TDW/gr6QjUZOhYBaisOQ6+kk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGRY9BL16ECOaByRp6J5NkyOzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKMrqNBKRagWomeCS1Q03grVixTAMBGsGo+up33xiSvNI3ptxzPwQB5L3OUVjpYe0Q1GQ28ljpVssuWV3BrJMvIyUIEOtW/zq9CKahEwaKlDrtufGxk9RGU4FmxQ6iWYx0hEOWNtSiSHTfjq7eEJOrNIj/UjZkobM1N8TKYZaj8PAdoZohnrRm4r/ee3E9C/9lMs4MUzS+aJ+IoiJyPR90uOKUSPGliBV3N5K6BAVUmNDKtgQvMWXl0mjUvbOy+7dWal6lcWRhyM4hlPw4AKqcAM1qAMFCc/wCm+Odl6cd+dj3ppzsplD+APn8wfe3pBj</latexit>

M2
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Extra SU(3)

3rd generation quark Lagrangian:

has chiral symmetry
<latexit sha1_base64="qUK4fJxhfhAMONp4t08K0yQ9BQo=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4GtLp013RjcsK9oHtUDKZTBuayQxJRihD/8KNC0Xc+jfu/BszbQVfBy4czrmXe+/xYs6URujDyq2tb2xu5bcLO7t7+wfFw6OuihJJaIdEPJJ9DyvKmaAdzTSn/VhSHHqc9rzpVeb37qlULBK3ehZTN8RjwQJGsDbSXTr0sIT+fFQZFUvIvmjWnZoDkY1Qw6nUM+I0qk4Flo2SoQRWaI+K70M/IklIhSYcKzUoo1i7KZaaEU7nhWGiaIzJFI/pwFCBQ6rcdHHxHJ4ZxYdBJE0JDRfq94kUh0rNQs90hlhP1G8vE//zBokOmm7KRJxoKshyUZBwqCOYvQ99JinRfGYIJpKZWyGZYImJNiEVFiEsP4V/yVcIXccu12x0Uy21Lldx5MEJOAXnoAwaoAWuQRt0AAECPIAn8Gwp69F6sV6XrTlrNXMMfsB6+wRuVZDC</latexit>

d̄3
<latexit sha1_base64="liQaFzjA1yccouCAPkq9fyAD73s=">AAAB73icdVBNSwMxEM36WetX1aOXYBE8lWzR2t6KXjxW6Be0S8mm2TY0m12TWaEs/RNePCji1b/jzX9jtq2gog8GHu/NMDPPj6UwQMiHs7K6tr6xmdvKb+/s7u0XDg7bJko04y0WyUh3fWq4FIq3QIDk3VhzGvqSd/zJdeZ37rk2IlJNmMbcC+lIiUAwClbq9mHMgQ6ag0KRlIhFpYIz4laJa0mtVi2Xa9idW4QU0RKNQeG9P4xYEnIFTFJjei6JwUupBsEkn+X7ieExZRM64j1LFQ258dL5vTN8apUhDiJtSwGeq98nUhoaMw192xlSGJvfXib+5fUSCKpeKlScAFdssShIJIYIZ8/jodCcgZxaQpkW9lbMxlRTBjaivA3h61P8P2mXS+5FidyeF+tXyzhy6BidoDPkoktURzeogVqIIYke0BN6du6cR+fFeV20rjjLmSP0A87bJ1sZkDA=</latexit>

✓Tremove       parameter!

<latexit sha1_base64="fq4iiDwYtLP17w1GEvpt70uJDag=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbSbt0swm7GyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ndLK6tr6RnmzsrW9s7tX3T941HGqGLZYLGLVCahGwSW2DDcCO4lCGgUC28H4Zuq3n1BpHssHkyXoR3QoecgZNVa6z/pBv1pz6+4MZJl4BalBgWa/+tUbxCyNUBomqNZdz02Mn1NlOBM4qfRSjQllYzrErqWSRqj9fHbqhJxYZUDCWNmShszU3xM5jbTOosB2RtSM9KI3Ff/zuqkJr/ycyyQ1KNl8UZgKYmIy/ZsMuEJmRGYJZYrbWwkbUUWZselUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOE8+K8Ox/z1pJTzBzCHzifP1jMjdY=</latexit>yb

CKM mixing: add vector-like quarks
<latexit sha1_base64="kTCSj93yOM1iW9VZTuk4IZIGXTM=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4kCGdPt2VunFZwT6wHUomzbShmcyQZIQy9C/cuFDErX/jzr8x01bwdeDC4Zx7ufceL+JMaYQ+rMza+sbmVnY7t7O7t3+QPzzqqDCWhLZJyEPZ87CinAna1kxz2oskxYHHadebXqV+955KxUJxq2cRdQM8FsxnBGsj3TUvkoGHJWzOh/kCsi/rVafiQGQjVHNK1ZQ4tbJTgkWjpCiAFVrD/PtgFJI4oEITjpXqF1Gk3QRLzQin89wgVjTCZIrHtG+owAFVbrK4eA7PjDKCfihNCQ0X6veJBAdKzQLPdAZYT9RvLxX/8/qx9utuwkQUayrIcpEfc6hDmL4PR0xSovnMEEwkM7dCMsESE21Cyi1CWH4K/5KvEDqOXazY6KZcaDRXcWTBCTgF56AIaqABrkELtAEBAjyAJ/BsKevRerFel60ZazVzDH7AevsEAVSQfA==</latexit>

B, øB

Consider:
<latexit sha1_base64="sSAWB8pSEQHgdQpNFRAvh1IiW1Q=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0CKUpFV0WXTjSio2baENYTKdtEMnkzAzEUroxl9x40IRt36GO//GaZuFth4YOPece7lzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMkoEZg4OGKR6PhIEkY5cRRVjHRiQVDoM9L2RzdTv/1IhKQRb6pxTNwQDTgNKEZKS5559OCUqndntTLsKRoSCXVdK3tNzyxaFWsGuEzsjBRBhoZnfvX6EU5CwhVmSMqubcXKTZFQFDMyKfQSSWKER2hAuppypJe56eyACTzVSh8GkdCPKzhTf0+kKJRyHPq6M0RqKBe9qfif101UcOWmlMeJIhzPFwUJgyqC0zRgnwqCFRtrgrCg+q8QD5FAWOnMCjoEe/HkZdKqVuyLinV/XqxfZ3HkwTE4ASVgg0tQB7egARyAwQQ8g1fwZjwZL8a78TFvzRnZzCH4A+PzB+VblAk=</latexit>

SU(2N + 3) ! SU(3)T
“1st, 2nd 
generation quarks”

“3rd generation 
quarks”

<latexit sha1_base64="gE2X36YT3DVHUP/CRovs13ja34E=">AAACCnicbVDLTsJAFJ3iC/FVdelmlJjAhrSo0SXRjSuDgSIJNM10mMKE6bSZmZqQhrUbf8WNC41x6xe4828coAsETzLJuefcmzv3+DGjUlnWj5FbWV1b38hvFra2d3b3zP2DlowSgYmDIxaJto8kYZQTR1HFSDsWBIU+Iw/+8GbiPzwSIWnEm2oUEzdEfU4DipHSkmceN+JS9a7cVTQkEjac0lkZzhde0zOLVsWaAi4TOyNFkKHumd/dXoSTkHCFGZKyY1uxclMkFMWMjAvdRJIY4SHqk46mHOllbjo9ZQxPtdKDQST04wpO1fmJFIVSjkJfd4ZIDeSiNxH/8zqJCq7clPI4UYTj2aIgYVBFcJIL7FFBsGIjTRAWVP8V4gESCCudXkGHYC+evExa1Yp9UbHuz4u16yyOPDgCJ6AEbHAJauAW1IEDMHgCL+ANvBvPxqvxYXzOWnNGNnMI/sD4+gUQM5f0</latexit>

Sp(2N ) ! SU(3) ! SU(3)T

<latexit sha1_base64="FRudD6wnxZq1RTyUkxldoKiuZms=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5/ejWs=</latexit>

}

<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="fFvd6DquS9f//2eGkVehWiiAyV8=">AAACA3icbVDLSgMxFM3UV62vqjvdBIvgasi0HW0XQtGNywp9QacMmTRtQzOZIckUSim48VfcuFDErT/hzr8xfQi+Dlw4Oedecu8JYs6URujDSq2srq1vpDczW9s7u3vZ/YOGihJJaJ1EPJKtACvKmaB1zTSnrVhSHAacNoPh9cxvjqhULBI1PY5pJ8R9wXqMYG0kP3vkcSz6nEKvOmB+wZOL1+XIr/nZHLLLZVR0yhDZLkL50rkhqJAvuS50bDRHDixR9bPvXjciSUiFJhwr1XZQrDsTLDUjnE4zXqJojMkQ92nbUIFDqjqT+Q1TeGqULuxF0pTQcK5+n5jgUKlxGJjOEOuB+u3NxP+8dqJ7pc6EiTjRVJDFR72EQx3BWSCwyyQlmo8NwUQysyskAywx0Sa2zDyExaXwL/kKoZG3HddGt8Vc5WoZRxocgxNwBhxwASrgBlRBHRBwBx7AE3i27q1H68V6XbSmrOXMIfgB6+0TV1qXVQ==</latexit>

! ! 3" = vT

explains CKM mixing for

Bottom quark Yukawa coupling generated by                instanton:
<latexit sha1_base64="BThJyfXRUWN3Or0s4U34OF9DJbk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9n1Az0WvXis2G0L7VKyabYNTbJLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6G7qt56o0iyWDTNOaCDwQLKIEWys1Hr0KxdnvUavVHar7gxomXg5KUOOeq/01e3HJBVUGsKx1h3PTUyQYWUY4XRS7KaaJpiM8IB2LJVYUB1ks3Mn6NQqfRTFypY0aKb+nsiw0HosQtspsBnqRW8q/ud1UhPdBBmTSWqoJPNFUcqRidH0d9RnihLDx5Zgopi9FZEhVpgYm1DRhuAtvrxMmudV76rqPlyWa7d5HAU4hhOogAfXUIN7qIMPBEbwDK/w5iTOi/PufMxbV5x85gj+wPn8AerPjqM=</latexit>

SU(3)T

<latexit sha1_base64="95ZXco2JXGgd8H2KJ+qe9227Vy8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahgpTdouhFKHrxWMF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ79VtPVGkWyQczjqkv8ECykBFsrPRYxugaeWfV016x5FbcGdAy8TJSggz1XvGr249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k9nB0/QiVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z+skJrzyUybjxFBJ5ovChCMToen3qM8UJYaPLcFEMXsrIkOsMDE2o4INwVt8eZk0qxXvouLen5dqN1kceTiCYyiDB5dQgzuoQwMICHiGV3hzlPPivDsf89ack80cwh84nz8ErI6W</latexit>

(a = 1 , 2)
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Other types of models

Introduce a mass term for grand-color breaking

1.

2.

Supersymmetry3.

Extend SU(2) electroweak group

Decouples 
<latexit sha1_base64="kBx5zpiGw27UA/uGsDXcAKho4nk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPBS48VTFtoY9lsJ+3SzSbsboQSCv4DLx4U8eoP8ua/cftx0NYHA4/3ZpiZF6aCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYY+S0Si2iHVKLhE33AjsJ0qpHEosBWObqd+6xGV5om8N+MUg5gOJI84o8ZKfrfBH+q9csWtujOQVeItSAUWaPTKX91+wrIYpWGCat3x3NQEOVWGM4GTUjfTmFI2ogPsWCppjDrIZ8dOyJlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvam4n9eJzPRTZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4lG4K3/PIqaV5Uvauqe3dZqYVP8ziKcAKncA4eXEMN6tAAHxhweIZXeHOk8+K8Ox/z1oKziPAY/sD5/AGYEI8L</latexit>

! H but preserves symmetry

Can suppress off-diagonal entry of mass-squared matrix by supersymmetry

<latexit sha1_base64="zcEc0uw/hi3evokJygA+gnfjetA=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKkiZKYouC4K4cFHpFdphyKRpG5q5kJxRylDwGdz4Km5cKOJWcOfbmHa60NYfAj/fOeGc83uR4Aos69vILC2vrK5l13Mbm1vbO+buXkOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3g5qTfvmFQ8DGowipjjk37Ae5wS0Mg1T6r1QunYTa6q4w5wnymcghruSN4fAJEyvJ+xG9fMW0VrKrxo7JnJo5kqrvnV6YY09lkAVBCl2rYVgZMQCZwKNs51YsUiQoekz9raBkQv4CTTq8b4SJMu7oVSvwDwlP7+kRBfqZHv6U6fwEDN1ybwv1o7ht6Fk/AgioEFNB3UiwWGEE8iwl0uGQUx0oZQyfWumA6IJBR0kDkdgj1/8qJplIr2WdG6Pc2XvYc0jiw6QIeogGx0jsroGlVQHVH0iJ7RK3oznowX4934SFszxizCffRHxucPAIOdWQ==</latexit>

SU(2)F S ! SU(2)T " SU(2)L

“1st, 2nd 
generation quarks”

“3rd generation 
quarks”

(2,2) entry of mass-squared matrix receives large positive mass-squared
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Corrections to the strong CP phase
Contribution of Yukawa phases to strong CP phase can be estimated using flavor invariants

where

<latexit sha1_base64="sSAWB8pSEQHgdQpNFRAvh1IiW1Q=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0CKUpFV0WXTjSio2baENYTKdtEMnkzAzEUroxl9x40IRt36GO//GaZuFth4YOPece7lzjx8zKpVlfRu5ldW19Y38ZmFre2d3z9w/aMkoEZg4OGKR6PhIEkY5cRRVjHRiQVDoM9L2RzdTv/1IhKQRb6pxTNwQDTgNKEZKS5559OCUqndntTLsKRoSCXVdK3tNzyxaFWsGuEzsjBRBhoZnfvX6EU5CwhVmSMqubcXKTZFQFDMyKfQSSWKER2hAuppypJe56eyACTzVSh8GkdCPKzhTf0+kKJRyHPq6M0RqKBe9qfif101UcOWmlMeJIhzPFwUJgyqC0zRgnwqCFRtrgrCg+q8QD5FAWOnMCjoEe/HkZdKqVuyLinV/XqxfZ3HkwTE4ASVgg0tQB7egARyAwQQ8g1fwZjwZL8a78TFvzRnZzCH4A+PzB+VblAk=</latexit>

SU(2N + 3) ! SU(3)T model

Leading order flavor invariants: 

Flavor symmetry:
<latexit sha1_base64="9UJWsCbmmvar2UG4sWEY6J6RIpg=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VoNyWpii6LblxWNG2hCWEymbRDJw9nJkIJ+Q83/oobF4q4Elz4N07bLLTtgYFzz7mXO/d4CaNCGsaPVlpZXVvfKG9WtrZ3dvf0/YOOiFOOiYVjFvOehwRhNCKWpJKRXsIJCj1Gut7oeuJ3HwkXNI7u5TghTogGEQ0oRlJJrt68s2rNuvtgSxoSAVV1Wncz20Mcpjlcovq5q1eNhjEFXCRmQaqgQNvVv2w/xmlIIokZEqJvGol0MsQlxYzkFTsVJEF4hAakr2iE1E4nm96WwxOl+DCIuXqRhFP170SGQiHGoac6QySHYt6biMu8fiqDSyejUZJKEuHZoiBlUMZwEhT0KSdYsrEiCHOq/grxEHGEpYqzokIw509eJJ1mwzxvGLdn1dZVEUcZHIFjUAMmuAAtcAPawAIYPIEX8AbetWftVfvQPmetJa2YOQT/oH3/An0znzs=</latexit>

SU(2)q ! SU(3)øu ! SU(3) ød
<latexit sha1_base64="5DaVrPWqvLr1mAmNrzoGh9S3Q34=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLNHokePGI0RUS2JBu6UJDt920XROy4Ud48aAxXv093vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHrVMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfDPz209UaSbFg5kkNIjxULCIEWys1L73q/XzfrNfrrg1dw60SrycVCBHq1/+6g0kSWMqDOFY667nJibIsDKMcDot9VJNE0zGeEi7lgocUx1k83On6MwqAxRJZUsYNFd/T2Q41noSh7Yzxmakl72Z+J/XTU10HWRMJKmhgiwWRSlHRqLZ72jAFCWGTyzBRDF7KyIjrDAxNqGSDcFbfnmVPNZr3mXNvbuoNJp5HEU4gVOoggdX0IBbaIEPBMbwDK/w5iTOi/PufCxaC04+cwx/4Hz+AM4AjpA=</latexit>

SU(2)B
<latexit sha1_base64="HlJcXj/YCT7mxVucfEw0DOnmMrY="></latexit>

(! øu 1 , ! øu 2 , ! øU )
<latexit sha1_base64="wOJ9UzoyUiv1kuoMWt+yFgLp7BY="></latexit>

(! ød1
, ! ød2

, ! U )
<latexit sha1_base64="ZjK9MaCWZJjgfvbChVALf/5EDW8=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqyJCprba7ohuXFewDOsOQSdM2NPMwyQhl6N6Nv+LGhSJu/QF3/o3pQ7DqgQuHc+7l3nv8mDOpEPo0lpZXVtfWMxvZza3tnV1zb78po0QQ2iARj0Tbx5JyFtKGYorTdiwoDnxOW/7wcuK37qiQLApv1CimboD7IesxgpWWPDNXcGLJvNTxsYC3nj0+gQtCcXzsmXlkVauoZFchssoIFStnmqDTYqVchraFpsiDOeqe+eF0I5IENFSEYyk7NoqVm2KhGOF0nHUSSWNMhrhPO5qGOKDSTae/jOGRVrqwFwldoYJT9edEigMpR4GvOwOsBvK3NxH/8zqJ6lXclIVxomhIZot6CYcqgpNgYJcJShQfaYKJYPpWSAZYYKJ0fNlpCLNP4V/yHUKzaNllC12X8rWLeRwZcAhyoABscA5q4ArUQQMQcA8ewTN4MR6MJ+PVeJu1LhnzmQOwAOP9C9ijmkw=</latexit>

(! øq1 , ! øq2 )
<latexit sha1_base64="r6L6YhwjsbRZcyuItLrmNPGe29Q=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxCBBl6kowmtxAvHiOYBZIQejo9SZOehe4eIYxz8Fe8eFDEq7/hzb+xswhuDwoe71VRVc+NOJMKoQ9jaXlldW09s5Hd3Nre2TX39psyjAWhDRLyULRdLClnAW0opjhtR4Ji3+W05Y4vp37rlgrJwuBGTSLa8/EwYB4jWGmpbx7mk66LBRz0i+kZnPNaeto3c8iqVFDJrkBkOQgVyueaoGKh7DjQttAMObBAvW++dwchiX0aKMKxlB0bRaqXYKEY4TTNdmNJI0zGeEg7mgbYp7KXzO5P4YlWBtALha5AwZn6fSLBvpQT39WdPlYj+dubiv95nVh55V7CgihWNCDzRV7MoQrhNAw4YIISxSeaYCKYvhWSERaYKB1ZdhbC/FP4l3yF0CxYtmOh61KuWlvEkQFH4BjkgQ0uQBVcgTpoAALuwAN4As/GvfFovBiv89YlYzFzAH7AePsERBiU+w==</latexit>

( ød3, øB )

All flavor invariants have imaginary contributions which are sufficiently suppressed
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Phenomenology

Pion spectrum2.

Lightest pion = spontaneous breaking of Sp fermion number dark matter candidate!

<latexit sha1_base64="Tzyakpidt7zswD8e9N9CGSXRfbI="></latexit>

m! NL !
"

yu yd

4!
! Sp ! 10! 6! Sp

<latexit sha1_base64="pFsJmCNhkypgJFwBzqql9xGerzA="></latexit>

! Sp ! 106! 7 GeV

couple to photons and gluons

<latexit sha1_base64="61ouo1I36/nrUqa2uIlUozsqdLk="></latexit>

m! NL ! 1 " 10 GeV
<latexit sha1_base64="8pGpk2yvobQ14vrMlXDUPaIRgXU="></latexit>

f !

"
N

4!
! Sp ! 106! 7 GeVwith coupling

Can be discovered by axion-like particle searches at DUNE!

Next-to-lightest pions—Two cases:
<latexit sha1_base64="tBwlB9MOH3XGpD6NoIA9gomUM2o=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9kVRS9C0YvHCm5baZeSTbNtaJJdkqxQlvonvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XaWlldW19YLG8XNre2d3dLefkPHqSLUJzGPVSvEmnImqW+Y4bSVKIpFyGkzHN5M/OYjVZrF8t6MEhoI3JcsYgQbKz1U2MmT6PpXbrdUdqvuFGiReDkpQ456t/TV6cUkFVQawrHWbc9NTJBhZRjhdFzspJommAxxn7YtlVhQHWTTg8fo2Co9FMXKljRoqv6eyLDQeiRC2ymwGeh5byL+57VTE10GGZNJaqgks0VRypGJ0eR71GOKEsNHlmCimL0VkQFWmBibUdGG4M2/vEgap1XvvOrenZVr13kcBTiEI6iABxdQg1uogw8EBDzDK7w5ynlx3p2PWeuSk88cwB84nz+YqY+e</latexit>

(i ) mU = 0

<latexit sha1_base64="WpJwsbNeYJWPlVDbGw2DgL8KQZk=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrNHokevGIiQskgKRbutDQdte2qyEb/B1ePGiMV/+LN/+NBfag4EsmeXlvJjPzgpgzbVz328ktLa+sruXXCxubW9s7xd29uo4SRahPIh6pZoA15UxS3zDDaTNWFIuA00YwvJr4jQeqNIvkrRnFtCNwX7KQEWysdFdm7PhJdP22pPfI7RZLbsWdAi0SLyMlyFDrFr/avYgkgkpDONa65bmx6aRYGUY4HRfaiaYxJkPcpy1LJRZUd9Lp1WN0ZJUeCiNlSxo0VX9PpFhoPRKB7RTYDPS8NxH/81qJCS86KZNxYqgks0VhwpGJ0CQC1GOKEsNHlmCimL0VkQFWmBgbVMGG4M2/vEjqJxXvrOLenJaql1kceTiAQyiDB+dQhWuogQ8EFDzDK7w5j86L8+58zFpzTjazD3/gfP4AT12RvA==</latexit>

(ii ) mU != 0
<latexit sha1_base64="I2TuL2nmexnsLpk+6VTwFXDevIQ="></latexit>

m! NL ! O(mU ! Sp)

<latexit sha1_base64="F3uTWcijeCtzbBwhn41WQ8E5ZkY="></latexit>

! Sp ! 106 GeV, mU ! 1 TeV
<latexit sha1_base64="VNRDjsZnshgxaCPsL15TMZY8yXw="></latexit>

m! NL ! 30 TeV

 As                       the next-to-lightest pion becomes the Sp(2N)      
<latexit sha1_base64="wX/hY5Q1KGd1dqqq4aEtLfOnlmc=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqmSK1nZXdOPCRUX7gM4wZDJpG5rMDElGKEMXbvwVNy4UcetHuPNvTB+Cih4IHM45l5t7goQzpRH6sHJLyyura/n1wsbm1vaOvbvXVnEqCW2RmMeyG2BFOYtoSzPNaTeRFIuA004wOp/6nVsqFYujGz1OqCfwIGJ9RrA2km8Xhd9yB9oEBHQvzVyI/cyVAl4nE98uoTIyqFbhlDg15BhSr9cqlTp0ZhZCJbBA07ff3TAmqaCRJhwr1XNQor0MS80Ip5OCmyqaYDLCA9ozNMKCKi+bHTGBh0YJYT+W5kUaztTvExkWSo1FYJIC66H67U3Fv7xeqvs1L2NRkmoakfmifsqhjuG0ERgySYnmY0Mwkcz8FZIhlpho01vBlPB1KfyftCtl56SMro5LjbNFHXlQBAfgCDjgFDTABWiCFiDgDjyAJ/Bs3VuP1ov1Oo/mrMXMPvgB6+0T24uYPw==</latexit>

mU ! ! Sp
<latexit sha1_base64="plYZsdWjeZfZvZepr2aTtN8agJM=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE9lWzR2t6KXjxWsB/QLiWbZtvY7GZJZoWy9D948aCIV/+PN/+N2baCij4YeLw3w8w8P5bCACEfztLyyuraem4jv7m1vbNb2NtvGZVoxptMSaU7PjVciog3QYDknVhzGvqSt/3xVea377k2QkW3MIm5F9JhJALBKFiphXsc6Em/UCQlYlGp4Iy4VeJaUqtVy+UadmcWIUW0QKNfeO8NFEtCHgGT1JiuS2LwUqpBMMmn+V5ieEzZmA5519KIhtx46ezaKT62ygAHStuKAM/U7xMpDY2ZhL7tDCmMzG8vE//yugkEVS8VUZwAj9h8UZBIDApnr+OB0JyBnFhCmRb2VsxGVFMGNqC8DeHrU/w/aZVL7nmJ3JwV65eLOHLoEB2hU+SiC1RH16iBmoihO/SAntCzo5xH58V5nbcuOYuZA/QDztsnGTCO1A==</latexit>

! !

1. Vector-like quarks
Required to obtain two-generation model can be discovered at LHC!

<latexit sha1_base64="fIkHI8eONv959B3CQGsSRBcGwVY=">AAAB/nicbVBNS8NAFHzxs9avqHjyslgETyURRY9FLx4rNG2hCWGz3bRLd5OwuxFKKPhXvHhQxKu/w5v/xm2bg7YOLAwz83hvJ8o4U9pxvq2V1bX1jc3KVnV7Z3dv3z44bKs0l4R6JOWp7EZYUc4S6mmmOe1mkmIRcdqJRndTv/NIpWJp0tLjjAYCDxIWM4K1kUL7GInQ8wfaJAQqfClQi7YnoV1z6s4MaJm4JalBiWZof/n9lOSCJppwrFTPdTIdFFhqRjidVP1c0QyTER7QnqEJFlQFxez8CTozSh/FqTQv0Wim/p4osFBqLCKTFFgP1aI3Ff/zermOb4KCJVmuaULmi+KcI52iaReozyQlmo8NwUQycysiQywx0aaxqinBXfzyMmlf1N2ruvNwWWvclnVU4ARO4RxcuIYG3EMTPCBQwDO8wpv1ZL1Y79bHPLpilTNH8AfW5w+IfpU2</latexit>

mU ! TeV

          behaves like a “heavy QCD axion”— Sp(2N) anomaly-free but obtains mass from Yukawa interactions
<latexit sha1_base64="bBzwtIbE9zV/mMFU/bK7nxvCiIg=">AAAB83icdVBNSwMxEJ31s9avqkcvwSJ4Ktmitb0VvXgQqWA/oLuUbJq2ocnukmSFsvRvePGgiFf/jDf/jdm2goo+GHi8N8PMvCAWXBuMP5yl5ZXVtfXcRn5za3tnt7C339JRoihr0khEqhMQzQQPWdNwI1gnVozIQLB2ML7M/PY9U5pH4Z2ZxMyXZBjyAafEWMnzGryXekqim+tpr1DEJWxRqaCMuFXsWlKrVcvlGnJnFsZFWKDRK7x7/YgmkoWGCqJ118Wx8VOiDKeCTfNeollM6JgMWdfSkEim/XR28xQdW6WPBpGyFRo0U79PpERqPZGB7ZTEjPRvLxP/8rqJGVT9lIdxYlhI54sGiUAmQlkAqM8Vo0ZMLCFUcXsroiOiCDU2prwN4etT9D9plUvuWQnfnhbrF4s4cnAIR3ACLpxDHa6gAU2gEMMDPMGzkziPzovzOm9dchYzB/ADztsn2x6RlA==</latexit>

! NL
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Dark matter3.
Lightest pion is massless 

Relic abundance contours for given reheat temperature
[Bedi, TG, Harigaya, 2408.11246]

horizontal or negatively sloped = misalignment dominates

positively sloped = thermal production dominates

Thermal production:

Misalignment mechanism:

Generate mass by introducing explicit, small breaking of Sp fermion number
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Summary

<latexit sha1_base64="HdZB8TpBDZhZQTMQReOuZ7XES04="></latexit>

(u, ! u , d, ! d, s, ! s, c, ! c, U, øU)
chiral symmetry prevents Yukawa coupling

<latexit sha1_base64="TY8Hf6BRenFlB/aG/QcJ4p1FywQ=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQoZRM0druSt24rGAf0A4lk2ba0ExmSDJiGforblwo4tYfceffmGkrqOiBC4dz7uXee7yIM6UR+rAya+sbm1vZ7dzO7t7+gX2Y76gwloS2SchD2fOwopwJ2tZMc9qLJMWBx2nXm16lfveOSsVCcatnEXUDPBbMZwRrIw3tfNEr6RJslmAy8LCEzfnZ0C6gMjKoVmFKnBpyDKnXa5VKHToLC6ECWKE1tN8Ho5DEARWacKxU30GRdhMsNSOcznODWNEIkyke076hAgdUucni9jk8NcoI+qE0JTRcqN8nEhwoNQs80xlgPVG/vVT8y+vH2q+5CRNRrKkgy0V+zKEOYRoEHDFJieYzQzCRzNwKyQRLTLSJK2dC+PoU/k86lbJzUUY354VGcxVHFhyDE1AEDrgEDXANWqANCLgHD+AJPFtz69F6sV6XrRlrNXMEfsB6+wRXD5K4</latexit>

(b, t, B, øB )
chiral symmetry prevents Yukawa coupling

<latexit sha1_base64="T0LLVqDc3cmvqvp8/FC6NfMyK2w=">AAACCXicbZC7SgNBFIZnvcZ4W7W0GQxCbMJuVLQM2lhJJNkkkCzL7GQ2GTJ7YeasEJa0Nr6KjYUitr6BnW/j5FKYxB8GPv5zDmfO7yeCK7CsH2NldW19YzO3ld/e2d3bNw8OGypOJWUOjUUsWz5RTPCIOcBBsFYiGQl9wZr+4HZcbz4yqXgc1WGYMDckvYgHnBLQlmfiWlIs3591gIdM4ZpTPJ9jr+6ZBatkTYSXwZ5BAc1U9czvTjemacgioIIo1batBNyMSOBUsFG+kyqWEDogPdbWGBG9zM0ml4zwqXa6OIilfhHgift3IiOhUsPQ150hgb5arI3N/2rtFIJrN+NRkgKL6HRRkAoMMR7HgrtcMgpiqIFQyfVfMe0TSSjo8PI6BHvx5GVolEv2Zcl6uChUbmZx5NAxOkFFZKMrVEF3qIocRNETekFv6N14Nl6ND+Nz2rpizGaO0JyMr1+zRZfK</latexit>

Sp(2N ) ! SU(3) ! SU(3)T

<latexit sha1_base64="SXQpJI8ACM/n+624JSZdCJOQ2L4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSLUS0n8QI/FevDYomkLaSib7aZdusmG3Y1QQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyScKW3b39bK6tr6xmZhq7i9s7u3Xzo4bCmRSkJdIriQnQAryllMXc00p51EUhwFnLaDUX3qt5+oVEzEj3qcUD/Cg5iFjGBtJO/BrVyc9bJm/W7SK5Xtqj0DWiZOTsqQo9ErfXX7gqQRjTXhWCnPsRPtZ1hqRjidFLupogkmIzygnqExjqjys9nJE3RqlD4KhTQVazRTf09kOFJqHAWmM8J6qBa9qfif56U6vPEzFieppjGZLwpTjrRA0/9Rn0lKNB8bgolk5lZEhlhiok1KRROCs/jyMmmdV52rqt28LNdu8zgKcAwnUAEHrqEG99AAFwgIeIZXeLO09WK9Wx/z1hUrnzmCP7A+fwDIjZBH</latexit>

SU(3)QCD

Sp(2N) confinement spontaneously 
breaks chiral symmetry

SU(3)_T instantons 
generate b quark mass

<latexit sha1_base64="VHaYGUUnu2Y0wcTlhefeainf3HQ=">AAAB9HicdVDLSgMxFM34rPVVdekmWIQKQ8kUre2u6MZlBfuAdiiZTKYNzWTGJFMoQ7/DjQtF3Pox7vwbM20FFT1w4XDOvdx7jxdzpjRCH9bK6tr6xmZuK7+9s7u3Xzg4bKsokYS2SMQj2fWwopwJ2tJMc9qNJcWhx2nHG19nfmdCpWKRuNPTmLohHgoWMIK1kdxSYvu2sont2fpsUCiiMjKoVmFGnBpyDKnXa5VKHTpzC6EiWKI5KLz3/YgkIRWacKxUz0GxdlMsNSOczvL9RNEYkzEe0p6hAodUuen86Bk8NYoPg0iaEhrO1e8TKQ6Vmoae6QyxHqnfXib+5fUSHdTclIk40VSQxaIg4VBHMEsA+kxSovnUEEwkM7dCMsISE21yypsQvj6F/5N2pexclNHtebFxtYwjB47BCSgBB1yCBrgBTdACBNyDB/AEnq2J9Wi9WK+L1hVrOXMEfsB6+wT0lpDv</latexit>

(u, d, s, c, b, t)

<latexit sha1_base64="FRudD6wnxZq1RTyUkxldoKiuZms=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5/ejWs=</latexit>

}

<latexit sha1_base64="tRudz7lO6OaVVefO/+QmZfOD28k=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxCi1CSVtFl0Y0rqdi0hTaEyXTSDp1MwsxEKLELf8WNC0Xc+hvu/BunbRbaemDg3HPu5d45fsyoVJb1bSwtr6yurec28ptb2zu75t5+U0aJwMTBEYtE20eSMMqJo6hipB0LgkKfkZY/vJ74rQciJI14Q41i4oaoz2lAMVJa8szDe6dYuT2tlrqKhkRCXVZLXsMzC1bZmgIuEjsjBZCh7plf3V6Ek5BwhRmSsmNbsXJTJBTFjIzz3USSGOEh6pOOphzpZW46vX8MT7TSg0Ek9OMKTtXfEykKpRyFvu4MkRrIeW8i/ud1EhVcuinlcaIIx7NFQcKgiuAkDNijgmDFRpogLKi+FeIBEggrHVleh2DPf3mRNCtl+7xs3Z0ValdZHDlwBI5BEdjgAtTADagDB2DwCJ7BK3gznowX4934mLUuGdnMAfgD4/MHjBeT3w==</latexit>

SU(2N + 3) ! SU(3)T

<latexit sha1_base64="FRudD6wnxZq1RTyUkxldoKiuZms=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVrVvb+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5/ejWs=</latexit> }
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Questions/Future Work
• Study Sp(2N) phase transition 

 — 1st order phase transition for gravitational wave signal

• Implications for grand unification?

• ……..

• Supersymmetric extension?
 — explain small mass scales e.g. electroweak, grand-color, Higgs-pion mixing

 — embedding into string theory

• Explore dark matter parameter space
 — other possible confining dynamics?

 — ways to explicitly break Sp fermion number 

• Use spin 0 or 1/2 to mediate chiral symmetry breaking
 — e.g. extra Higgses charged under chiral symmetry  

Gherghetta-MasslessUpSolution  - 9 December 2024



Conclusion
• Strong-CP problem can be solved with massless up-quark 

type solution with new strong dynamics

• Massless up-quark generated via spontaneous  
breaking of chiral symmetry 

• No light QCD axion, but vector-like quarks at TeV scale 
and axion-like particles at ~10 GeV

23

 — SU(3) embedded into grand-color group SU(2N+3)

 — possible gravitational wave signal from confining phase transition

 — Avoids product Yukawa coupling suppression, as typical for instanton effects

 — lightest pion can be dark matter
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