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Strong CP problem 

CP-odd term

Basis independent:

Neutron electric dipole moment

✓̄ . 10�10

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/wXLitlb6e8f14pHR7lcUyxFbbKNpjHdtkhO2FnrMoEu2MP7Ik9O/fOo/PivH61jjj5zDL7Ief9E0Bbn7I=</latexit>

Why is ✓̄ so small?

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

• spontaneous CP violation

• Peccei-Quinn mechanism and axion

X

maybe

Possible solutions:

CP = exact symmetry

✓̄ generated at higher order

✓̄axion potential minimum cancels 

axion

mu/md ' 0.5

3

arg(detMq) = 0

<latexit sha1_base64="ldxm9YDAHQtm4+M4w1/SRJF/gE4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBluhgpSkCOpCKLpxI1SwD2hCmEwm7dDJw5mJUEJ2bvwVNy4UcesvuPNvnLZZaOuBC4dz7uXee9yYUSEN41srLCwuLa8UV0tr6xubW/r2TltECcekhSMW8a6LBGE0JC1JJSPdmBMUuIx03OHV2O88EC5oFN7JUUzsAPVD6lOMpJIcfb+SWjyAiPerHpGZdZxaGDF4kzn3RxdGxdHLRs2YAM4TMydlkKPp6F+WF+EkIKHEDAnRM41Y2inikmJGspKVCBIjPER90lM0RAERdjr5I4OHSvGgH3FVoYQT9fdEigIhRoGrOgMkB2LWG4v/eb1E+md2SsM4kSTE00V+wqCM4DgU6FFOsGQjRRDmVN0K8QBxhKWKrqRCMGdfniftes08qZ3f1suNyzyOItgDB6AKTHAKGuAaNEELYPAInsEreNOetBftXfuYtha0fGYX/IH2+QPGw5f6</latexit>

(anomalous) global             , spontaneously broken at fa
<latexit sha1_base64="5zEcOADep+d1DUCfd7cZUlOCWRA=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFuhXspuQfRY9OKxBbcWtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/Mf04aOuDgcd7M8zMi1LBDbjut1PY2Nza3inulvb2Dw6PyscnHaMyTZlPlVC6GxHDBJfMBw6CdVPNSBIJ9hiN72b+4xPThiv5AJOUhQkZSh5zSsBKgV/zLqv9vNWeVvvlilt358DrxFuSClqi1S9/9QaKZgmTQAUxJvDcFMKcaOBUsGmplxmWEjomQxZYKknCTJjPT57iC6sMcKy0LQl4rv6eyElizCSJbGdCYGRWvZn4nxdkEN+EOZdpBkzSxaI4ExgUnv2PB1wzCmJiCaGa21sxHRFNKNiUSjYEb/XlddJp1L2ruttuVJq3yziK6Aydoxry0DVqonvUQj6iSKFn9IreHHBenHfnY9FacJYzp+gPnM8fX5KQAQ==</latexit>

U(1)PQ
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Features of the Axion Solution

La =
1

2
(@µa)

2 +
a

fa

↵s

8⇡
GG̃+

1

4
aga��FF̃ +

1

fa
Jµ@µa

dim 5 term

} }
axial current coupling

}

diphoton coupling

Axion mass:

Axion Lagrangian:

m2
a =

T
f2
a

}

light-quark contribution

ma = 5.70(7) µeV

✓
1012 GeV

fa

◆
[or precisely, ]

[Cortona, Hardy, Pardy Vega, Villadoro, 1511.02867]

topological 
susceptibility

4

cn
Mn�4

P

�n + h.c.

Terms must be suppressed to very high order! (cn ⇠ 1, n � 10)

[however, if only gravitational instantons ]

Axion quality:
<latexit sha1_base64="5zEcOADep+d1DUCfd7cZUlOCWRA=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFuhXspuQfRY9OKxBbcWtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/Mf04aOuDgcd7M8zMi1LBDbjut1PY2Nza3inulvb2Dw6PyscnHaMyTZlPlVC6GxHDBJfMBw6CdVPNSBIJ9hiN72b+4xPThiv5AJOUhQkZSh5zSsBKgV/zLqv9vNWeVvvlilt358DrxFuSClqi1S9/9QaKZgmTQAUxJvDcFMKcaOBUsGmplxmWEjomQxZYKknCTJjPT57iC6sMcKy0LQl4rv6eyElizCSJbGdCYGRWvZn4nxdkEN+EOZdpBkzSxaI4ExgUnv2PB1wzCmJiCaGa21sxHRFNKNiUSjYEb/XlddJp1L2ruttuVJq3yziK6Aydoxry0DVqonvUQj6iSKFn9IreHHBenHfnY9FacJYzp+gPnM8fX5KQAQ==</latexit>

U(1)PQGravitational violation of

<latexit sha1_base64="UzOT/+U7Xuu9JksYE5JNkYbzbbM=">AAACG3icbVC7TsMwFHXKq5RXgZHFokViqpIIRMeKMjAwtBJ9SE0bOa7TWrWTyHaQqij/wcKvsDCAEBMSA3+Dm3aAliPZOjrn3mvf40WMSmWa30ZubX1jcyu/XdjZ3ds/KB4etWUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6TjTeozv/NAhKRhcK+mEelzNAqoTzFSWnKLdpm7aGBDP7sdSTl0fIFwYqVJNYXOnR41RG7iCA6b9Zt0cFF2iyWzYmaAq8RakBJYoOEWP51hiGNOAoUZkrJnmZHqJ0goihlJC04sSYTwBI1IT9MAcSL7SbZbCs+0MoR+KPQJFMzU3x0J4lJOuacrOVJjuezNxP+8Xqz8aj+hQRQrEuD5Q37MoArhLCg4pIJgxaaaICyo/ivEY6SjUTrOgg7BWl55lbTtinVZMZt2qXa9iCMPTsApOAcWuAI1cAsaoAUweATP4BW8GU/Gi/FufMxLc8ai5xj8gfH1AwXfn4s=</latexit>

m2
af

2
a ⇠ 1

8⇤
4
QCD
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Where does dim-5 axion coupling come from?

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

U(1)PQ Dirac fermion: complex scalar:

5

Yukawa coupling: m ⇠ h
fap
2

Integrate out 
Dirac fermions:

g2s
32⇡2

a

fa
GG̃

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

axion
}

radial mode

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

fa =

r
m2

PQ

�PQ

(Also DFSZ [Dine, Fischler,Srednicki ’81;Zhitnitsky ’80] )
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Limits on axion searches

axion weakly-coupled - “invisible”
1

fa
Jµ@µa

109 GeV . fa . 1012 GeV

10�5 eV . ma . 10�3 eV

6

<latexit sha1_base64="UzOT/+U7Xuu9JksYE5JNkYbzbbM=">AAACG3icbVC7TsMwFHXKq5RXgZHFokViqpIIRMeKMjAwtBJ9SE0bOa7TWrWTyHaQqij/wcKvsDCAEBMSA3+Dm3aAliPZOjrn3mvf40WMSmWa30ZubX1jcyu/XdjZ3ds/KB4etWUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6TjTeozv/NAhKRhcK+mEelzNAqoTzFSWnKLdpm7aGBDP7sdSTl0fIFwYqVJNYXOnR41RG7iCA6b9Zt0cFF2iyWzYmaAq8RakBJYoOEWP51hiGNOAoUZkrJnmZHqJ0goihlJC04sSYTwBI1IT9MAcSL7SbZbCs+0MoR+KPQJFMzU3x0J4lJOuacrOVJjuezNxP+8Xqz8aj+hQRQrEuD5Q37MoArhLCg4pIJgxaaaICyo/ivEY6SjUTrOgg7BWl55lbTtinVZMZt2qXa9iCMPTsApOAcWuAI1cAsaoAUweATP4BW8GU/Gi/FufMxLc8ai5xj8gfH1AwXfn4s=</latexit>

m2
af

2
a ⇠ 1

8⇤
4
QCD
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Questions

⇤0

Use 5th dimension to address these questions!

7

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

fa

How to solve the axion quality problem?

Can the QCD axion mass be different?
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5D metric: ds2 = A2(z)(dx2 + dz2) ⌘ gMNdxMdxN

<latexit sha1_base64="Z3kIJHwnyU9PPH5LhKhiLDRPkCk="></latexit>

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

<latexit sha1_base64="3YSjz1uTFIDpteUv0RQ6B8+82GE=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NCZCvISZgOhFiHrxGMEskAyhp9OTNOlZ6O4RkmHwV7x4UMSr/+HNv7GTzEETHxQ83quiqp4bcSaVZX0buZXVtfWN/GZha3tnd8/cP2jKMBaENkjIQ9F2saScBbShmOK0HQmKfZfTlju6nfqtRyokC4MHNY6o4+NBwDxGsNJSzzwqXZcnZ1ddT2CS2GkyQpO01DOLVsWaAS0TOyNFyFDvmV/dfkhinwaKcCxlx7Yi5SRYKEY4TQvdWNIIkxEe0I6mAfapdJLZ9Sk61UofeaHQFSg0U39PJNiXcuy7utPHaigXvan4n9eJlXfpJCyIYkUDMl/kxRypEE2jQH0mKFF8rAkmgulbERliHYTSgRV0CPbiy8ukWa3Y5xXrvlqs3WRx5OEYTqAMNlxADe6gDg0gMIFneIU348l4Md6Nj3lrzshmDuEPjM8fxH+UJA==</latexit>

A(z) = 1
kz
AdS curvature scale

5D action:
<latexit sha1_base64="Cy7ZjOG6GzA4UHx50nQkoII0kgA=">AAAB63icbVDLTgIxFO3gC/GFunTTCCauJp0RAXdENy4xESSBCemUDjS0nUnbMSGEX3DjQmPc+kPu/Bs7gImvk9zk5Jx7c+89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1nGqCG2RmMeqE2JNOZO0ZZjhtJMoikXI6V04vsr8u3uqNIvlrZkkNBB4KFnECDaZVO7Nyv1iCbkX9apfqULkIlTzfC8jfq1yVoGeVTKUwBLNfvG9N4hJKqg0hGOtux5KTDDFyjDC6azQSzVNMBnjIe1aKrGgOpjOb53BE6sMYBQrW9LAufp9YoqF1hMR2k6BzUj/9jLxP6+bmqgeTJlMUkMlWSyKUg5NDLPH4YApSgyfWIKJYvZWSEZYYWJsPIV5CItP4V/yFULbd71zF934pcblMo48OALH4BR4oAYa4Bo0QQsQMAIP4Ak8O8J5dF6c10VrzlnOHIIfcN4+AbY5jgQ=</latexit>

}

<latexit sha1_base64="Cy7ZjOG6GzA4UHx50nQkoII0kgA=">AAAB63icbVDLTgIxFO3gC/GFunTTCCauJp0RAXdENy4xESSBCemUDjS0nUnbMSGEX3DjQmPc+kPu/Bs7gImvk9zk5Jx7c+89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1nGqCG2RmMeqE2JNOZO0ZZjhtJMoikXI6V04vsr8u3uqNIvlrZkkNBB4KFnECDaZVO7Nyv1iCbkX9apfqULkIlTzfC8jfq1yVoGeVTKUwBLNfvG9N4hJKqg0hGOtux5KTDDFyjDC6azQSzVNMBnjIe1aKrGgOpjOb53BE6sMYBQrW9LAufp9YoqF1hMR2k6BzUj/9jLxP6+bmqgeTJlMUkMlWSyKUg5NDLPH4YApSgyfWIKJYvZWSEZYYWJsPIV5CItP4V/yFULbd71zF934pcblMo48OALH4BR4oAYa4Bo0QQsQMAIP4Ak8O8J5dF6c10VrzlnOHIIfcN4+AbY5jgQ=</latexit>

}

Gauge fixing parameter PQ charge

8

Explains 
PQ scale

“slice of AdS”

x

U(1)PQ

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

U(1)PQ

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

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

� = ⌘(z)eia(x,z)U(1)PQ

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

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

⇤UV

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

⇤IR = ⇤UV e�⇡kR

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

⇡R
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PQ symmetry breaking

explicit violation

“Bulk VEV”

explicit breaking

spontaneous breaking
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Holographic (AdS/CFT) interpretation: 

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

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

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

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

�

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

⇤UVe�⇡kR = ⇤IR

5D 4D

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

hOi

<latexit sha1_base64="3ZxS1PvFWHKMy960KaM8TzVAB1E="></latexit>

⇤IR = ⇤UVe
� 8⇡2

bCFT g2

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

O, dimension �

<latexit sha1_base64="UG32/NmyJ3QdOMK1AwP04s8L2A0=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2AruCpJQdvuim7cWcE+oDOUTJppQzMPkoxQxi78FTcuFHHrb7jzb8y0FVT0QOBwzrncm+PFgiuN0IeVW1peWV3Lrxc2Nre2d+zdvbaKEklZi0Yikl2PKCZ4yFqaa8G6sWQk8ATreOOLzO/cMql4FN7oSczcgAxD7nNKtJH69kHJESY9IE5zxGHqUCLg1bTUt4uojBDCGMOM4OoZMqRer1VwDeLMMiiCBZp9+90ZRDQJWKipIEr1MIq1mxKpORVsWnASxWJCx2TIeoaGJGDKTWf3T+GxUQbQj6R5oYYz9ftESgKlJoFnkgHRI/Xby8S/vF6i/Zqb8jBONAvpfJGfCKgjmJUBB1wyqsXEEEIlN7dCOiKSUG0qK5gSvn4K/yftShmfltF1pdg4X9SRB4fgCJwADKqgAS5BE7QABXfgATyBZ+veerRerNd5NGctZvbBD1hvn875lVQ=</latexit>

��O

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

global U(1)PQ symmetry

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

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

local U(1)PQ symmetry

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

�, m2
� = �(�� 4)k2
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Bulk equations of motion 

Kaluza-Klein expansion

Boundary conditions
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Massless axion <latexit sha1_base64="MjEtajJ2iEvbItS94L0JvnFdvuQ=">AAAB9HicdVDLSgMxFM34rPVVdekm2Ap1U5KCtl0IRTcuK9gHtEPJZDJtaCYzJplCKf0ONy4UcevHuPNvzLQVVPRA4HDOudyb48WCa4PQh7Oyura+sZnZym7v7O7t5w4OWzpKFGVNGolIdTyimeCSNQ03gnVixUjoCdb2Rtep3x4zpXkk78wkZm5IBpIHnBJjJbdQ7Akb9sklOiv0c3lUQghhjGFKcOUCWVKrVcu4CnFqWeTBEo1+7r3nRzQJmTRUEK27GMXGnRJlOBVslu0lmsWEjsiAdS2VJGTanc6PnsFTq/gwiJR90sC5+n1iSkKtJ6FnkyExQ/3bS8W/vG5igqo75TJODJN0sShIBDQRTBuAPleMGjGxhFDF7a2QDoki1NiesraEr5/C/0mrXMLnJXRbztevlnVkwDE4AUWAQQXUwQ1ogCag4B48gCfw7IydR+fFeV1EV5zlzBH4AeftEwUMkPc=</latexit>

(� = 0)

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

Global U(1)PQ symmetry:

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

(zIR � zUV )

Gherghetta_Heidelberg - 12 January 2021



13

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

(� 6= 0)

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

(zIR � zUV )

UV IR

Axion profile 
suppressed!

[Cox, TG, Nguyen 1911.09385]

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

�0 = 0.1, `UV = 0.1, bUV = 0, g5
p
k = 1
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Axion mass
<latexit sha1_base64="BObUrWYx/zvhdaoIHDDV5clx4LA=">AAAB/XicbVDLSsNAFJ34rPVVHzs3g61QNyGJta27ohvdVbEPaEOYTCft0MmDmYnQhuKvuHGhiFv/w51/46St4OvAhcM593LvPW7EqJCG8aEtLC4tr6xm1rLrG5tb27md3aYIY45JA4cs5G0XCcJoQBqSSkbaESfIdxlpucOL1G/dES5oGNzKUURsH/UD6lGMpJKc3H6hOHaSq5tJt9+HijWak+OCk8sb+lm1bJXK0NANo2JaZkqsSumkBE2lpMiDOepO7r3bC3Hsk0BihoTomEYk7QRxSTEjk2w3FiRCeIj6pKNogHwi7GR6/QQeKaUHvZCrCiScqt8nEuQLMfJd1ekjORC/vVT8z+vE0qvaCQ2iWJIAzxZ5MYMyhGkUsEc5wZKNFEGYU3UrxAPEEZYqsOw0hNmn8C/5CqFp6eapblxb+dr5PI4MOACHoAhMUAE1cAnqoAEwGIMH8ASetXvtUXvRXmetC9p8Zg/8gPb2CVOclH8=</latexit>

(zIR � zUV )

UV axion mass suppressed for large
<latexit sha1_base64="w5aO+tKUGfPCvytAMjnJCeuxauk=">AAAB73icdVBNS0JBFJ1nX2ZfVss2Qxq0khmh1J1Ui5YG+QH6kHnjfTo476OZeYGIf6JNiyLa9nfa9W+apwYVdeDC4Zx7ufceL5ZCG0I+nMzK6tr6RnYzt7W9s7uX3z9o6ShRHJo8kpHqeEyDFCE0jTASOrECFngS2t74MvXb96C0iMJbM4nBDdgwFL7gzFipU+xdgTSs2M8XSIkQQinFKaGVc2JJrVYt0yqmqWVRQEs0+vn33iDiSQCh4ZJp3aUkNu6UKSO4hFmul2iIGR+zIXQtDVkA2p3O753hE6sMsB8pW6HBc/X7xJQFWk8Cz3YGzIz0by8V//K6ifGr7lSEcWIg5ItFfiKxiXD6PB4IBdzIiSWMK2FvxXzEFOPGRpSzIXx9iv8nrXKJnpXITblQv1jGkUVH6BidIooqqI6uUQM1EUcSPaAn9OzcOY/Oi/O6aM04y5lD9APO2ydog4+Q</latexit>

�

[Cox, TG, Nguyen 1911.09385]

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

(kzUV = 1,�0 = 1, bUV = 0)
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Axion Quality Problem

x U(1)PQ

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

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

� = ⌘(z)eia(x,z)
U(1)PQ

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

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

⇤UV
<latexit sha1_base64="go83XnbICJzFXYJM7IPFBBCQcDw=">AAAB+3icbVDLSgMxFM34rPU11qWbYCu4KjMF0WXRjYKLKvYBnWHIZNI2NMkMSUYsw/yKGxeKuPVH3Pk3pu0stPVA4HDOudybEyaMKu0439bK6tr6xmZpq7y9s7u3bx9UOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46up330kUtFYPOhJQnyOhoIOKEbaSIFdqXm3Jh2hIPMkhzf3eS2wq07dmQEuE7cgVVCgFdhfXhTjlBOhMUNK9V0n0X6GpKaYkbzspYokCI/RkPQNFYgT5Wez23N4YpQIDmJpntBwpv6eyBBXasJDk+RIj9SiNxX/8/qpHlz4GRVJqonA80WDlEEdw2kRMKKSYM0mhiAsqbkV4hGSCGtTV9mU4C5+eZl0GnX3rO7cNarNy6KOEjgCx+AUuOAcNME1aIE2wOAJPINX8Gbl1ov1bn3MoytWMXMI/sD6/AG25pOT</latexit>

⇤IR

<latexit sha1_base64="upwFbJ/o+sa1LfoTMZasizp7HGo=">AAACAnicbVA9SwNBEN2LXzF+nVqJzWIiJE24i4iWQRvLBL1ESI5jb7NJlux9sDsnhCPY+FdsLBSx9VfY+W/cJFdo4oOBx3szzMzzY8EVWNa3kVtZXVvfyG8WtrZ3dvfM/YOWihJJmUMjEcl7nygmeMgc4CDYfSwZCXzB2v7oeuq3H5hUPArvYBwzNyCDkPc5JaAlzzwq3Trls4pHu8ADprBTtite2mhOSp5ZtKrWDHiZ2BkpogwNz/zq9iKaBCwEKohSHduKwU2JBE4FmxS6iWIxoSMyYB1NQ6L3uenshQk+1UoP9yOpKwQ8U39PpCRQahz4ujMgMFSL3lT8z+sk0L90Ux7GCbCQzhf1E4EhwtM8cI9LRkGMNSFUcn0rpkMiCQWdWkGHYC++vExatap9XrWatWL9Kosjj47RCSojG12gOrpBDeQgih7RM3pFb8aT8WK8Gx/z1pyRzRyiPzA+fwAOTZVK</latexit>

SU(3)c ⇥ U(1)PQ

SM fermions

Bulk Chern-Simons term:

where

generates axion-gluon coupling
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Axion potential:

Require:

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

 = 1

[Cox, TG, Nguyen 1911.09385]

relative phase
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Holographic interpretation: 

5D axion,
local U(1) PQ symmetry

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

Example: [Gavela, Ibe, Quilez, Yanagida:1812.08174]

New strong gauge group
<latexit sha1_base64="Cy7ZjOG6GzA4UHx50nQkoII0kgA=">AAAB63icbVDLTgIxFO3gC/GFunTTCCauJp0RAXdENy4xESSBCemUDjS0nUnbMSGEX3DjQmPc+kPu/Bs7gImvk9zk5Jx7c+89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1nGqCG2RmMeqE2JNOZO0ZZjhtJMoikXI6V04vsr8u3uqNIvlrZkkNBB4KFnECDaZVO7Nyv1iCbkX9apfqULkIlTzfC8jfq1yVoGeVTKUwBLNfvG9N4hJKqg0hGOtux5KTDDFyjDC6azQSzVNMBnjIe1aKrGgOpjOb53BE6sMYBQrW9LAufp9YoqF1hMR2k6BzUj/9jLxP6+bmqgeTJlMUkMlWSyKUg5NDLPH4YApSgyfWIKJYvZWSEZYYWJsPIV5CItP4V/yFULbd71zF934pcblMo48OALH4BR4oAYa4Bo0QQsQMAIP4Ak8O8J5dF6c10VrzlnOHIIfcN4+AbY5jgQ=</latexit>} Global symmetries

Chiral condensate:

PQ condensate: dimension 9!

Gherghetta_Heidelberg - 12 January 2021



18

Flavored Warped Axion [Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

Consider DFSZ-like axion model with bulk Standard Model fermions:

UV boundary:

x U(1)PQ

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

U(1)PQ

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

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

⇤UV
<latexit sha1_base64="go83XnbICJzFXYJM7IPFBBCQcDw=">AAAB+3icbVDLSgMxFM34rPU11qWbYCu4KjMF0WXRjYKLKvYBnWHIZNI2NMkMSUYsw/yKGxeKuPVH3Pk3pu0stPVA4HDOudybEyaMKu0439bK6tr6xmZpq7y9s7u3bx9UOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46up330kUtFYPOhJQnyOhoIOKEbaSIFdqXm3Jh2hIPMkhzf3eS2wq07dmQEuE7cgVVCgFdhfXhTjlBOhMUNK9V0n0X6GpKaYkbzspYokCI/RkPQNFYgT5Wez23N4YpQIDmJpntBwpv6eyBBXasJDk+RIj9SiNxX/8/qpHlz4GRVJqonA80WDlEEdw2kRMKKSYM0mhiAsqbkV4hGSCGtTV9mU4C5+eZl0GnX3rO7cNarNy6KOEjgCx+AUuOAcNME1aIE2wOAJPINX8Gbl1ov1bn3MoytWMXMI/sD6/AG25pOT</latexit>

⇤IR

<latexit sha1_base64="2Niwi946I4nZNsEw7aUcZ6tqVTI=">AAACHnicbVDLTgIxFO3gC/E16tJNI5jAhsxgiC6Jbly4gOgABiaTTinQ0OlM2o4JmfAlbvwVNy40xsSV/o0FZoHgSZqcc+69ub3HjxiVyrJ+jMza+sbmVnY7t7O7t39gHh41ZRgLTBwcslC0fSQJo5w4iipG2pEgKPAZafmj62m99UiEpCG/V+OIuAEacNqnGClteWa1cOcUz0sehl1FAyKhlpWSd5sqp2iXvIdFkdQbk4Jn5q2yNQNcJXZK8iBF3TO/ur0QxwHhCjMkZce2IuUmSCiKGZnkurEkEcIjNCAdTTnS+9xkdt4EnmmnB/uh0I8rOHMXJxIUSDkOfN0ZIDWUy7Wp+V+tE6v+pZtQHsWKcDxf1I8ZVCGcZgV7VBCs2FgThAXVf4V4iATCSiea0yHYyyevkmalbFfLVqOSr12lcWTBCTgFRWCDC1ADN6AOHIDBE3gBb+DdeDZejQ/jc96aMdKZY/AHxvcvsLGfIw==</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)PQ

<latexit sha1_base64="fP/3gz/lHblsUjLyW0r4pGx6MsQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBlvBRShJQXRZdOPCRQv2AW0Ik8mkHTqZhJmJWEJ+xY0LRdz6I+78G6dtFtp64MLhnHu59x4/YVQq2/42ShubW9s75d3K3v7B4ZF5XO3JOBWYdHHMYjHwkSSMctJVVDEySARBkc9I35/ezv3+IxGSxvxBzRLiRmjMaUgxUlryzGp91JbUyzpWagXWvUXyumfW7Ia9AFwnTkFqoEDbM79GQYzTiHCFGZJy6NiJcjMkFMWM5JVRKkmC8BSNyVBTjiIi3Wxxew7PtRLAMBa6uIIL9fdEhiIpZ5GvOyOkJnLVm4v/ecNUhdduRnmSKsLxclGYMqhiOA8CBlQQrNhME4QF1bdCPEECYaXjqugQnNWX10mv2XAuG3anWWvdFHGUwSk4AxfAAVegBe5AG3QBBk/gGbyCNyM3Xox342PZWjKKmRPwB8bnD/GvkxM=</latexit>

 Q,u,d,L,e

PQ scale

<latexit sha1_base64="drdeCZvtuWYz9zXvucnzPhyxXxI=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNoKJB0JaEqNHoheOmAiSQNNstwts2G6b3a0JNvwSLx40xqs/xZv/xgV6UPAlk7y8N5OZeUHCmdKO820VNja3tneKu6W9/YPDsn103FVxKgntkJjHshdgRTkTtKOZ5rSXSIqjgNOHYHI79x8eqVQsFvd6mlAvwiPBhoxgbSTfLldbflpr+WENDdpjVvXtilN3FkDrxM1JBXK0fftrEMYkjajQhGOl+q6TaC/DUjPC6aw0SBVNMJngEe0bKnBElZctDp+hc6OEaBhLU0Kjhfp7IsORUtMoMJ0R1mO16s3F/7x+qofXXsZEkmoqyHLRMOVIx2ieAgqZpETzqSGYSGZuRWSMJSbaZFUyIbirL6+TbqPuXtadu0aleZPHUYRTOIMLcOEKmtCCNnSAQArP8Apv1pP1Yr1bH8vWgpXPnMAfWJ8/dFWRpw==</latexit>

Hu, Hd,�

Bulk VEVs:

constant bulk Higgs vevs
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Bonus feature:  explains fermion mass hierarchy [TG, Pomarol ’00]

xU(1)PQ

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

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

⇤UV

<latexit sha1_base64="go83XnbICJzFXYJM7IPFBBCQcDw=">AAAB+3icbVDLSgMxFM34rPU11qWbYCu4KjMF0WXRjYKLKvYBnWHIZNI2NMkMSUYsw/yKGxeKuPVH3Pk3pu0stPVA4HDOudybEyaMKu0439bK6tr6xmZpq7y9s7u3bx9UOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46up330kUtFYPOhJQnyOhoIOKEbaSIFdqXm3Jh2hIPMkhzf3eS2wq07dmQEuE7cgVVCgFdhfXhTjlBOhMUNK9V0n0X6GpKaYkbzspYokCI/RkPQNFYgT5Wez23N4YpQIDmJpntBwpv6eyBBXasJDk+RIj9SiNxX/8/qpHlz4GRVJqonA80WDlEEdw2kRMKKSYM0mhiAsqbkV4hGSCGtTV9mU4C5+eZl0GnX3rO7cNarNy6KOEjgCx+AUuOAcNME1aIE2wOAJPINX8Gbl1ov1bn3MoytWMXMI/sD6/AG25pOT</latexit>

⇤IR PQ scale

<latexit sha1_base64="8/A3obQd93Dq2qEna79S9+jVN6Y="></latexit>

hHui, hHdi

<latexit sha1_base64="NrieP4rTvSzv2T25t6di3i6rdfI=">AAAB73icbVDLTgIxFO3gC/GFunTTCCauJp3hJTuiGxcuMBEkgQnplA40dDpj2zEhhJ9w40Jj3Po77vwby4CJr5Pc5OSce3PvPX7MmdIIfViZldW19Y3sZm5re2d3L79/0FZRIgltkYhHsuNjRTkTtKWZ5rQTS4pDn9Nbf3wx92/vqVQsEjd6ElMvxEPBAkawNlKn2Gsq1r8q9vMFZDslp1SuQGTX6/VqrWYIcktVtwwdG6UogCWa/fx7bxCRJKRCE46V6joo1t4US80Ip7NcL1E0xmSMh7RrqMAhVd40vXcGT4wygEEkTQkNU/X7xBSHSk1C33SGWI/Ub28u/ud1Ex2ceVMm4kRTQRaLgoRDHcH583DAJCWaTwzBRDJzKyQjLDHRJqJcGsLiU/iXfIXQdm2nYqNrt9A4X8aRBUfgGJwCB9RAA1yCJmgBAjh4AE/g2bqzHq0X63XRmrGWM4fgB6y3T3LDj5U=</latexit>

 L
<latexit sha1_base64="BS9MD5eRADF65Ey++LF+aHt6KK8=">AAAB73icbVDLTgIxFO3gC/GFunTTCCauJp3hJTuiG5doBElgQjqlAw2dzth2TAjhJ9y40Bi3/o47/8YyYOLrJDc5Oefe3HuPH3OmNEIfVmZldW19I7uZ29re2d3L7x+0VZRIQlsk4pHs+FhRzgRtaaY57cSS4tDn9NYfX8z923sqFYvEjZ7E1AvxULCAEayN1Cn2mor1r4v9fAHZTskplSsQ2fV6vVqrGYLcUtUtQ8dGKQpgiWY//94bRCQJqdCEY6W6Doq1N8VSM8LpLNdLFI0xGeMh7RoqcEiVN03vncETowxgEElTQsNU/T4xxaFSk9A3nSHWI/Xbm4v/ed1EB2felIk40VSQxaIg4VBHcP48HDBJieYTQzCRzNwKyQhLTLSJKJeGsPgU/iVfIbRd26nY6MotNM6XcWTBETgGp8ABNdAAl6AJWoAADh7AE3i27qxH68V6XbRmrOXMIfgB6+0Te+GPmw==</latexit>

 R

bulk fermion mass 
parameters

<latexit sha1_base64="rYklv7VtOVq1u3n0MA2MVdmeKfs=">AAACBXicbVDLSsNAFJ3UV62vqEtdDLZChVKSguiy6MZlBfuANobJZNKOnUnCzEQoIRs3/oobF4q49R/c+TdO2yy0euDC4Zx7ufceL2ZUKsv6MgpLyyura8X10sbm1vaOubvXkVEiMGnjiEWi5yFJGA1JW1HFSC8WBHGPka43vpz63XsiJI3CGzWJicPRMKQBxUhpyTUPq5JyypBgk0ENVrib+jWS3ab0LqucuGbZqlszwL/EzkkZ5Gi55ufAj3DCSagwQ1L2bStWToqEopiRrDRIJIkRHqMh6WsaIk6kk86+yOCxVnwYREJXqOBM/TmRIi7lhHu6kyM1koveVPzP6ycqOHdSGsaJIiGeLwoSBlUEp5FAnwqCFZtogrCg+laIR0ggrHRwJR2CvfjyX9Jp1O3TunXdKDcv8jiK4AAcgSqwwRlogivQAm2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHNzjCl74=</latexit>

(similarly mij
d,e)

19

<latexit sha1_base64="wGZr5TwVmioYYdWjJap/ALtF2+M=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgqiSxtnVXdOOyin1AG8pkOmmHTiZhZiKU0D9w40IRt/6RO//GSVvB14ELh3Pu5d57/JgzpW37w8qtrK6tb+Q3C1vbO7t7xf2DtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yVXmd+6pVCwSd3oaUy/EI8ECRrA20m0/HRRLdvmiXnUrVWSXbbvmuE5G3FrlrIIco2QowRLNQfG9P4xIElKhCcdK9Rw71l6KpWaE01mhnygaYzLBI9ozVOCQKi+dXzpDJ0YZoiCSpoRGc/X7RIpDpaahbzpDrMfqt5eJ/3m9RAd1L2UiTjQVZLEoSDjSEcreRkMmKdF8aggmkplbERljiYk24RTmISw+RX/JVwhtt+ycl+0bt9S4XMaRhyM4hlNwoAYNuIYmtIBAAA/wBM/WxHq0XqzXRWvOWs4cwg9Yb5/6742m</latexit>

{
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Axion-fermion couplings:

5D field redefinition:

where

where

Overlap between axion and fermion profiles

<latexit sha1_base64="6VTLjrb6yjh0AW5wdfpppCP7FZc="></latexit>

9 cQi , cui , cdi parameters - (6 quark masses + 2 CKM) = 1 free parameter
<latexit sha1_base64="6vGGsS8X/+K57X/2qf081/8fbrk=">AAAB/XicdVDLSgMxFM3UV62v8bFzE2yFilCSirbdFd24bME+oC1DJk3b0MyDJCPUofgrblwo4tb/cOffmGkrqOiBcA/n3Mu9OW4ouNIIfVippeWV1bX0emZjc2t7x97da6ogkpQ1aCAC2XaJYoL7rKG5FqwdSkY8V7CWO75K/NYtk4oH/o2ehKznkaHPB5wSbSTHPoC5PHXiunM2PTU1MvUk59hZVEAIYYxhQnDpAhlSqZSLuAxxYhlkwQI1x37v9gMaeczXVBClOhiFuhcTqTkVbJrpRoqFhI7JkHUM9YnHVC+eXT+Fx0bpw0EgzfM1nKnfJ2LiKTXxXNPpET1Sv71E/MvrRHpQ7sXcDyPNfDpfNIgE1AFMooB9LhnVYmIIoZKbWyEdEUmoNoFlTAhfP4X/k2axgM8LqF7MVi8XcaTBITgCeYBBCVTBNaiBBqDgDjyAJ/Bs3VuP1ov1Om9NWYuZffAD1tsnaqST7Q==</latexit>

(cQ3 + cu3)
<latexit sha1_base64="SziUtKysHWiewrw5Shbni4CxpyU="></latexit>

6 cLi , cei parameters - (3 charged lepton masses + 2 PMNS)
<latexit sha1_base64="gWWT2s3LgcjRYEOXQMtoSJIGHRo="></latexit>

= 1 free parameter (cL3 + ce3)
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Obtain:

<latexit sha1_base64="Cy7ZjOG6GzA4UHx50nQkoII0kgA=">AAAB63icbVDLTgIxFO3gC/GFunTTCCauJp0RAXdENy4xESSBCemUDjS0nUnbMSGEX3DjQmPc+kPu/Bs7gImvk9zk5Jx7c+89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1nGqCG2RmMeqE2JNOZO0ZZjhtJMoikXI6V04vsr8u3uqNIvlrZkkNBB4KFnECDaZVO7Nyv1iCbkX9apfqULkIlTzfC8jfq1yVoGeVTKUwBLNfvG9N4hJKqg0hGOtux5KTDDFyjDC6azQSzVNMBnjIe1aKrGgOpjOb53BE6sMYBQrW9LAufp9YoqF1hMR2k6BzUj/9jLxP6+bmqgeTJlMUkMlWSyKUg5NDLPH4YApSgyfWIKJYvZWSEZYYWJsPIV5CItP4V/yFULbd71zF934pcblMo48OALH4BR4oAYa4Bo0QQsQMAIP4Ak8O8J5dF6c10VrzlnOHIIfcN4+AbY5jgQ=</latexit>

}

z-dependent part of axion profile

[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

<latexit sha1_base64="xjyg8kjNwU5O+dW9Fhiox4bfoeM=">AAACCnicbVDLSsNAFJ3UV62vqks3o61QoZSkUHRZdOOyon1AG8NkMmmHTiZhZiKE0LUbf8WNC0Xc+gXu/BunbRbaemDgcM653LnHjRiVyjS/jdzK6tr6Rn6zsLW9s7tX3D/oyDAWmLRxyELRc5EkjHLSVlQx0osEQYHLSNcdX0397gMRkob8TiURsQM05NSnGCktOcXjW4w4DHUElhMnjatelUzu00rjbDKQNIBW2SmWzJo5A1wmVkZKIEPLKX4NvBDHAeEKMyRl3zIjZadIKIoZmRQGsSQRwmM0JH1NOQqItNPZKRN4qhUP+qHQjys4U39PpCiQMglcnQyQGslFbyr+5/Vj5V/YKeVRrAjH80V+zKAK4bQX6FFBsGKJJggLqv8K8QgJhJVur6BLsBZPXiades1q1Mybeql5mdWRB0fgBFSABc5BE1yDFmgDDB7BM3gFb8aT8WK8Gx/zaM7IZg7BHxifP7HqmPg=</latexit>

Scan over y(5)u,d,e ⇠ 1
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Experimental  limits :
[Martin Camalich, Pospelov,  Vuong, 

Ziegler, Zupan 2002.04623]

<latexit sha1_base64="I12cAka4QEfDqL2CelfXLf+fuXM=">AAACE3icbVDJSgNBFOyJe9yiHr00RkFEwkxwO4p68KhgFsgMw5tOJ2nSPTN2vxFC8B+8+CtePCji1Ys3/8bOIrgVNBRV9Xj9KkqlMOi6H05uYnJqemZ2Lj+/sLi0XFhZrZok04xXWCITXY/AcCliXkGBktdTzUFFktei7unAr91wbUQSX2Ev5YGCdixaggFaKSzsbPpGtBWErt9GG1N0b5f61xk0/TMuEeiXfLAZFopuyR2C/iXemBTJGBdh4d1vJixTPEYmwZiG56YY9EGjYJLf5v3M8BRYF9q8YWkMipugP7zplm5ZpUlbibYvRjpUv0/0QRnTU5FNKsCO+e0NxP+8Roato6Av4jRDHrPRolYmKSZ0UBBtCs0Zyp4lwLSwf6WsAxoY2hrztgTv98l/SbVc8vZL7mW5eHwyrmOWrJMNsk08ckiOyTm5IBXCyB15IE/k2bl3Hp0X53UUzTnjmTXyA87bJ9bJnNw=</latexit>

�0 & 4, � & 6

[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

Future 
sensitivity

<latexit sha1_base64="DCfV9Iey7CNc9ibl8wC+vMtQdmg=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAiewkxA1IMQFNRjBLNAMgk9nZqkSc9Cd48ShvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxZcadv+tpaWV1bX1jMb2c2t7Z3d3N5+TUWJZFhlkYhkw6MKBQ+xqrkW2Igl0sATWPcG12O//ohS8Sh80MMY3YD2Qu5zRrWR2oWbDr107PZFgdxirZPL20V7ArJInBnJwwyVTu6r1Y1YEmComaBKNR071m5KpeZM4CjbShTGlA1oD5uGhjRA5aaTq0fk2Chd4kfSVKjJRP09kdJAqWHgmc6A6r6a98bif14z0f65m/IwTjSGbLrITwTRERlHQLpcItNiaAhlkptbCetTSZk2QWVNCM78y4ukVio6p0X7vpQvX83iyMAhHMEJOHAGZbiDClSBgYRneIU368l6sd6tj2nrkjWbOYA/sD5/AK7kkK0=</latexit>

Fa = 109 GeV
<latexit sha1_base64="DCfV9Iey7CNc9ibl8wC+vMtQdmg=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAiewkxA1IMQFNRjBLNAMgk9nZqkSc9Cd48ShvyHFw+KePVfvPk3dpaDJj4oeLxXRVU9LxZcadv+tpaWV1bX1jMb2c2t7Z3d3N5+TUWJZFhlkYhkw6MKBQ+xqrkW2Igl0sATWPcG12O//ohS8Sh80MMY3YD2Qu5zRrWR2oWbDr107PZFgdxirZPL20V7ArJInBnJwwyVTu6r1Y1YEmComaBKNR071m5KpeZM4CjbShTGlA1oD5uGhjRA5aaTq0fk2Chd4kfSVKjJRP09kdJAqWHgmc6A6r6a98bif14z0f65m/IwTjSGbLrITwTRERlHQLpcItNiaAhlkptbCetTSZk2QWVNCM78y4ukVio6p0X7vpQvX83iyMAhHMEJOHAGZbiDClSBgYRneIU368l6sd6tj2nrkjWbOYA/sD5/AK7kkK0=</latexit>

Fa = 109 GeV

<latexit sha1_base64="l0egz2jh/Xmv74IL9fdro5nW02Y=">AAACCnicbVDLSgNBEJz1GeNr1aOX0USIBMJuQPQY9CJ4iWAekGxC72SSDJmdXWZmlbDk7MVf8eJBEa9+gTf/xsnjoIkFDUVVN91dfsSZ0o7zbS0tr6yurac20ptb2zu79t5+VYWxJLRCQh7Kug+KciZoRTPNaT2SFAKf05o/uBr7tXsqFQvFnR5G1AugJ1iXEdBGattHuexNK9+UrNfXIGX4gJsRa+UxZHGHEhiq07adcQrOBHiRuDOSQTOU2/ZXsxOSOKBCEw5KNVwn0l4CUjPC6SjdjBWNgAygRxuGCgio8pLJKyN8YpQO7obSlNB4ov6eSCBQahj4pjMA3Vfz3lj8z2vEunvhJUxEsaaCTBd1Y451iMe54A6TlGg+NASIZOZWTPoggWiTXtqE4M6/vEiqxYJ7VnBui5nS5SyOFDpExyiHXHSOSugalVEFEfSIntErerOerBfr3fqYti5Zs5kD9AfW5w+28ZkB</latexit>

(K+ ! ⇡+a decays)

Gherghetta_Heidelberg - 12 January 2021



23

2. Axion mass from 5D small instantons
[TG, Khoze, Pomarol, Shirman: 2001.05610]

QCD axion mass:

m2
a =

T
f2
a

topological 
susceptibility

QCD asymptotically free “Large instantons”
<latexit sha1_base64="BDJJzFsjd0j4XCgfBvkAKu3C3WA="></latexit>

⇢ ⇠ 1/⇤QCD

<latexit sha1_base64="0se7XR1svv8bsqIamYi3jiq5edU="></latexit>

m2
a,QCD = mumd

(mu+md)2
m2

⇡f
2
⇡

f2

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

(⇢mf )Nf

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

suppression
Q

f mf

⇤
Nf
QCD

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

T /
R d⇢

⇢5C[3]
⇣

2⇡
↵s(1/⇢)

⌘6
e�

2⇡
↵s(1/⇢)

Dilute instanton gas approximation

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

T / ⇤4
QCD
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How to enhance axion mass?

•Change QCD coupling in UV

new contribution

Use 5th dimension to make QCD axion heavy!

<latexit sha1_base64="mk/nvSGne1HIaW+9XcDqqjAk670=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKdVOTguiy6MZlBfuAJoTJdNIOncmEmYlQQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TJowq7TjfVmFldW19o7hZ2tre2d2z9w/aSqQSkxYWTMhuiBRhNCYtTTUj3UQSxENGOuHoZup3HohUVMT3epwQn6NBTCOKkTZSYB9VPMSSIQpU1T335FCcQU9RDt1KYJedmjMDXCZuTsogRzOwv7y+wCknscYMKdVznUT7GZKaYkYmJS9VJEF4hAakZ2iMOFF+NnthAk+N0oeRkKZiDWfq74kMcaXGPDSdHOmhWvSm4n9eL9XRlZ/ROEk1ifF8UZQyqAWc5gH7VBKs2dgQhCU1t0I8RBJhbVIrmRDcxZeXSbtecy9qzl293LjO4yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj3lrwcpnDsEfWJ8/gi6Vjw==</latexit>

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

⇢ ⇠ 1/⇤UV

• Close fermion loops with Higgs boson

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

(otherwise mumdmcmsmbmt

⇤6
UV

)

<latexit sha1_base64="WAb62cZmQe39rhnIX8sXiyx64t8="></latexit>

m2
af

2
a ⇠ 1

8⇤
4
QCD + ⇤4

I

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

where ⇤I � ⇤QCD
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QCD in 5D
Flat space 5D metric:

<latexit sha1_base64="o1eQVuAr1tFqtVp4TNRXQpTse24=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFQShJQHQjFN24rGAf0KZlMpm0QyeTMDMRYyj+ihsXirj1P9z5N07bLLT1wOUezrmXuXO8mFGpLOvbKCwtr6yuFddLG5tb2zvm7l5TRonApIEjFom2hyRhlJOGooqRdiwICj1GWt7oeuK37omQNOJ3Ko2JG6IBpwHFSGmpbx5UfNlz4CX0H3Q7hX7acyp9s2xVrSngIrFzUgY56n3zq+tHOAkJV5ghKTu2FSs3Q0JRzMi41E0kiREeoQHpaMpRSKSbTa8fw2Ot+DCIhC6u4FT9vZGhUMo09PRkiNRQznsT8T+vk6jgws0ojxNFOJ49FCQMqghOooA+FQQrlmqCsKD6VoiHSCCsdGAlHYI9/+VF0nSq9lnVunXKtas8jiI4BEfgBNjgHNTADaiDBsDgETyDV/BmPBkvxrvxMRstGPnOPvgD4/MH2sWS5Q==</latexit>

ds2 = dx2 + dy2

Gluon:
<latexit sha1_base64="U0PYSPyCv+I4uE6QiF+Codzz0NM=">AAACB3icbZDLSgMxFIYzXmu9jboUJNgKLb0wUyi6rLrQjVLBXqAtQybNtKGZC0lGKEN3bnwVNy4UcesruPNtzLSz0NYfAh//OYeT89sBo0Iaxre2tLyyurae2khvbm3v7Op7+03hhxyTBvaZz9s2EoRRjzQklYy0A06QazPSskeXcb31QLigvncvxwHpuWjgUYdiJJVl6UfZKyu6uZ0U4bnVdcNcoVjIx1zNlYqlfNbSM0bZmAougplABiSqW/pXt+/j0CWexAwJ0TGNQPYixCXFjEzS3VCQAOERGpCOQg+5RPSi6R0TeKKcPnR8rp4n4dT9PREhV4ixa6tOF8mhmK/F5n+1Tiids15EvSCUxMOzRU7IoPRhHArsU06wZGMFCHOq/grxEHGEpYourUIw509ehGalbFbLxl0lU7tI4kiBQ3AMcsAEp6AGrkEdNAAGj+AZvII37Ul70d61j1nrkpbMHIA/0j5/AKVBlU8=</latexit>

GMN , Aµ(+,+), A5(�,�)
<latexit sha1_base64="DsGKuFbtHZx5xFOSE5NP6owtHes="></latexit>

A(0)
µ (x) QCD gluon

Axion:
<latexit sha1_base64="oKcOo+Qjq+gPl3/CnhbzuzH6aqo=">AAACB3icbZDLSgMxFIYzXmu9jboUJNgKLb0wUyi6LBXEjVLBXqAtQybNtKGZC0lGKEN3bnwVNy4UcesruPNtzLSz0NYfAh//OYeT89sBo0Iaxre2srq2vrGZ2kpv7+zu7esHhy3hhxyTJvaZzzs2EoRRjzQllYx0Ak6QazPStseXcb39QLigvncvJwHpu2joUYdiJJVl6SfZKyu6uZ0WYd3quWGuVCzlY67mCsVCPmvpGaNszASXwUwgAxI1LP2rN/Bx6BJPYoaE6JpGIPsR4pJiRqbpXihIgPAYDUlXoYdcIvrR7I4pPFPOADo+V8+TcOb+noiQK8TEtVWni+RILNZi879aN5TORT+iXhBK4uH5IidkUPowDgUOKCdYsokChDlVf4V4hDjCUkWXViGYiycvQ6tSNqtl466SqdWTOFLgGJyCHDDBOaiBa9AATYDBI3gGr+BNe9JetHftY966oiUzR+CPtM8fpu2VUA==</latexit>

FMN , Bµ(�,�), B5(+,+)
<latexit sha1_base64="bSv2AUl4lbSDLIx5HxaIAPuVr5g="></latexit>

B(0)
5 (x) ⌘ a(x) QCD axion

Orbifold compactification:
<latexit sha1_base64="JOKLrDz6LwOle/D1AeYgFP5IUug=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFhPBKtwFRBshaGNhEcV8SHKEvc1esmR379jdE8KRX2FjoYitP8fOf+MmuUITHww83pthZl4Qc6aN6347uZXVtfWN/GZha3tnd6+4f9DUUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxhdT/3WE1WaRfLBjGPqCzyQLGQEGys9lm8vuzFD9+VeseRW3BnQMvEyUoIM9V7xq9uPSCKoNIRjrTueGxs/xcowwumk0E00jTEZ4QHtWCqxoNpPZwdP0IlV+iiMlC1p0Ez9PZFiofVYBLZTYDPUi95U/M/rJCa88FMm48RQSeaLwoQjE6Hp96jPFCWGjy3BRDF7KyJDrDAxNqOCDcFbfHmZNKsV76zi3lVLtassjjwcwTGcggfnUIMbqEMDCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/IImPTg==</latexit>

L = ⇡R

5D Chern-Simons: axion- gluon coupling

where
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5D small instantons
5D instanton:

Fluctuations + Kaluza-Klein contributions

power law term!

small instantons!

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

Valid up to g2
5⇤5

24⇡3 ⇠ 1 or ⇤5R . 6⇡
↵s

<latexit sha1_base64="JMmzL+O3CopzTxRr7YpN0//LK3k="></latexit>

Aa
µ(x, y) = A(I)a

µ (x) = 2⌘aµ⌫(x�x0)⌫
(x�x0)2+⇢2 , Aa

5(x, y) = 0 Finite 
action

power law contribution can 
overcome suppression 

4D 5D

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

e�Seff

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

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

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

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

1/⇢
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Higher dimension terms:

Extremum:
<latexit sha1_base64="/Dyf8BdqMKetuBQQdabIlMOjic4=">AAAB8HicdVDLSgMxFM34rPVVdekm2Ap1U5KCfWyk6MZlBfuQdiiZNNOGZjJDkhHK0K9w40IRt36OO//GTFtBRQ9cOJxzL/fe40WCa4PQh7Oyura+sZnZym7v7O7t5w4O2zqMFWUtGopQdT2imeCStQw3gnUjxUjgCdbxJlep37lnSvNQ3pppxNyAjCT3OSXGSneFIh1ULtBZYZDLoxJCCGMMU4KrFWRJvV4r4xrEqWWRB0s0B7n3/jCkccCkoYJo3cMoMm5ClOFUsFm2H2sWETohI9azVJKAaTeZHzyDp1YZQj9UtqSBc/X7REICraeBZzsDYsb6t5eKf3m92Pg1N+Eyig2TdLHIjwU0IUy/h0OuGDViagmhittbIR0TRaixGWVtCF+fwv9Ju1zC5yV0U843LpdxZMAxOAFFgEEVNMA1aIIWoCAAD+AJPDvKeXRenNdF64qznDkCP+C8fQK0kY8L</latexit>

(c6 > 0)

<latexit sha1_base64="3CdXRnooRURsq6a3IBi41xcLtXw="></latexit>

Provided g2
5⇤5

24⇡3 ⌧ 1
<latexit sha1_base64="HVTruRMHxloEGIaNh7RdNzuhnSw="></latexit>

⇢⇤ � 1
⇤5

i.e. instantons of size near UV cutoff            are suppressed <latexit sha1_base64="hATYKIicFomGPBVTrv/0dgnt9PM=">AAAB9HicdVDLSgMxFM3UV62vqks3wVaomyEZHO2y6MaFiwr2Ae1QMplMG5p5mGQKpfQ73LhQxK0f486/MX0IKnogcDjnXO7N8VPBlUbow8qtrK6tb+Q3C1vbO7t7xf2DpkoySVmDJiKRbZ8oJnjMGpprwdqpZCTyBWv5w6uZ3xoxqXgS3+lxyryI9GMeckq0kbxypXtjwgHpuaflXrGEbHTunuEqRLaLcBW7hjguRsiB2EZzlMAS9V7xvRskNItYrKkgSnUwSrU3IVJzKti00M0USwkdkj7rGBqTiClvMj96Ck+MEsAwkebFGs7V7xMTEik1jnyTjIgeqN/eTPzL62Q6rHoTHqeZZjFdLAozAXUCZw3AgEtGtRgbQqjk5lZIB0QSqk1PBVPC10/h/6Tp2Ni10a1Tql0u68iDI3AMKgCDC1AD16AOGoCCe/AAnsCzNbIerRfrdRHNWcuZQ/AD1tsnEJ6Q/g==</latexit>

(⇤5)

Higher dimension contribution
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Axion mass from 5D small instantons
Assume boundary Standard Model fermions               and QCD in bulk

<latexit sha1_base64="7+pAjipvW2rQk2sAOfBytKAdMfU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwVaol7JbkHoRil48VrAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfjtr6xubW9u5nfzu3v7BYeHouKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6d+e0nqjSL5IOZxNQXeChZyAg2VnoslYO+e127KPULRbfizoFWiZeRImRo9AtfvUFEEkGlIRxr3fXc2PgpVoYRTqf5XqJpjMkYD2nXUokF1X46P3iKzq0yQGGkbEmD5urviRQLrScisJ0Cm5Fe9mbif143MeGVnzIZJ4ZKslgUJhyZCM2+RwOmKDF8YgkmitlbERlhhYmxGeVtCN7yy6ukVa14lxX3vlqs32Rx5OAUzqAMHtSgDnfQgCYQEPAMr/DmKOfFeXc+Fq1rTjZzAn/gfP4AZgSO1A==</latexit>

(b0 = 7)

Yukawa coupling suppression from Higgs loops 5D enhancement

<latexit sha1_base64="Wx3JFr5Cj1I5nGWOzcpXTeqbeUA="></latexit>

Write ⇤5R = 6⇡"
↵s(1/R) where " . 1

Positive exponent:
<latexit sha1_base64="UYcrDWAO2zDMtaQN9tbTdAhCLRw=">AAACFnicbVC7TgJBFJ3FF+ILtbSZCCZYgLskRAsLoo2FBRJ5JCzZ3B1mYcLsIzOzJmTDV9j4KzYWGmNr7Pwbh0eh4ElucnLOvTP3HjfiTCrT/DZSK6tr6xvpzczW9s7uXnb/oCnDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7ye+K0HKiQLg3s1imjXh37APEZAacnJFvO2J4AkZTti48QGHg3AkQXrrH46Ltq3+qEeOBVcx5cmzmMnmzNL5hR4mVhzkkNz1Jzsl90LSezTQBEOUnYsM1LdBIRihNNxxo4ljYAMoU87mgbgU9lNpmeN8YlWetgLha5A4an6eyIBX8qR7+pOH9RALnoT8T+vEyvvopuwIIoVDcjsIy/mWIV4khHuMUGJ4iNNgAimd8VkADompZPM6BCsxZOXSbNcsiol866cq17N40ijI3SMCshC56iKblANNRBBj+gZvaI348l4Md6Nj1lrypjPHKI/MD5/AEQ0nNk=</latexit>

2⇡
↵s(1/R) � ⇤5R < 0

<latexit sha1_base64="ZOwwmy57OpAbpbSJYaw9WFNVDB0=">AAACBXicbVDLSgMxFM34rPU16lIXwVZwVWaKosuiG5cV7AM6Q8mkmTY0jyHJFMrQjRt/xY0LRdz6D+78G9N2Ftp6IHA451xu7okSRrXxvG9nZXVtfWOzsFXc3tnd23cPDptapgqTBpZMqnaENGFUkIahhpF2ogjiESOtaHg79VsjojSV4sGMExJy1Bc0phgZK3Xdk3IwQookmjIpYNA3NsqhV/EvYBl23ZJX8WaAy8TPSQnkqHfdr6AnccqJMJghrTu+l5gwQ8pQzMikGKSaJAgPUZ90LBWIEx1msysm8MwqPRhLZZ8wcKb+nsgQ13rMI5vkyAz0ojcV//M6qYmvw4yKJDVE4PmiOGXQSDitBPaoItiwsSUIK2r/CvEAKYSNLa5oS/AXT14mzWrFv6x499VS7SavowCOwSk4Bz64AjVwB+qgATB4BM/gFbw5T86L8+58zKMrTj5zBP7A+fwB69GW4Q==</latexit>

" & 0.14

(perturbativity limit)

Axion mass can be enhanced up to maximum:
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[TG, Khoze, Pomarol, Shirman: 2001.05610]

5D strong coupling

<latexit sha1_base64="O6ZoXxFOMYnhvHGnxX8p40Bt8lg="></latexit>

" = 0.47, c6 = 0.5

<latexit sha1_base64="odizZ7AeJRfCW/1Za11ujER0h7Q="></latexit>

" = 0.52, c6 = 0.5

<latexit sha1_base64="ZdXm3rlErY1o/7LyXSnygYpN5kU=">AAACBXicdVBNS0JBFJ1nX2ZfVstaDGnQQmTGyI+FILVpaZAfoCLzxlEH5817zMwTRNy06a+0aVFE2/5Du/5N89Sgog5cOJxzL/fe4waCa4PQhxNbWV1b34hvJra2d3b3kvsHde2HirIa9YWvmi7RTHDJaoYbwZqBYsRzBWu4o6vIb4yZ0tyXt2YSsI5HBpL3OSXGSt3kcbo9JooFmgtfwjLKnmdgO0O7+TJKw24yhbIIIYwxjAgu5JElpVIxh4sQR5ZFCixR7Sbf2z2fhh6ThgqidQujwHSmRBlOBZsl2qFmAaEjMmAtSyXxmO5M51/M4KlVerDvK1vSwLn6fWJKPK0nnms7PWKG+rcXiX95rdD0i50pl0FomKSLRf1QQOPDKBLY44pRIyaWEKq4vRXSIVGEGhtcwobw9Sn8n9RzWXyRRTe5VOVyGUccHIETcAYwKIAKuAZVUAMU3IEH8ASenXvn0XlxXhetMWc5cwh+wHn7BMJxlik=</latexit>

" = 0.3, c6 = 0

<latexit sha1_base64="+sIXcB/q0CDj/nx/FVZvivr/amk=">AAACBnicdVBNS0JBFJ1nX2ZfVssIhjRoITIj+LUQpDYtDfIDVGTeOOrgvHmPmXmCiKs2/ZU2LYpo229o179pnhpU1IELh3Pu5d573EBwbRD6cGJr6xubW/HtxM7u3v5B8vCoof1QUVanvvBVyyWaCS5Z3XAjWCtQjHiuYE13fBX5zQlTmvvy1kwD1vXIUPIBp8RYqZc8TXcmRLFAc+FLWEHZXD4DOxnaK1RQGvaSKZRFCGGMYURwsYAsKZdLOVyCOLIsUmCFWi/53un7NPSYNFQQrdsYBaY7I8pwKtg80Qk1CwgdkyFrWyqJx3R3tnhjDs+t0ocDX9mSBi7U7xMz4mk99Vzb6REz0r+9SPzLa4dmUOrOuAxCwyRdLhqEAhofRpnAPleMGjG1hFDF7a2Qjogi1NjkEjaEr0/h/6SRy+J8Ft3kUtXLVRxxcALOwAXAoAiq4BrUQB1QcAcewBN4du6dR+fFeV22xpzVzDH4AeftEz51lmc=</latexit>

" = 0.25, c6 = 0

<latexit sha1_base64="VVTaXwSeC9gSIn+XaeslWOVEkSg=">AAACBXicdVDLSgMxFM34rPVVdamLYCu4KCUZsI9FoejGZQX7gLaUTJq2oZnMkGQKpXTjxl9x40IRt/6DO//GTFtBRQ9cOJxzL/fe44WCa4PQh7Oyura+sZnYSm7v7O7tpw4O6zqIFGU1GohANT2imeCS1Qw3gjVDxYjvCdbwRlex3xgzpXkgb80kZB2fDCTvc0qMlbqpk0x7TBQLNReBhGWUc7OwnaXdfBllYDeVRjmEEMYYxgQX8siSUqno4iLEsWWRBktUu6n3di+gkc+koYJo3cIoNJ0pUYZTwWbJdqRZSOiIDFjLUkl8pjvT+RczeGaVHuwHypY0cK5+n5gSX+uJ79lOn5ih/u3F4l9eKzL9YmfKZRgZJuliUT8S0AQwjgT2uGLUiIklhCpub4V0SBShxgaXtCF8fQr/J3U3hy9y6MZNVy6XcSTAMTgF5wCDAqiAa1AFNUDBHXgAT+DZuXcenRfnddG64ixnjsAPOG+fwOKWKA==</latexit>

" = 0.2, c6 = 0

Small 5D instantons can dominate for 
<latexit sha1_base64="O2C9Af/+OlCIEBEvLjZjq8+PLB0=">AAACBnicbVDLSgMxFM34rPU16lKEYCu4KpmC6LLoxmWVvqBTSibNtKFJZkgyQhlm5cZfceNCEbd+gzv/xrSdhbYeCBzOOZebe4KYM20Q+nZWVtfWNzYLW8Xtnd29fffgsKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6Z+u0HqjSLZMNMYtoTeChZyAg2Vuq7J2U/VJikXpbeZ9AfGhsV0EOoDBu01XdLqIJmgMvEy0kJ5Kj33S9/EJFEUGkIx1p3PRSbXoqVYYTTrOgnmsaYjPGQdi2VWFDdS2dnZPDMKgMYRso+aeBM/T2RYqH1RAQ2KbAZ6UVvKv7ndRMTXvVSJuPEUEnmi8KEQxPBaSdwwBQlhk8swUQx+1dIRtjWYmxzRVuCt3jyMmlVK95FBd1VS7XrvI4COAan4Bx44BLUwC2ogyYg4BE8g1fw5jw5L8678zGPrjj5zBH4A+fzB+W5l3Q=</latexit>

1
R & 100 TeV
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Other possibilities:

⇤0

Enlarge QCD color

SU(3 +N 0) ! SU(3)c ⇥ SU(N 0) [Dimopoulos, Susskind ’79;  Dimopoulos ‘79]

30

SU(3 +N)⇥ SU(N)0 ! SU(3)c ⇥ SU(N)D

<latexit sha1_base64="MkWljr1jpC1+ji/wfmRW/tTXT6w=">AAACJHicbVDJTgJBEO1xRdxGPXrpCEaICZkBEzVeiHrwRDDKkgCZ9DQNdOhZ0l2jIYSP8eKvePHgEg9e/Bab5SDgSzp59V5Vquu5oeAKLOvbWFhcWl5Zja3F1zc2t7bNnd2yCiJJWYkGIpBVlygmuM9KwEGwaigZ8VzBKm73auhXHphUPPDvoReyhkfaPm9xSkBLjnmRvCulcvi4kMZ14B5TWNeF9BGuS97uAJEyeBxKubRDpzqc66RjJqyMNQKeJ/aEJNAERcf8qDcDGnnMByqIUjXbCqHRJxI4FWwQr0eKhYR2SZvVNPWJ3tboj44c4EOtNHErkPr5gEfq34k+8ZTqea7u9Ah01Kw3FP/zahG0zhp97ocRMJ+OF7UigSHAw8Rwk0tGQfQ0IVRy/VdMO0QSCjrXuA7Bnj15npSzGfskc36bTeQvJ3HE0D46QClko1OURzeoiEqIoif0gt7Qu/FsvBqfxte4dcGYzOyhKRg/v+TJoLc=</latexit>

[Gaillard, Gavela, Houtz, Quilez,del Rey: 1805.06465]
[TG, Nagata Shifman: 1604.01127]

[Agrawal, Howe 1710.04213]

Axion mass is sensitive to UV completion!

Mirror QCD

Strong QCD [Holdom, Peskin 1982] [Flynn, Randall 1987]
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SU(3)1 ⇥ SU(3)2 ⇥ · · ·⇥ SU(3)k ! SU(3)c
[Csaki, Ruhdorfer, Shirman 1912.02197]

[Rubakov ’97] [Berezhiani, Gianfagna, Gianotti ’00]
[Dimopoulos, Hook, Huang, Marques-Tavares: 1606.03097]
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Conclusion
• Axion quality problem can be solved in 5D 

warped dimension

• Flavoured warped axion 

• 5D small instantons
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 — dual to 4D dynamical axion with accidental PQ symmetry

 — axion mass could be a sensitive probe of UV physics

 — predicts off-diagonal axion-fermion couplings

 — can enhance axion mass and not spoil strong CP solution

 — solves axion quality and explains fermion mass hierarchy
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