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• Axion Introduction


• Axion-nucleon couplings in Chiral Perturbation Theory


• Density dependence of the axion-nucleon couplings


• Model (in)dependent astrophysical axion bounds

Outline
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Why Axions?

CP violation in the strong sector

Predicts neutron EDM

Why so 
small???

QCD Axion explains this by promoting  to a dynamical field θ a(x)

• Axion is very predictive

• Couplings to nucleons, photons, electrons, etc. determined by one scale  fa



Axion-Nucleon coupling

<latexit sha1_base64="qgU9SOBqnvu2KqcowF8dPwUz294="></latexit>

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Villadoro et.al. 15’ 

<latexit sha1_base64="/fSwdZ+BAnK/uTRZLAIR6qwDxt4=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdTPoxWME84DsEmYns8mQ2dlhZlYIS35DUA+KePUD/A1v/o2zSQ6aWNBQVHXT3RVKzrRx3W9nYXFpeWW1sFZc39jc2i7t7DZ0kipC6yThiWqFWFPOBK0bZjhtSUVxHHLaDAfXud+8p0qzRNyZoaRBjHuCRYxgYyVf+pyjuJP5ko06pbJbccdA88SbkvLl52OOp1qn9OV3E5LGVBjCsdZtz5UmyLAyjHA6KvqpphKTAe7RtqUCx1QH2fjmETq0ShdFibIlDBqrvycyHGs9jEPbGWPT17NeLv7ntVMTXQQZEzI1VJDJoijlyCQoDwB1maLE8KElmChmb0WkjxUmxsZUtCF4sy/Pk8ZxxTurnN6elKtXMEEB9uEAjsCDc6jCDdSgDgQkPMALvDqp8+y8Oe+T1gVnOrMHf+B8/AAzz5ZI</latexit>

p ⌧ m⇡EFT valid for
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L → 1

fa
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Axion-Nucleon coupling

<latexit sha1_base64="qgU9SOBqnvu2KqcowF8dPwUz294="></latexit>
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p ⌧ m⇡EFT valid for

• Axion-Nucleon coupling
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Nf = 2
<latexit sha1_base64="BG4PoTfa6NNfIKJdDbsJHab75iw=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARlGJJVKoboeqirqSCvUAbw2Q6aYdOLsxMhBLyDG58FTcuFHHryp1v46TNQlt/GPj5zjnMOb8TMiqkYXxrubn5hcWl/HJhZXVtfUPf3GqKIOKYNHDAAt52kCCM+qQhqWSkHXKCPIeRljO8SuutB8IFDfw7OQqJ5aG+T12KkVTI1g+wfXNesy+wHUeHvaQrUXR/XKrZRgpKCnhIDhw3NhNbLxplYyw4a8zMFEGmuq1/dXsBjjziS8yQEB3TCKUVIy4pZiQpdCNBQoSHqE86yvrII8KKxyclcE+RHnQDrp4v4Zj+noiRJ8TIc1RnuqGYrqXwv1onku6ZFVM/jCTx8eQjN2JQBjDNB/YoJ1iykTIIc6p2hXiAOMJSpVhQIZjTJ8+a5lHZrJQrtyfF6mUWRx7sgF2wD0xwCqrgGtRBA2DwCJ7BK3jTnrQX7V37mLTmtGxmG/yR9vkDKD6dMQ==</latexit>

cN = GAcu→dω
3 +G0cu+d1
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L → 1

fa
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Axion-Nucleon coupling

<latexit sha1_base64="qgU9SOBqnvu2KqcowF8dPwUz294="></latexit>

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Villadoro et.al. 15’ 

<latexit sha1_base64="JYQzBRJaKS7XbIyg4zSuUPZhdLo="></latexit>

cKSVZ
p = �0.47(3), cKSVZ

n = +0.02(3)• KSVZ axion
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p ⌧ m⇡EFT valid for

• Axion-Nucleon coupling
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<latexit sha1_base64="BG4PoTfa6NNfIKJdDbsJHab75iw=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARlGJJVKoboeqirqSCvUAbw2Q6aYdOLsxMhBLyDG58FTcuFHHryp1v46TNQlt/GPj5zjnMOb8TMiqkYXxrubn5hcWl/HJhZXVtfUPf3GqKIOKYNHDAAt52kCCM+qQhqWSkHXKCPIeRljO8SuutB8IFDfw7OQqJ5aG+T12KkVTI1g+wfXNesy+wHUeHvaQrUXR/XKrZRgpKCnhIDhw3NhNbLxplYyw4a8zMFEGmuq1/dXsBjjziS8yQEB3TCKUVIy4pZiQpdCNBQoSHqE86yvrII8KKxyclcE+RHnQDrp4v4Zj+noiRJ8TIc1RnuqGYrqXwv1onku6ZFVM/jCTx8eQjN2JQBjDNB/YoJ1iykTIIc6p2hXiAOMJSpVhQIZjTJ8+a5lHZrJQrtyfF6mUWRx7sgF2wD0xwCqrgGtRBA2DwCJ7BK3jTnrQX7V37mLTmtGxmG/yR9vkDKD6dMQ==</latexit>
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Nf = 2
<latexit sha1_base64="BG4PoTfa6NNfIKJdDbsJHab75iw=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARlGJJVKoboeqirqSCvUAbw2Q6aYdOLsxMhBLyDG58FTcuFHHryp1v46TNQlt/GPj5zjnMOb8TMiqkYXxrubn5hcWl/HJhZXVtfUPf3GqKIOKYNHDAAt52kCCM+qQhqWSkHXKCPIeRljO8SuutB8IFDfw7OQqJ5aG+T12KkVTI1g+wfXNesy+wHUeHvaQrUXR/XKrZRgpKCnhIDhw3NhNbLxplYyw4a8zMFEGmuq1/dXsBjjziS8yQEB3TCKUVIy4pZiQpdCNBQoSHqE86yvrII8KKxyclcE+RHnQDrp4v4Zj+noiRJ8TIc1RnuqGYrqXwv1onku6ZFVM/jCTx8eQjN2JQBjDNB/YoJ1iykTIIc6p2hXiAOMJSpVhQIZjTJ8+a5lHZrJQrtyfF6mUWRx7sgF2wD0xwCqrgGtRBA2DwCJ7BK3jTnrQX7V37mLTmtGxmG/yR9vkDKD6dMQ==</latexit>

cN = GAcu→dω
3 +G0cu+d1

<latexit sha1_base64="qgU9SOBqnvu2KqcowF8dPwUz294="></latexit>

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Compatible with zero due to 
accidental cancellation



Is this EFT valid in astrophysical environments?

This Hubble Space Telescope image shows Supernova 1987A within the Large Magellanic Cloud



Is this EFT valid in astrophysical environments?

• Typical momenta
<latexit sha1_base64="8GaOwf8q7pkySoSniTM2KxZfD1Q=">AAACB3icbVDJThtBEO0hLI7ZHDgioRYWEgewZkhYbrHChaMjYYPkMVZPuwa33N0zdNdEWCPfuPAJ5BO4cAiKwjG/kFv+hvZyYHtSSU/vVamqXpRKYdH3/3tTH6ZnZucKH4vzC4tLy6VPKw2bZIZDnScyMWcRsyCFhjoKlHCWGmAqknAa9Y6G/ukPMFYk+gT7KbQUu9AiFpyhk9qldd32QysUXFK/EuyH2yHCFeaxGpznO58H7VLZr/gj0LckmJDy18fbIX7W2qV/YSfhmQKNXDJrm4GfYitnBgWXMCiGmYWU8R67gKajmimwrXz0x4BuOqVD48S40khH6vOJnClr+ypynYph1772huJ7XjPD+LCVC51mCJqPF8WZpJjQYSi0IwxwlH1HGDfC3Up5lxnG0UVXdCEEr19+Sxq7Lr/K3vcv5eo3MkaBrJENskUCckCq5JjUSJ1wck3uyC/y4N14995v78+4dcqbzKySF/D+PgGJ65z3</latexit>

n0 ' 0.16 fm�3

Not really…

<latexit sha1_base64="dcUlQTzTVrxVsMoHXa8dzcbfgho="></latexit>

kF ' (3⇡2n0)
1/3 ' 260MeV



Is this EFT valid in astrophysical environments?

• Typical momenta
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n0 ' 0.16 fm�3

Not really…

<latexit sha1_base64="dcUlQTzTVrxVsMoHXa8dzcbfgho="></latexit>

kF ' (3⇡2n0)
1/3 ' 260MeV

Need to construct EFT of pions and nuclons



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

: Model dependent UV LagrangianℒUV



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="I1QA1BsjxUgs1vQViDotlSQ1AoA=">AAACJHicbVDLSgNBEJyN7/ha9ehlMCh6MO6KqEfRixdBwZhAEpfZSScZMvtwplcMy/6B3+EHeNVP8CYevHj1N5zECMZY0FBUddPd5cdSaHScdys3Nj4xOTU9k5+dm19YtJeWr3SUKA4lHslIVXymQYoQSihQQiVWwAJfQtnvnPT88i0oLaLwErsx1APWCkVTcIZG8uyNC4/V4CYRt/TMu7lOt91sp4Zwh+mlyjZ/pC3PLjhFpw86StwBKZABzj37s9aIeBJAiFwyrauuE2M9ZQoFl5Dla4mGmPEOa0HV0JAFoOtp/5+MrhulQZuRMhUi7au/J1IWaN0NfNMZMGzrv15P/M+rJtg8rKcijBOEkH8vaiaSYkR74dCGUMBRdg1hXAlzK+VtphhHE+HQFm2eakMjy5tk3L85jJKr3aK7X9y/2CscHQ8ymiarZI1sEpcckCNySs5JiXByTx7JE3m2HqwX69V6+27NWYOZFTIE6+MLxmWkww==</latexit>

Qa → M→1
q /Tr(M→1

q )

After chiral quark rotation 
<latexit sha1_base64="b9TlhZ/dk3lzqjYtgJwqNN95zBk="></latexit>

LQCD = LQCD,0 � (q̄LMaqR + h.c.) +
1

2
(@a)2 +

@µa

2fa
Jµ
PQ

<latexit sha1_base64="bKLfAPbODLDr7LwFQtU1l09kg5I="></latexit>

Ma ⌘ e
ia(x)
2fa

QaMqe
ia(x)
2fa

Qa

<latexit sha1_base64="VE2dsvldyAyN4is104lYDu7C+QE="></latexit>

Jµ
PQ =

X

q=u,d

cUV
q q̄�µ�5q, cUV

q ⌘ c0q � [Qa]q

: Model dependent UV LagrangianℒUV



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="o14hp9ZE0pzwxj5XbzuxbeZnUf0="></latexit>

L → ↑q̄ (s↑ iω5p) q + q̄ωµω5
(
aµ + asµ

)
q

Can be mapped to QCD Lagrangian with external sources

<latexit sha1_base64="HTuHoy75xxwXuej251i5KauBZRs=">AAACDnicbVBLSgNBEO3xG+Nv1KWbwSC4kDAjEt0IQTduhCjmA5kh9HQqSZOeD901wTDkDh7ArR7Bnbj1Cp7Aa9hJZmESHxQ83quiqp4fC67Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pKJEMqiwSkWz4VIHgIVSRo4BGLIEGvoC6378Z+/UBSMWj8BGHMXgB7Ya8wxlFLbVMU125CE+YPsDIPb1r0ZZZsIv2BNYicTJSIBkqLfPHbUcsCSBEJqhSTceO0UupRM4EjPJuoiCmrE+70NQ0pAEoL51cPrKOtdK2OpHUFaI1Uf9OpDRQahj4ujOg2FPz3lj8z2sm2Ln0Uh7GCULIpos6ibAwssYxWG0ugaEYakKZ5PpWi/WopAx1WDNblH6qB+1RXifjzOewSGpnRadULN2fF8rXWUY5ckiOyAlxyAUpk1tSIVXCyIC8kFfyZjwb78aH8TltXTKymQMyA+PrF4nTnEQ=</latexit>

s = ReMa
<latexit sha1_base64="5fjxv5fscjcmjJ0zyht+/z9wFso=">AAACD3icbVBLSgNBEO3xG+Mv0aWbwSC40DAjEt0IQTe6ECKYD2SG0NOpJE16PnTXqGGYQ3gAt3oEd+LWI3gCr2HnszCJDwoe71VRVc+LBFdoWd/GwuLS8spqZi27vrG5tZ3L79RUGEsGVRaKUDY8qkDwAKrIUUAjkkB9T0Dd618N/foDSMXD4B4HEbg+7Qa8wxlFLbVy+eji2EF4wuTGT52j2xZt5QpW0RrBnCf2hBTIBJVW7sdphyz2IUAmqFJN24rQTahEzgSkWSdWEFHWp11oahpQH5SbjE5PzQOttM1OKHUFaI7UvxMJ9ZUa+J7u9Cn21Kw3FP/zmjF2zt2EB1GMELDxok4sTAzNYQ5mm0tgKAaaUCa5vtVkPSopQ53W1Baln+pBO83qZOzZHOZJ7aRol4qlu9NC+XKSUYbskX1ySGxyRsrkmlRIlTDySF7IK3kzno1348P4HLcuGJOZXTIF4+sX83Gcdw==</latexit>

p = →ImMa

<latexit sha1_base64="kHc84L56J4Bl5OcDbaM7QvpRnNg="></latexit>

aµ = cu+d
ωµa

2fa
ε3

<latexit sha1_base64="kpFn2k4rQZR+j3uB2izCpfO7/M4="></latexit>

asµ = cu→d
ωµa

2fa

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡QCD confines:

• EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis

<latexit sha1_base64="mdybYAstUhxtoF7X/2oOkyuRUeE=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKUiUVKixIFQwwMBRE2kpNFDmu21p1nMh2kKqoX8DCr7AwgBArMxt/g5tmgJYjWTr3nHt1fU8QMyqVZX0bS8srq2vrhY3i5tb2zq65t9+SUSIwcXDEItEJkCSMcuIoqhjpxIKgMGCkHYwup377gQhJI36vxjHxQjTgtE8xUlryzfKV7+IhPXcqtWP/xlU0JBJmxZ2rohlLJ75ZsqpWBrhI7JyUQI6mb365vQgnIeEKMyRl17Zi5aVIKIoZmRTdRJIY4REakK6mHOm1XpqdM4FlrfRgPxL6cQUz9fdEikIpx2GgO0OkhnLem4r/ed1E9c+8lPI4UYTj2aJ+wqA+dJoN7FFBsGJjTRAWVP8V4iESCCudYFGHYM+fvEhatapdr9ZvT0qNizyOAjgER6ACbHAKGuAaNIEDMHgEz+AVvBlPxovxbnzMWpeMfOYA/IHx+QNnTpnT</latexit>

Gω = U(2)L → U(2)R ↑ U(2)

: Model dependent UV LagrangianℒUV



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="o14hp9ZE0pzwxj5XbzuxbeZnUf0="></latexit>

L → ↑q̄ (s↑ iω5p) q + q̄ωµω5
(
aµ + asµ

)
q

Can be mapped to QCD Lagrangian with external sources

<latexit sha1_base64="HTuHoy75xxwXuej251i5KauBZRs=">AAACDnicbVBLSgNBEO3xG+Nv1KWbwSC4kDAjEt0IQTduhCjmA5kh9HQqSZOeD901wTDkDh7ArR7Bnbj1Cp7Aa9hJZmESHxQ83quiqp4fC67Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pKJEMqiwSkWz4VIHgIVSRo4BGLIEGvoC6378Z+/UBSMWj8BGHMXgB7Ya8wxlFLbVMU125CE+YPsDIPb1r0ZZZsIv2BNYicTJSIBkqLfPHbUcsCSBEJqhSTceO0UupRM4EjPJuoiCmrE+70NQ0pAEoL51cPrKOtdK2OpHUFaI1Uf9OpDRQahj4ujOg2FPz3lj8z2sm2Ln0Uh7GCULIpos6ibAwssYxWG0ugaEYakKZ5PpWi/WopAx1WDNblH6qB+1RXifjzOewSGpnRadULN2fF8rXWUY5ckiOyAlxyAUpk1tSIVXCyIC8kFfyZjwb78aH8TltXTKymQMyA+PrF4nTnEQ=</latexit>

s = ReMa
<latexit sha1_base64="5fjxv5fscjcmjJ0zyht+/z9wFso=">AAACD3icbVBLSgNBEO3xG+Mv0aWbwSC40DAjEt0IQTe6ECKYD2SG0NOpJE16PnTXqGGYQ3gAt3oEd+LWI3gCr2HnszCJDwoe71VRVc+LBFdoWd/GwuLS8spqZi27vrG5tZ3L79RUGEsGVRaKUDY8qkDwAKrIUUAjkkB9T0Dd618N/foDSMXD4B4HEbg+7Qa8wxlFLbVy+eji2EF4wuTGT52j2xZt5QpW0RrBnCf2hBTIBJVW7sdphyz2IUAmqFJN24rQTahEzgSkWSdWEFHWp11oahpQH5SbjE5PzQOttM1OKHUFaI7UvxMJ9ZUa+J7u9Cn21Kw3FP/zmjF2zt2EB1GMELDxok4sTAzNYQ5mm0tgKAaaUCa5vtVkPSopQ53W1Baln+pBO83qZOzZHOZJ7aRol4qlu9NC+XKSUYbskX1ySGxyRsrkmlRIlTDySF7IK3kzno1348P4HLcuGJOZXTIF4+sX83Gcdw==</latexit>

p = →ImMa

<latexit sha1_base64="kHc84L56J4Bl5OcDbaM7QvpRnNg="></latexit>

aµ = cu+d
ωµa

2fa
ε3

<latexit sha1_base64="kpFn2k4rQZR+j3uB2izCpfO7/M4="></latexit>

asµ = cu→d
ωµa

2fa

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡QCD confines:

• EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis

<latexit sha1_base64="mdybYAstUhxtoF7X/2oOkyuRUeE=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKUiUVKixIFQwwMBRE2kpNFDmu21p1nMh2kKqoX8DCr7AwgBArMxt/g5tmgJYjWTr3nHt1fU8QMyqVZX0bS8srq2vrhY3i5tb2zq65t9+SUSIwcXDEItEJkCSMcuIoqhjpxIKgMGCkHYwup377gQhJI36vxjHxQjTgtE8xUlryzfKV7+IhPXcqtWP/xlU0JBJmxZ2rohlLJ75ZsqpWBrhI7JyUQI6mb365vQgnIeEKMyRl17Zi5aVIKIoZmRTdRJIY4REakK6mHOm1XpqdM4FlrfRgPxL6cQUz9fdEikIpx2GgO0OkhnLem4r/ed1E9c+8lPI4UYTj2aJ+wqA+dJoN7FFBsGJjTRAWVP8V4iESCCudYFGHYM+fvEhatapdr9ZvT0qNizyOAjgER6ACbHAKGuAaNIEDMHgEz+AVvBlPxovxbnzMWpeMfOYA/IHx+QNnTpnT</latexit>

Gω = U(2)L → U(2)R ↑ U(2)

• Heavy baryon limit:
<latexit sha1_base64="dfrJB1CT8ReWA7e+s/etn9aS6tc=">AAAB/nicbZDLSgMxFIbPeK31Niqu3ASLIAhlRkTdCEU3rqSCvUA7Dpk004YmM0OSKZSh4Ku4caGIW5/DnW9jpu1CWw8kfPz/OeTkDxLOlHacb2thcWl5ZbWwVlzf2Nzatnd26ypOJaE1EvNYNgOsKGcRrWmmOW0mkmIRcNoI+je53xhQqVgcPehhQj2BuxELGcHaSL69nzy2RXol/Ds0yOmkn9++XXLKzrjQPLhTKMG0qr791e7EJBU00oRjpVquk2gvw1Izwumo2E4VTTDp4y5tGYywoMrLxuuP0JFROiiMpTmRRmP190SGhVJDEZhOgXVPzXq5+J/XSnV46WUsSlJNIzJ5KEw50jHKs0AdJinRfGgAE8nMroj0sMREm8SKJgR39svzUD8tu+dl9/6sVLmexlGAAziEY3DhAipwC1WoAYEMnuEV3qwn68V6tz4mrQvWdGYP/pT1+QOl8ZVK</latexit>

pµ = mNvµ + kµ

: Model dependent UV LagrangianℒUV



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="o14hp9ZE0pzwxj5XbzuxbeZnUf0="></latexit>

L → ↑q̄ (s↑ iω5p) q + q̄ωµω5
(
aµ + asµ

)
q

Can be mapped to QCD Lagrangian with external sources

<latexit sha1_base64="HTuHoy75xxwXuej251i5KauBZRs=">AAACDnicbVBLSgNBEO3xG+Nv1KWbwSC4kDAjEt0IQTduhCjmA5kh9HQqSZOeD901wTDkDh7ArR7Bnbj1Cp7Aa9hJZmESHxQ83quiqp4fC67Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pKJEMqiwSkWz4VIHgIVSRo4BGLIEGvoC6378Z+/UBSMWj8BGHMXgB7Ya8wxlFLbVMU125CE+YPsDIPb1r0ZZZsIv2BNYicTJSIBkqLfPHbUcsCSBEJqhSTceO0UupRM4EjPJuoiCmrE+70NQ0pAEoL51cPrKOtdK2OpHUFaI1Uf9OpDRQahj4ujOg2FPz3lj8z2sm2Ln0Uh7GCULIpos6ibAwssYxWG0ugaEYakKZ5PpWi/WopAx1WDNblH6qB+1RXifjzOewSGpnRadULN2fF8rXWUY5ckiOyAlxyAUpk1tSIVXCyIC8kFfyZjwb78aH8TltXTKymQMyA+PrF4nTnEQ=</latexit>

s = ReMa
<latexit sha1_base64="5fjxv5fscjcmjJ0zyht+/z9wFso=">AAACD3icbVBLSgNBEO3xG+Mv0aWbwSC40DAjEt0IQTe6ECKYD2SG0NOpJE16PnTXqGGYQ3gAt3oEd+LWI3gCr2HnszCJDwoe71VRVc+LBFdoWd/GwuLS8spqZi27vrG5tZ3L79RUGEsGVRaKUDY8qkDwAKrIUUAjkkB9T0Dd618N/foDSMXD4B4HEbg+7Qa8wxlFLbVy+eji2EF4wuTGT52j2xZt5QpW0RrBnCf2hBTIBJVW7sdphyz2IUAmqFJN24rQTahEzgSkWSdWEFHWp11oahpQH5SbjE5PzQOttM1OKHUFaI7UvxMJ9ZUa+J7u9Cn21Kw3FP/zmjF2zt2EB1GMELDxok4sTAzNYQ5mm0tgKAaaUCa5vtVkPSopQ53W1Baln+pBO83qZOzZHOZJ7aRol4qlu9NC+XKSUYbskX1ySGxyRsrkmlRIlTDySF7IK3kzno1348P4HLcuGJOZXTIF4+sX83Gcdw==</latexit>

p = →ImMa

<latexit sha1_base64="kHc84L56J4Bl5OcDbaM7QvpRnNg="></latexit>

aµ = cu+d
ωµa

2fa
ε3

<latexit sha1_base64="kpFn2k4rQZR+j3uB2izCpfO7/M4="></latexit>

asµ = cu→d
ωµa

2fa

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡QCD confines:

• EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis

<latexit sha1_base64="mdybYAstUhxtoF7X/2oOkyuRUeE=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKUiUVKixIFQwwMBRE2kpNFDmu21p1nMh2kKqoX8DCr7AwgBArMxt/g5tmgJYjWTr3nHt1fU8QMyqVZX0bS8srq2vrhY3i5tb2zq65t9+SUSIwcXDEItEJkCSMcuIoqhjpxIKgMGCkHYwup377gQhJI36vxjHxQjTgtE8xUlryzfKV7+IhPXcqtWP/xlU0JBJmxZ2rohlLJ75ZsqpWBrhI7JyUQI6mb365vQgnIeEKMyRl17Zi5aVIKIoZmRTdRJIY4REakK6mHOm1XpqdM4FlrfRgPxL6cQUz9fdEikIpx2GgO0OkhnLem4r/ed1E9c+8lPI4UYTj2aJ+wqA+dJoN7FFBsGJjTRAWVP8V4iESCCudYFGHYM+fvEhatapdr9ZvT0qNizyOAjgER6ACbHAKGuAaNIEDMHgEz+AVvBlPxovxbnzMWpeMfOYA/IHx+QNnTpnT</latexit>

Gω = U(2)L → U(2)R ↑ U(2)

• Heavy baryon limit:
<latexit sha1_base64="dfrJB1CT8ReWA7e+s/etn9aS6tc=">AAAB/nicbZDLSgMxFIbPeK31Niqu3ASLIAhlRkTdCEU3rqSCvUA7Dpk004YmM0OSKZSh4Ku4caGIW5/DnW9jpu1CWw8kfPz/OeTkDxLOlHacb2thcWl5ZbWwVlzf2Nzatnd26ypOJaE1EvNYNgOsKGcRrWmmOW0mkmIRcNoI+je53xhQqVgcPehhQj2BuxELGcHaSL69nzy2RXol/Ds0yOmkn9++XXLKzrjQPLhTKMG0qr791e7EJBU00oRjpVquk2gvw1Izwumo2E4VTTDp4y5tGYywoMrLxuuP0JFROiiMpTmRRmP190SGhVJDEZhOgXVPzXq5+J/XSnV46WUsSlJNIzJ5KEw50jHKs0AdJinRfGgAE8nMroj0sMREm8SKJgR39svzUD8tu+dl9/6sVLmexlGAAziEY3DhAipwC1WoAYEMnuEV3qwn68V6tz4mrQvWdGYP/pT1+QOl8ZVK</latexit>

pµ = mNvµ + kµ

<latexit sha1_base64="z3HTardSee42kimi9pzwJVoOe+w="></latexit>✓
p

mN

◆
,

✓
p

4⇡f⇡

◆
,

✓
p

⇤�

◆
• Expand in

: Model dependent UV LagrangianℒUV



Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="o14hp9ZE0pzwxj5XbzuxbeZnUf0="></latexit>

L → ↑q̄ (s↑ iω5p) q + q̄ωµω5
(
aµ + asµ

)
q

Can be mapped to QCD Lagrangian with external sources

<latexit sha1_base64="HTuHoy75xxwXuej251i5KauBZRs=">AAACDnicbVBLSgNBEO3xG+Nv1KWbwSC4kDAjEt0IQTduhCjmA5kh9HQqSZOeD901wTDkDh7ArR7Bnbj1Cp7Aa9hJZmESHxQ83quiqp4fC67Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pKJEMqiwSkWz4VIHgIVSRo4BGLIEGvoC6378Z+/UBSMWj8BGHMXgB7Ya8wxlFLbVMU125CE+YPsDIPb1r0ZZZsIv2BNYicTJSIBkqLfPHbUcsCSBEJqhSTceO0UupRM4EjPJuoiCmrE+70NQ0pAEoL51cPrKOtdK2OpHUFaI1Uf9OpDRQahj4ujOg2FPz3lj8z2sm2Ln0Uh7GCULIpos6ibAwssYxWG0ugaEYakKZ5PpWi/WopAx1WDNblH6qB+1RXifjzOewSGpnRadULN2fF8rXWUY5ckiOyAlxyAUpk1tSIVXCyIC8kFfyZjwb78aH8TltXTKymQMyA+PrF4nTnEQ=</latexit>

s = ReMa
<latexit sha1_base64="5fjxv5fscjcmjJ0zyht+/z9wFso=">AAACD3icbVBLSgNBEO3xG+Mv0aWbwSC40DAjEt0IQTe6ECKYD2SG0NOpJE16PnTXqGGYQ3gAt3oEd+LWI3gCr2HnszCJDwoe71VRVc+LBFdoWd/GwuLS8spqZi27vrG5tZ3L79RUGEsGVRaKUDY8qkDwAKrIUUAjkkB9T0Dd618N/foDSMXD4B4HEbg+7Qa8wxlFLbVy+eji2EF4wuTGT52j2xZt5QpW0RrBnCf2hBTIBJVW7sdphyz2IUAmqFJN24rQTahEzgSkWSdWEFHWp11oahpQH5SbjE5PzQOttM1OKHUFaI7UvxMJ9ZUa+J7u9Cn21Kw3FP/zmjF2zt2EB1GMELDxok4sTAzNYQ5mm0tgKAaaUCa5vtVkPSopQ53W1Baln+pBO83qZOzZHOZJ7aRol4qlu9NC+XKSUYbskX1ySGxyRsrkmlRIlTDySF7IK3kzno1348P4HLcuGJOZXTIF4+sX83Gcdw==</latexit>

p = →ImMa

<latexit sha1_base64="kHc84L56J4Bl5OcDbaM7QvpRnNg="></latexit>

aµ = cu+d
ωµa

2fa
ε3

<latexit sha1_base64="kpFn2k4rQZR+j3uB2izCpfO7/M4="></latexit>

asµ = cu→d
ωµa

2fa

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡

<latexit sha1_base64="2l7JXG2gXjI1JEel6o1/oZvAv6k=">AAACF3icbVC7TsNAEDyHVwivACXNiQiJKrIjBJQoNBQUAZGHFAfrfFknp5zPzt0ZKXLyFzT8Cg0FCNFCx99weRSQMNJKo5ld7e74MWdK2/a3lVlaXlldy67nNja3tnfyu3s1FSWSQpVGPJINnyjgTEBVM82hEUsgoc+h7vcux379AaRikbjTgxhaIekIFjBKtJG8fHHociI6HFyfyLQ/8q5x37vFrpyIQxf6CXvAZRx4bszuS16+YBftCfAicWakgGaoePkvtx3RJAShKSdKNR071q2USM0oh1HOTRTEhPZIB5qGChKCaqWTv0b4yChtHETSlNB4ov6eSEmo1CD0TWdIdFfNe2PxP6+Z6OC8lTIRJxoEnS4KEo51hMch4TaTQDUfGEKoZOZWTLtEEqpNlDkTgjP/8iKplYrOadG5OSlclGdxZNEBOkTHyEFn6AJdoQqqIooe0TN6RW/Wk/VivVsf09aMNZvZR39gff4A2PWfsg==</latexit>

|hq̄LqRi| ⌘ Bf2
⇡QCD confines:

• EFT w/ Mesons and Baryons:
Chiral Perturbation Theory: spurion analysis

<latexit sha1_base64="mdybYAstUhxtoF7X/2oOkyuRUeE=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKUiUVKixIFQwwMBRE2kpNFDmu21p1nMh2kKqoX8DCr7AwgBArMxt/g5tmgJYjWTr3nHt1fU8QMyqVZX0bS8srq2vrhY3i5tb2zq65t9+SUSIwcXDEItEJkCSMcuIoqhjpxIKgMGCkHYwup377gQhJI36vxjHxQjTgtE8xUlryzfKV7+IhPXcqtWP/xlU0JBJmxZ2rohlLJ75ZsqpWBrhI7JyUQI6mb365vQgnIeEKMyRl17Zi5aVIKIoZmRTdRJIY4REakK6mHOm1XpqdM4FlrfRgPxL6cQUz9fdEikIpx2GgO0OkhnLem4r/ed1E9c+8lPI4UYTj2aJ+wqA+dJoN7FFBsGJjTRAWVP8V4iESCCudYFGHYM+fvEhatapdr9ZvT0qNizyOAjgER6ACbHAKGuAaNIEDMHgEz+AVvBlPxovxbnzMWpeMfOYA/IHx+QNnTpnT</latexit>

Gω = U(2)L → U(2)R ↑ U(2)

• Heavy baryon limit:
<latexit sha1_base64="dfrJB1CT8ReWA7e+s/etn9aS6tc=">AAAB/nicbZDLSgMxFIbPeK31Niqu3ASLIAhlRkTdCEU3rqSCvUA7Dpk004YmM0OSKZSh4Ku4caGIW5/DnW9jpu1CWw8kfPz/OeTkDxLOlHacb2thcWl5ZbWwVlzf2Nzatnd26ypOJaE1EvNYNgOsKGcRrWmmOW0mkmIRcNoI+je53xhQqVgcPehhQj2BuxELGcHaSL69nzy2RXol/Ds0yOmkn9++XXLKzrjQPLhTKMG0qr791e7EJBU00oRjpVquk2gvw1Izwumo2E4VTTDp4y5tGYywoMrLxuuP0JFROiiMpTmRRmP190SGhVJDEZhOgXVPzXq5+J/XSnV46WUsSlJNIzJ5KEw50jHKs0AdJinRfGgAE8nMroj0sMREm8SKJgR39svzUD8tu+dl9/6sVLmexlGAAziEY3DhAipwC1WoAYEMnuEV3qwn68V6tz4mrQvWdGYP/pT1+QOl8ZVK</latexit>

pµ = mNvµ + kµ

<latexit sha1_base64="z3HTardSee42kimi9pzwJVoOe+w="></latexit>✓
p

mN

◆
,

✓
p

4⇡f⇡

◆
,

✓
p

⇤�

◆
• Expand in

<latexit sha1_base64="uhimqEeWnX2imQ8evWalMgYzvls=">AAAB9HicbVDJSgNBEO2JW4xb1KOXwSB4kDAjbjeDHvQYwSyQGUJPp5I06VnsrgmGId8higdFvHr3N7z5N/YkOWjig4LHe1VU1fMiwRVa1reRmZtfWFzKLudWVtfWN/KbW1UVxpJBhYUilHWPKhA8gApyFFCPJFDfE1DzepepX+uDVDwMbnEQgevTTsDbnFHUkms7Bw7CPSZXUB028wWraI1gzhJ7Qgrnn48pnsrN/JfTClnsQ4BMUKUathWhm1CJnAkY5pxYQURZj3agoWlAfVBuMjp6aO5ppWW2Q6krQHOk/p5IqK/UwPd0p0+xq6a9VPzPa8TYPnMTHkQxQsDGi9qxMDE00wTMFpfAUAw0oUxyfavJulRShjqnnA7Bnn55llQPi/ZJ8fjmqFC6IGNkyQ7ZJfvEJqekRK5JmVQII3fkgbyQV6NvPBtvxvu4NWNMZrbJHxgfP30Llmk=</latexit>

1GeV

<latexit sha1_base64="uhimqEeWnX2imQ8evWalMgYzvls=">AAAB9HicbVDJSgNBEO2JW4xb1KOXwSB4kDAjbjeDHvQYwSyQGUJPp5I06VnsrgmGId8higdFvHr3N7z5N/YkOWjig4LHe1VU1fMiwRVa1reRmZtfWFzKLudWVtfWN/KbW1UVxpJBhYUilHWPKhA8gApyFFCPJFDfE1DzepepX+uDVDwMbnEQgevTTsDbnFHUkms7Bw7CPSZXUB028wWraI1gzhJ7Qgrnn48pnsrN/JfTClnsQ4BMUKUathWhm1CJnAkY5pxYQURZj3agoWlAfVBuMjp6aO5ppWW2Q6krQHOk/p5IqK/UwPd0p0+xq6a9VPzPa8TYPnMTHkQxQsDGi9qxMDE00wTMFpfAUAw0oUxyfavJulRShjqnnA7Bnn55llQPi/ZJ8fjmqFC6IGNkyQ7ZJfvEJqekRK5JmVQII3fkgbyQV6NvPBtvxvu4NWNMZrbJHxgfP30Llmk=</latexit>

1GeV Resonances, e.g.
<latexit sha1_base64="/Cung/9BEdPISfvn/ipGTWU4QPo=">AAACD3icbVDJSgNBFOxxN25Rj14agxJBw4z7TdGLB4UIJhEyIfR0XpImPQvdb8Qw5A+8eNTP8CKiiFev3vwbO8vBraChqKrH61deJIVG2/60hoZHRsfGJyZTU9Mzs3Pp+YWiDmPFocBDGapLj2mQIoACCpRwGSlgvieh5LWOu37pCpQWYXCB7QgqPmsEoi44QyNV06vuqQnXWNXlTeFq4dPslm1v7O3Ya+66i3CNyRkUO9V0xs7ZPdC/xBmQzMHTXRf3+Wr6w62FPPYhQC6Z1mXHjrCSMIWCS+ik3FhDxHiLNaBsaMB80JWkd0+HrhilRuuhMi9A2lO/TyTM17rteybpM2zq315X/M8rx1jfryQiiGKEgPcX1WNJMaTdcmhNKOAo24YwroT5K+VNphhHU2HKlOD8PvkvKW7mnN3czvl25vCI9DFBlsgyyRKH7JFDckLypEA4uSEP5Jm8WLfWo/VqvfWjQ9ZgZpH8gPX+BUOhn2c=</latexit>

⇤� ⇠ (300� 750)MeV

: Model dependent UV LagrangianℒUV



LO:

Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="+WHUCuuPeli0FfRoGD1EZbMlGuY="></latexit>

L̂(1)
⇡N = N̄ (iv ·D + gAS · u+ g0S · û)N

<latexit sha1_base64="jKT7VrhxDn9gyAXZvomWbmZ61jk="></latexit>

ûµ = cu+d

✓
@µa

fa

◆
+ . . .

<latexit sha1_base64="4bW+6pbYnuzE3KKLhNQHDG3rRAo="></latexit>

uµ = �
✓
@µ⇡a

f⇡

◆
⌧a + cu�d

✓
@µa

fa

◆
⌧3

<latexit sha1_base64="I1QA1BsjxUgs1vQViDotlSQ1AoA=">AAACJHicbVDLSgNBEJyN7/ha9ehlMCh6MO6KqEfRixdBwZhAEpfZSScZMvtwplcMy/6B3+EHeNVP8CYevHj1N5zECMZY0FBUddPd5cdSaHScdys3Nj4xOTU9k5+dm19YtJeWr3SUKA4lHslIVXymQYoQSihQQiVWwAJfQtnvnPT88i0oLaLwErsx1APWCkVTcIZG8uyNC4/V4CYRt/TMu7lOt91sp4Zwh+mlyjZ/pC3PLjhFpw86StwBKZABzj37s9aIeBJAiFwyrauuE2M9ZQoFl5Dla4mGmPEOa0HV0JAFoOtp/5+MrhulQZuRMhUi7au/J1IWaN0NfNMZMGzrv15P/M+rJtg8rKcijBOEkH8vaiaSYkR74dCGUMBRdg1hXAlzK+VtphhHE+HQFm2eakMjy5tk3L85jJKr3aK7X9y/2CscHQ8ymiarZI1sEpcckCNySs5JiXByTx7JE3m2HqwX69V6+27NWYOZFTIE6+MLxmWkww==</latexit>

Qa → M→1
q /Tr(M→1

q )

After chiral quark rotation 
<latexit sha1_base64="b9TlhZ/dk3lzqjYtgJwqNN95zBk="></latexit>

LQCD = LQCD,0 � (q̄LMaqR + h.c.) +
1

2
(@a)2 +

@µa

2fa
Jµ
PQ

<latexit sha1_base64="bKLfAPbODLDr7LwFQtU1l09kg5I="></latexit>

Ma ⌘ e
ia(x)
2fa

QaMqe
ia(x)
2fa

Qa

<latexit sha1_base64="VE2dsvldyAyN4is104lYDu7C+QE="></latexit>

Jµ
PQ =

X

q=u,d

cUV
q q̄�µ�5q, cUV

q ⌘ c0q � [Qa]q

: Model dependent UV LagrangianℒUV



LO:

Axion EFTs
<latexit sha1_base64="tcw3wg8LqbsEix/y9C6uLlskx/M=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMuN0MiuAxAbNAMoSeTk3Spmehu0cIIU/gxYMi8ehb+BrefBt7khw08YeGj/+voqvKiwVX2ra/rczS8srqWnY9t7G5tb2T392rqSiRDKssEpFseFSh4CFWNdcCG7FEGngC617/Js3rjygVj8J7PYjRDWg35D5nVBurctvOF+yiPRFZBGcGhavPcar3cjv/1epELAkw1ExQpZqOHWt3SKXmTOAo10oUxpT1aRebBkMaoHKHk0FH5Mg4HeJH0rxQk4n7u2NIA6UGgWcqA6p7aj5Lzf+yZqL9S3fIwzjRGLLpR34iiI5IujXpcIlMi4EByiQ3sxLWo5IybW6TM0dw5ldehNpJ0TkvnlVOC6VrmCoLB3AIx+DABZTgDspQBQYIT/ACr9aD9Wy9WeNpacaa9ezDH1kfP74IkWI=</latexit>

E

<latexit sha1_base64="dkA+2PvVa7GvdPM7sR9gbYB4biQ=">AAAB/HicbVDLSgMxFM3UV62vapdugkVwVWbE186iCC4r2Ae0Q8mkmTY0kxmSO8VhqP+hGzcuFHEr+Bvu/BvTx0JbD9zL4Zx7yc3xIsE12Pa3lVlYXFpeya7m1tY3Nrfy2zs1HcaKsioNRagaHtFMcMmqwEGwRqQYCTzB6l7/cuTXB0xpHspbSCLmBqQruc8pASO184VBO20BuwPTuUzwVX04bOeLdskeA88TZ0qK558PIzxW2vmvViekccAkUEG0bjp2BG5KFHAq2DDXijWLCO2TLmsaKknAtJuOjx/ifaN0sB8qUxLwWP29kZJA6yTwzGRAoKdnvZH4n9eMwT9zUy6jGJikk4f8WGAI8SgJ3OGKURCJIYQqbm7FtEcUoWDyypkQnNkvz5PaYck5KR3fHBXLF2iCLNpFe+gAOegUldE1qqAqoihBT+gFvVr31rP1Zr1PRjPWdKeA/sD6+AFxgJnE</latexit>vEW

<latexit sha1_base64="tdxmwBjZ20u561TiwcjPClApkqg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia2fRjQsXFewDmlAmk0k7dDIJMxOhhP6GoC4UcesH+Bvu/BsnbRfaemDgcM653DvHTzhT2ra/rcLC4tLySnG1tLa+sblV3t5pqjiVhDZIzGPZ9rGinAna0Exz2k4kxZHPacsfXOV+655KxWJxp4cJ9SLcEyxkBGsjue6NiQa465I+65YrdtUeA80TZ0oqF5+POZ7q3fKXG8QkjajQhGOlOo6daC/DUjPC6ajkpoommAxwj3YMFTiiysvGN4/QgVECFMbSPKHRWP09keFIqWHkm2SEdV/Nern4n9dJdXjuZUwkqaaCTBaFKUc6RnkBKGCSEs2HhmAimbkVkT6WmGhTU8mU4Mx+eZ40j6rOafXk9rhSu4QJirAH+3AIDpxBDa6hDg0gkMADvMCrlVrP1pv1PokWrOnMLvyB9fED6LyWFw==</latexit>

⇤�

<latexit sha1_base64="+eN7nLSadNRzzrCT3RAfv58lpWo=">AAAB7HicbZDLSgMxFIbP1Futt6pLN8EiuCoz4m1n0Y3LCk5baIeSSTNtaJIZkoxQhj6DGxdWces7+BrufBszbRda/SHw8f/nkHNOmHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0HGqCPVJzGPVCrGmnEnqG2Y4bSWKYhFy2gyHN3nefKBKs1jem1FCA4H7kkWMYGMtX3Q7CeuWK27VnQr9BW8OlauPSa6Xerf82enFJBVUGsKx1m3PTUyQYWUY4XRc6qSaJpgMcZ+2LUosqA6y6bBjdGSdHopiZZ80aOr+7Miw0HokQlspsBnoxSw3/8vaqYkug4zJJDVUktlHUcqRiVG+OeoxRYnhIwuYKGZnRWSAFSbG3qdkj+AtrvwXGidV77x6dndaqV3DTEU4gEM4Bg8uoAa3UAcfCDB4hGeYONJ5cl6dt1lpwZn37MMvOe/f9rqTRg==</latexit>m⇡

<latexit sha1_base64="+WHUCuuPeli0FfRoGD1EZbMlGuY="></latexit>

L̂(1)
⇡N = N̄ (iv ·D + gAS · u+ g0S · û)N

<latexit sha1_base64="jKT7VrhxDn9gyAXZvomWbmZ61jk="></latexit>

ûµ = cu+d

✓
@µa

fa

◆
+ . . .

<latexit sha1_base64="4bW+6pbYnuzE3KKLhNQHDG3rRAo="></latexit>

uµ = �
✓
@µ⇡a

f⇡

◆
⌧a + cu�d

✓
@µa

fa

◆
⌧3

Integrate out pions: theory of baryons and axion

<latexit sha1_base64="I1QA1BsjxUgs1vQViDotlSQ1AoA=">AAACJHicbVDLSgNBEJyN7/ha9ehlMCh6MO6KqEfRixdBwZhAEpfZSScZMvtwplcMy/6B3+EHeNVP8CYevHj1N5zECMZY0FBUddPd5cdSaHScdys3Nj4xOTU9k5+dm19YtJeWr3SUKA4lHslIVXymQYoQSihQQiVWwAJfQtnvnPT88i0oLaLwErsx1APWCkVTcIZG8uyNC4/V4CYRt/TMu7lOt91sp4Zwh+mlyjZ/pC3PLjhFpw86StwBKZABzj37s9aIeBJAiFwyrauuE2M9ZQoFl5Dla4mGmPEOa0HV0JAFoOtp/5+MrhulQZuRMhUi7au/J1IWaN0NfNMZMGzrv15P/M+rJtg8rKcijBOEkH8vaiaSYkR74dCGUMBRdg1hXAlzK+VtphhHE+HQFm2eakMjy5tk3L85jJKr3aK7X9y/2CscHQ8ymiarZI1sEpcckCNySs5JiXByTx7JE3m2HqwX69V6+27NWYOZFTIE6+MLxmWkww==</latexit>

Qa → M→1
q /Tr(M→1

q )

After chiral quark rotation 
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cUV
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q ⌘ c0q � [Qa]q

: Model dependent UV LagrangianℒUV



How does a density background change these couplings?
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• Gives contribution to coupling: ⇠
k3f
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k0 + iω
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• Systematically via QFT in Real-Time Formalism:

Filled ‘Fermi sea'Nucleon propagator at finite density

NR fermion propagator
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Background nucleons



<latexit sha1_base64="o5FOSvqvituk+hIuz0SoKb+T/s0="></latexit>✓
p

4⇡f⇡

◆⌫

!
✓

kf
4⇡f⇡

◆⌫

Axion-Nuclon Coupling: Finite density

Get corrections systematically

✓
kf

4⇡f⇡

◆2

<latexit sha1_base64="3Ob2UIOvyhzC+YoKkRQPMovvTVc=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyWpBV0W3bisYB/QxDCZTtqhkwczN0IJ/QI3/oobF4q4de3Ov3HaZqGtB+7lcM69zNzjJ4IrsKxvo7C2vrG5Vdwu7ezu7R+Yh0cdFaeSsjaNRSx7PlFM8Ii1gYNgvUQyEvqCdf3x9czvPjCpeBzdwSRhbkiGEQ84JaAlz6w4ggVQdQJJaDb2gmnWcBKOA0/3qSP5cARn93XPLFs1aw68SuyclFGOlmd+OYOYpiGLgAqiVN+2EnAzIoFTwaYlJ1UsIXRMhqyvaURCptxsfs4UV7QywEEsdUWA5+rvjYyESk1CX0+GBEZq2ZuJ/3n9FIJLN+NRkgKL6OKhIBUYYjzLBg+4ZBTERBNCJdd/xXREdDKgEyzpEOzlk1dJp16zz2v120a5eZXHUUQn6BRVkY0uUBPdoBZqI4oe0TN6RW/Gk/FivBsfi9GCke8coz8wPn8AFl+cHg==</latexit>

✓
kf

4⇡f⇡

◆2 ✓ kf
⇤�

◆

<latexit sha1_base64="qJlw7XUpsj5WBeYJx8PpKmAO/mU="></latexit>



0.0 0.5 1.0 1.5 2.0
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1

Results

KSVZ axion 
ChPT uncertainty

uncertainty in constants

At nuclear density

vs. vacuum

p ⇠ kf
<latexit sha1_base64="wT/17+1ImJZ3ujPu4jVlR3LB5cc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/YLiWbZtvQJBuSrFCW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJJqQpsk4YnuRNhQziRtWmY57ShNsYg4bUfj25nffqLasEQ+2ImiocBDyWJGsHXSo0I9wwQa9+N+ueJX/TnQKglyUoEcjX75qzdISCqotIRjY7qBr2yYYW0Z4XRa6qWGKkzGeEi7jkosqAmz+cVTdOaUAYoT7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY2vw4xJlVoqyWJRnHJkEzR7Hw2YpsTyiSOYaOZuRWSENSbWhVRyIQTLL6+SVq0aXFRr95eV+k0eRxFO4BTOIYArqMMdNKAJBCQ8wyu8ecZ78d69j0VrwctnjuEPvM8f412QZw==</latexit>

Simplifying assumption:

(Aan)
KSVZ = 0.02(5)

<latexit sha1_base64="L+oUcJYa/q258/9rYRaYQU/1nNM="></latexit>

(Aap)
KSVZ = �0.42(5)

<latexit sha1_base64="Ova92Qh+M22Kz5a5JG3K3DU58hs="></latexit>

0.0 0.5 1.0 1.5 2.0
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1

https://arxiv.org/abs/2105.13354


0.0 0.5 1.0 1.5 2.0
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1

0.0 0.5 1.0 1.5 2.0
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1

Results

KSVZ axion 
ChPT uncertainty

uncertainty in constants

p ⇠ kf
<latexit sha1_base64="wT/17+1ImJZ3ujPu4jVlR3LB5cc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/YLiWbZtvQJBuSrFCW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJJqQpsk4YnuRNhQziRtWmY57ShNsYg4bUfj25nffqLasEQ+2ImiocBDyWJGsHXSo0I9wwQa9+N+ueJX/TnQKglyUoEcjX75qzdISCqotIRjY7qBr2yYYW0Z4XRa6qWGKkzGeEi7jkosqAmz+cVTdOaUAYoT7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY2vw4xJlVoqyWJRnHJkEzR7Hw2YpsTyiSOYaOZuRWSENSbWhVRyIQTLL6+SVq0aXFRr95eV+k0eRxFO4BTOIYArqMMdNKAJBCQ8wyu8ecZ78d69j0VrwctnjuEPvM8f412QZw==</latexit>

Simplifying assumption:

Accidental cancellation is lifted!

At nuclear density

vs. vacuum (Aan)
KSVZ = 0.02(5)

<latexit sha1_base64="L+oUcJYa/q258/9rYRaYQU/1nNM="></latexit>

(Aap)
KSVZ = �0.42(5)

<latexit sha1_base64="Ova92Qh+M22Kz5a5JG3K3DU58hs="></latexit>

https://arxiv.org/abs/2105.13354
https://arxiv.org/abs/2105.13354


Implications for phenomenology



Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 



Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 

Neutrino burst observed in 3 indep. experiments 
 neutrinos within ∼ 20 ∼ 10 sec



Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 

Neutrino burst observed in 3 indep. experiments 
 neutrinos within ∼ 20 ∼ 10 sec

This gives a constraint on the luminosity of 
possible new particles La ≲ 3 × 1052 erg s−1



Bound from SN 1987A
Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud 

Neutrino burst observed in 3 indep. experiments 
 neutrinos within ∼ 20 ∼ 10 sec

This gives a constraint on the luminosity of 
possible new particles La ≲ 3 × 1052 erg s−1

For a QCD axion this constrains  and   ma fa
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Implications for supernova bound

Calculation of axion emissivity of supernova

typically

Carenza et al ‘19
Chang et al ‘18

Raffelt and Seckel ‘88

What has been done? Included corrections phenomenologically

Chang, Essig, McDermott (’18)
• Multiply rate by fudge factors:
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!a = !tree
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Relevant diagrams up to NLO



Supernova bound revisited

Focus on these for now

Outlined for the first time
Springmann, MS, Stelzl, Weiler (’24)


Modified couplings

Fully systematic evaluation should take into account all 
diagrams up to given order



Implications for supernova bound

Supernova profile from  https://
wwwmpa.mpa-garching.mpg.de/ccsnarchive/

SN bound on axion 
mass O(few) stronger

Adds theory uncertainty!

example: KSVZ axion
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Tree level:

Vertex corrections:
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Independent of the Axion model, what is the strongest 
constraint on  from SN observation?fa

⊃

Requiring that the axion solve the strong CP problem, i.e.

The  term in the Lagranian induces a nEDMaGG̃

Bound on axion from EDM operator in SN:
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi


We found that this is not 
the dominant process

Model dependence - QCD axion-nucleon coupling
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LO:

Model dependence - QCD axion-nucleon coupling
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DiLuzio, Mescia, Nardi, Panci, Ziegler (’17)

Badziak, Harigaya (’23)
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Isospin breaking term survives independent of the type of axion model
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Model dependence - QCD axion-nucleon coupling
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These diagrams dominate for the model independent SN bound

Dominant 
production channels

NLO:



Astrophobic axions
• Loose the loop-suppression compared to EDM operator
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Astrophobic axions
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• QCD axion couplings are density dependent!

• Large uncertainty at high densities 

• Significant changes of supernova bound

• Systematic calculation of axion couplings within ChPT

Conclusions
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Model dependence - QCD axion-nucleon coupling
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Supernova bound revisited
Relevant diagrams up to NLO



Supernova bound revisited

Modification of nuclear interaction:

• Fudge factor
Chang, Essig, McDermott (’18)


• Phenomenologically modelled
Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19) 


Neglected
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Supernova bound revisited

Modelled as nucleon re-scatterings

Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19) 


• Phenomenologically

• Fudge factor
Raffelt, Seckel (’88)

Chang, Essig, McDermott (’18)
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Supernova bound revisited

Focus on these for now

Outlined for the first time
Springmann, MS, Stelzl, Weiler (’24)


Modified couplings

Fully systematic evaluation should take into account all 
diagrams up to given order


