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Why Axions?

• Can be DM

• Can solve Strong CP Puzzle

nEDM
Crewther, Vecchia, Veneziano, Witten (’79)

• Sting theory, mediator to dark sector,…

pseudo-Nambu-Goldstone boson which,  



Some of the strongest bounds from SN and NS cooling
For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Axion-Neutron coupling

https://github.com/cajohare/AxionLimits 2



Some of the strongest bounds from SN and NS cooling
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For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Some of the strongest bounds from SN and NS cooling
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gan = cn
mn

fa

Axion-Neutron coupling

https://github.com/cajohare/AxionLimits

Assume vacuum couplings

For recent astro bounds see e.g. Mirizzi et al. ’19 (SN), Buschmann et al. (NS) ‘21
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Axion properties are highly susceptible to 
matter effects

Potential changes Couplings to matter change
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Axion properties are highly susceptible to 
matter effects

Potential changes
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n = 0
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n →= 0

Couplings to matter change
2211.02661, 2307.14418, 2408.07740
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Axion properties are highly susceptible to 
matter effects

Potential changes
2211.02661, 2408.07740

Couplings to matter change
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Axion properties are highly susceptible to 
matter effects

Potential changes Couplings to matter change
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Results for KSVZ-type QCD axion 

2003.04903, 2410.10945Proton Neutron
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• Supernova bound on the QCD axion 

• Axion EFTs 

• Couplings in vacuum and finite density 

• Supernova bound revisited 

• Astrophobic axions

Outline



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

4



Bound from SN 1987A

Raffelt criterion:
<latexit sha1_base64="AXTP09hG4o5RjVZhT31E6DxQ1cw="></latexit>

Lnew ↭ Lω(t = 1s) → 3↑ 1052erg s→1

Raffelt, Lect.Notes Phys. 741 (2008) 51-71


5

• If new lightly coupled particle gets produced, it could shorten the duration 
of the neutrino signal



Bound from SN 1987A

Raffelt criterion:
<latexit sha1_base64="AXTP09hG4o5RjVZhT31E6DxQ1cw="></latexit>

Lnew ↭ Lω(t = 1s) → 3↑ 1052erg s→1

• For QCD axion, this directly gives constraint on 
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fa

Raffelt, Lect.Notes Phys. 741 (2008) 51-71


• Uncertainty in SN dynamics and axion production

5

• If new lightly coupled particle gets produced, it could shorten the duration 
of the neutrino signal

Bar, Blum, D’Amico (’19)

Fransson et al. (’24) 




Bound from SN 1987A

Raffelt criterion:
<latexit sha1_base64="AXTP09hG4o5RjVZhT31E6DxQ1cw="></latexit>

Lnew ↭ Lω(t = 1s) → 3↑ 1052erg s→1

• For QCD axion, this directly gives constraint on 

• Axions dominantly produced via Bremsstrahlung

Raffelt, Lect.Notes Phys. 741 (2008) 51-71


5

• Uncertainty in SN dynamics and axion production

Focus on this

Bar, Blum, D’Amico (’19)

Fransson et al. (’24) 


• If new lightly coupled particle gets produced, it could shorten the duration 
of the neutrino signal

<latexit sha1_base64="kagpjVhnJFsE25sUIq90sLZ6PFI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwA8lo3J</latexit>
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Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

Chang, Essig, McDermott (’18)
• Multiply rate by fudge factors:
<latexit sha1_base64="2Ji7o7UPjrJQC1MMH7gB8cFLSs8=">AAACHnicbVBNS8NAEN34bf2qevQSLIKnkohWL4LoQY8KVoWmlsl20i7uJmF3IpbQX+LFv+LFgyKCJ/03bmsEvx4s83hvhtl5YSqFIc97d0ZGx8YnJqemSzOzc/ML5cWlM5NkmmOdJzLRFyEYlCLGOgmSeJFqBBVKPA+vDgb++TVqI5L4lHopNhV0YhEJDmSlVnkrOASloAW7X+QyILyhnDRiP+gMtaioaVG7rXLFq3pDuH+JX5AKK3DcKr8G7YRnCmPiEoxp+F5KzRw0CS6xXwoygynwK+hgw9IYFJpmPjyv765Zpe1GibYvJneofp/IQRnTU6HtVEBd89sbiP95jYyinWYu4jQjjPnnoiiTLiXuICu3LTRykj1LgGth/+ryLmjgZBMt2RD83yf/JWcbVb9WrZ1sVvb2izim2ApbZevMZ9tsjx2xY1ZnnN2ye/bInpw758F5dl4+W0ecYmaZ/YDz9gHq/aOi</latexit>

!a = !tree
a ωfωpωh
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Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

Chang, Essig, McDermott (’18)
• Multiply rate by fudge factors:

• Accounted for several effects phenomenologically: 
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!a = !tree
a ωfωpωh
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Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19) 


Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507
Hannestad, Raffelt Astrophys.J. 507 (1998) 339-352



Corrections to Bremsstrahlung

What has been done? Included corrections phenomenologically

Chang, Essig, McDermott (’18)
• Multiply rate by fudge factors:

• Accounted for several effects phenomenologically: 
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Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19) 


Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507
Hannestad, Raffelt Astrophys.J. 507 (1998) 339-352

No density dependence of couplings, self-consistent

Systematic approach to axion production is needed



Axion-Nucleon coupling

• Axion-Nucleon coupling

<latexit sha1_base64="a8jQMeVFOyDBjLDII5js/t3mODg=">AAAB7HicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJ8bYRi25cSQXTFtpQJtNJO3QyCTMToYQ+gxsXVnHrO/ga7nwbJ20X2vrDwMf/n8Occ/yYM6Vt+9vKLS2vrK7l1wsbm1vbO8XdvbqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3CT5Y1HKhWLxIMextQLcU+wgBGsjeXedYLLSqdYssv2RGgRnBmUrj7HmV5rneJXuxuRJKRCE46Vajl2rL0US80Ip6NCO1E0xmSAe7RlUOCQKi+dDDtCR8bpoiCS5gmNJu7vjhSHSg1D31SGWPfVfJaZ/2WtRAcXXspEnGgqyPSjIOFIRyjbHHWZpETzoQFMJDOzItLHEhNt7lMwR3DmV16EeqXsnJVP709K1WuYKg8HcAjH4MA5VOEWauACAQZP8AJjS1jP1pv1Pi3NWbOeffgj6+MHNaOSxw==</latexit>

Nf = 2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Villadoro et.al. 15’ 

<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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Axion-Nucleon coupling

• Axion-Nucleon coupling

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

p ⌧ m⇡

<latexit sha1_base64="a8jQMeVFOyDBjLDII5js/t3mODg=">AAAB7HicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJ8bYRi25cSQXTFtpQJtNJO3QyCTMToYQ+gxsXVnHrO/ga7nwbJ20X2vrDwMf/n8Occ/yYM6Vt+9vKLS2vrK7l1wsbm1vbO8XdvbqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3CT5Y1HKhWLxIMextQLcU+wgBGsjeXedYLLSqdYssv2RGgRnBmUrj7HmV5rneJXuxuRJKRCE46Vajl2rL0US80Ip6NCO1E0xmSAe7RlUOCQKi+dDDtCR8bpoiCS5gmNJu7vjhSHSg1D31SGWPfVfJaZ/2WtRAcXXspEnGgqyPSjIOFIRyjbHHWZpETzoQFMJDOzItLHEhNt7lMwR3DmV16EeqXsnJVP709K1WuYKg8HcAjH4MA5VOEWauACAQZP8AJjS1jP1pv1Pi3NWbOeffgj6+MHNaOSxw==</latexit>

Nf = 2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

• EFT valid for

<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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Axion-Nucleon coupling

• Axion-Nucleon coupling

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

p ⌧ m⇡

<latexit sha1_base64="a8jQMeVFOyDBjLDII5js/t3mODg=">AAAB7HicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJ8bYRi25cSQXTFtpQJtNJO3QyCTMToYQ+gxsXVnHrO/ga7nwbJ20X2vrDwMf/n8Occ/yYM6Vt+9vKLS2vrK7l1wsbm1vbO8XdvbqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3CT5Y1HKhWLxIMextQLcU+wgBGsjeXedYLLSqdYssv2RGgRnBmUrj7HmV5rneJXuxuRJKRCE46Vajl2rL0US80Ip6NCO1E0xmSAe7RlUOCQKi+dDDtCR8bpoiCS5gmNJu7vjhSHSg1D31SGWPfVfJaZ/2WtRAcXXspEnGgqyPSjIOFIRyjbHHWZpETzoQFMJDOzItLHEhNt7lMwR3DmV16EeqXsnJVP709K1WuYKg8HcAjH4MA5VOEWauACAQZP8AJjS1jP1pv1Pi3NWbOeffgj6+MHNaOSxw==</latexit>

Nf = 2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

• Axion-nucleon vertex

• EFT valid for

<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

7
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Axion-Nucleon coupling

• Axion-Nucleon coupling

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

p ⌧ m⇡

<latexit sha1_base64="a8jQMeVFOyDBjLDII5js/t3mODg=">AAAB7HicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJ8bYRi25cSQXTFtpQJtNJO3QyCTMToYQ+gxsXVnHrO/ga7nwbJ20X2vrDwMf/n8Occ/yYM6Vt+9vKLS2vrK7l1wsbm1vbO8XdvbqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3CT5Y1HKhWLxIMextQLcU+wgBGsjeXedYLLSqdYssv2RGgRnBmUrj7HmV5rneJXuxuRJKRCE46Vajl2rL0US80Ip6NCO1E0xmSAe7RlUOCQKi+dDDtCR8bpoiCS5gmNJu7vjhSHSg1D31SGWPfVfJaZ/2WtRAcXXspEnGgqyPSjIOFIRyjbHHWZpETzoQFMJDOzItLHEhNt7lMwR3DmV16EeqXsnJVP709K1WuYKg8HcAjH4MA5VOEWauACAQZP8AJjS1jP1pv1Pi3NWbOeffgj6+MHNaOSxw==</latexit>

Nf = 2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

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

cKSVZ
p = �0.47(3), cKSVZ

n = +0.02(3)

• Axion-nucleon vertex

• KSVZ axion

• EFT valid for

<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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Axion-Nucleon coupling

• Axion-Nucleon coupling

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

p ⌧ m⇡

<latexit sha1_base64="a8jQMeVFOyDBjLDII5js/t3mODg=">AAAB7HicbZDLSsNAFIZP6q3WW9Wlm8EiuCpJ8bYRi25cSQXTFtpQJtNJO3QyCTMToYQ+gxsXVnHrO/ga7nwbJ20X2vrDwMf/n8Occ/yYM6Vt+9vKLS2vrK7l1wsbm1vbO8XdvbqKEkmoSyIeyaaPFeVMUFczzWkzlhSHPqcNf3CT5Y1HKhWLxIMextQLcU+wgBGsjeXedYLLSqdYssv2RGgRnBmUrj7HmV5rneJXuxuRJKRCE46Vajl2rL0US80Ip6NCO1E0xmSAe7RlUOCQKi+dDDtCR8bpoiCS5gmNJu7vjhSHSg1D31SGWPfVfJaZ/2WtRAcXXspEnGgqyPSjIOFIRyjbHHWZpETzoQFMJDOzItLHEhNt7lMwR3DmV16EeqXsnJVP709K1WuYKg8HcAjH4MA5VOEWauACAQZP8AJjS1jP1pv1Pi3NWbOeffgj6+MHNaOSxw==</latexit>

Nf = 2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Compatible with zero due to 
accidental cancellation

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

cKSVZ
p = �0.47(3), cKSVZ

n = +0.02(3)

• Axion-nucleon vertex

• KSVZ axion

• EFT valid for

<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

7
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Is this EFT valid in astrophysical environments?

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



• 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
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• 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

Need to construct EFT of pions and nuclons!
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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⇡

KSVZ axion
<latexit sha1_base64="FtzGeNlW7jVUvLTU6P9QhcIt5zs=">AAACA3icbVDLSgNBEOyNrxhfUY9eFoPgKeyKRC9C0IvHCOYByRpmZzvJkNnZdWZWCEuOfoBX/QRv4tUP8Qv8DSfJHkxiQUNR1U13lx9zprTjfFu5ldW19Y38ZmFre2d3r7h/0FBRIinWacQj2fKJQs4E1jXTHFuxRBL6HJv+8GbiN59QKhaJez2K0QtJX7Aeo0QbqUm7jw/OldMtlpyyM4W9TNyMlCBDrVv86QQRTUIUmnKiVNt1Yu2lRGpGOY4LnURhTOiQ9LFtqCAhKi+dnju2T4wS2L1ImhLanqp/J1ISKjUKfdMZEj1Qi95E/M9rJ7p36aVMxIlGQWeLegm3dWRPfrcDJpFqPjKEUMnMrTYdEEmoNgnNbVHmqQEG44JJxl3MYZk0zspupVy5Oy9Vr7OM8nAEx3AKLlxAFW6hBnWgMIQXeIU369l6tz6sz1lrzspmDmEO1tcvXgSX0g==</latexit>

c0q = 0

<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 )

<latexit sha1_base64="WWNwHbLcLSDlzTyUsj+mulFBBQc="></latexit>

L → q̄Maq +
ωµa

fa
q̄εµε5

(
c0q ↑ [Qa]q

)
q

<latexit sha1_base64="6pFCs65Wq0wrJVFXSQMScX7jJV4=">AAACGnicbVDJSgNBEO1xjXGLetTDYBA8hRmR6EUIevESSMAskMShplOTNOlZ7O4RwjAXv8MP8Kqf4E28evEL/A07y8EkPih4vFdFVT034kwqy/o2lpZXVtfWMxvZza3tnd3c3n5dhrGgWKMhD0XTBYmcBVhTTHFsRgLBdzk23MHNyG88opAsDO7UMMKOD72AeYyC0pKTOyo7cIX3SdsTQBMGaeI5kFZ1lZ0HJ5e3CtYY5iKxpyRPpqg4uZ92N6Sxj4GiHKRs2VakOgkIxSjHNNuOJUZAB9DDlqYB+Cg7yfiL1DzRStf0QqErUOZY/TuRgC/l0Hd1pw+qL+e9kfif14qVd9lJWBDFCgM6WeTF3FShOYrE7DKBVPGhJkAF07eatA86D6WDm9ki9VN97KZZnYw9n8MiqZ8V7GKhWD3Pl66nGWXIITkmp8QmF6REbkmF1AglT+SFvJI349l4Nz6Mz0nrkjGdOSAzML5+AZl6obI=</latexit>

Ma = e
ia
fa

QaMq

After chiral quark rotation 
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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="Zg+c8iBXFkCnRGOOnBpwiqkW8lg="></latexit>

aµ = cu→d
ωµa

2fa
ε3

<latexit sha1_base64="JHDWKeqR2a5/RASSTYPI2ufBAWY="></latexit>

asµ = cu+d
ωµa

2fa
1
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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)

9

Weinberg (’79)

Gasser, Leutwyler (’85)




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

• 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="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)
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Weinberg (’79)

Gasser, Leutwyler (’85)




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

mN

◆
,

✓
p

4⇡f⇡

◆
,

✓
p

⇤�

◆
• Expand in

• 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="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)

9

Weinberg (’79)

Gasser, Leutwyler (’85)




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="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

<latexit sha1_base64="AV3IxdWG3wrn/SL/az0fpOYwE78=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2E3Pm8G9eAxgnlAdgmzk9lkyOzsMtMrhJDfENSDIl79AH/Dm3/jbJKDJhY0FFXddHf5seAabPvbyiwsLi2vZFdza+sbm1v57Z26jhJFWY1GIlJNn2gmuGQ14CBYM1aMhL5gDb9/lfqNe6Y0j+QdDGLmhaQrecApASO57jUTQIpO+ah82M4X7JI9Bp4nzpQULj4fUzxV2/kvtxPRJGQSqCBatxw7Bm9IFHAq2CjnJprFhPZJl7UMlSRk2huObx7hA6N0cBApUxLwWP09MSSh1oPQN50hgZ6e9VLxP6+VQHDuDbmME2CSThYFicAQ4TQA3OGKURADQwhV3NyKaY8oQsHElDMhOLMvz5N6ueSclk5ujwuVSzRBFu2hfVREDjpDFXSDqqiGKIrRA3pBr1ZiPVtv1vukNWNNZ3bRH1gfPx3IlOo=</latexit>

�(1232)

• 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="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)

9

Weinberg (’79)

Gasser, Leutwyler (’85)




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="BP7eHILsTjmT9BD3cR0iani0LBg=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrmoivjZi0Y3LCqYtNGm5mU7aoZMHMxOhhLrxK3TtxoUi7sS/cOffOGm70NYDF86ccy9z7/FiRoU0zW8tNzM7N7+QXywsLa+srunrG1URJRwTG0cs4nUPBGE0JLakkpF6zAkEHiM1r3eZ+bVbwgWNwhvZj4kbQCekPsUgldTSt+wz0kypE9MmOBKSJuz7LfUatPSiWTKHMKaJNSbF84+HDI+Vlv7ltCOcBCSUmIEQDcuMpZsClxQzMig4iSAx4B50SEPREAIi3HR4wcDYVUrb8COuKpTGUP09kUIgRD/wVGcAsismvUz8z2sk0j91UxrGiSQhHn3kJ8yQkZHFYbQpJ1iyviKAOVW7GrgLHLBUoRVUCNbkydOkelCyjktH14fF8gUaIY+20Q7aQxY6QWV0hSrIRhjdoSf0gl61e+1Ze9PeR605bTyzif5A+/wBgribbA==</latexit>

U = ei⇡
a⌧a/f⇡

<latexit sha1_base64="9bvS0mJhgxvBLAAg3xrb+TSh7UQ=">AAAB8XicbZDLSgMxFIbP1Futt6pLN8EiuCozxdtGLHXjRqhgL9gOJZNm2tBMZkgyQhn6Fm4qKOLWJ/A13Pk2ZtoutPWHwMf/n0POOV7EmdK2/W1llpZXVtey67mNza3tnfzuXl2FsSS0RkIeyqaHFeVM0JpmmtNmJCkOPE4b3uA6zRuPVCoWins9jKgb4J5gPiNYG+uhTfrsslS57eBOvmAX7YnQIjgzKFx9jlM9Vzv5r3Y3JHFAhSYcK9Vy7Ei7CZaaEU5HuXasaITJAPdoy6DAAVVuMpl4hI6M00V+KM0TGk3c3x0JDpQaBp6pDLDuq/ksNf/LWrH2L9yEiSjWVJDpR37MkQ5Ruj7qMkmJ5kMDmEhmZkWkjyUm2hwpZ47gzK+8CPVS0Tkrnt6dFMoVmCoLB3AIx+DAOZThBqpQAwICnuAFXi1lja03631amrFmPfvwR9bHD7OslMU=</latexit>

� = 2BMa

LO:
<latexit sha1_base64="RGPly2BKh4SRuVzuNU2ZyxnUH7E="></latexit>

L(2)
ωω =

f2
ω

4
Tr

[
→µU(→µU)† + (ωU† + h.c.)

]

9



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="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="+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

9



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

NLO:
<latexit sha1_base64="xQC8UBK+8yq6xrByt5kAg7mIbRs="></latexit>

L̂(2)
⇡N =N̄


� 1

2mN

�
D2 � (v ·D)2 + igA{S ·D, v · u}+ ig0{S ·D, v · û}

�

+ ĉ1 h�+i+
ĉ2
2
(v · u)2 + ĉ3(u · u) + ĉ4

2
i✏µ⌫⇢� [uµ, u⌫ ] v⇢S�

+ĉ5�̃+ +
ĉ8
4
(v · u)(v · û) + ĉ9(u · û)

�
N

9



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

NLO:
<latexit sha1_base64="xQC8UBK+8yq6xrByt5kAg7mIbRs="></latexit>

L̂(2)
⇡N =N̄


� 1

2mN

�
D2 � (v ·D)2 + igA{S ·D, v · u}+ ig0{S ·D, v · û}

�

+ ĉ1 h�+i+
ĉ2
2
(v · u)2 + ĉ3(u · u) + ĉ4

2
i✏µ⌫⇢� [uµ, u⌫ ] v⇢S�

+ĉ5�̃+ +
ĉ8
4
(v · u)(v · û) + ĉ9(u · û)

�
N

Integrate out pions: theory of baryons and axion
9



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

NLO:
<latexit sha1_base64="xQC8UBK+8yq6xrByt5kAg7mIbRs="></latexit>

L̂(2)
⇡N =N̄


� 1

2mN

�
D2 � (v ·D)2 + igA{S ·D, v · u}+ ig0{S ·D, v · û}

�

+ ĉ1 h�+i+
ĉ2
2
(v · u)2 + ĉ3(u · u) + ĉ4

2
i✏µ⌫⇢� [uµ, u⌫ ] v⇢S�

+ĉ5�̃+ +
ĉ8
4
(v · u)(v · û) + ĉ9(u · û)

�
N

Match constants
<latexit sha1_base64="WnvLrukqRcmdGgT+5gOE0+uFPO0="></latexit>

GA = gA → g3Am
2
ω

16ω2f2
ω

+ 4m2
ωd̄16 +

gAm3
ω

6ωf2
ω

(2ĉ4 → ĉ3)
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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

NLO:
<latexit sha1_base64="xQC8UBK+8yq6xrByt5kAg7mIbRs="></latexit>

L̂(2)
⇡N =N̄


� 1

2mN

�
D2 � (v ·D)2 + igA{S ·D, v · u}+ ig0{S ·D, v · û}

�

+ ĉ1 h�+i+
ĉ2
2
(v · u)2 + ĉ3(u · u) + ĉ4

2
i✏µ⌫⇢� [uµ, u⌫ ] v⇢S�

+ĉ5�̃+ +
ĉ8
4
(v · u)(v · û) + ĉ9(u · û)

�
N

<latexit sha1_base64="X9vjtleVu0HPh9J3d7tohq8GkPs="></latexit>

LaN = N̄


iv · @ +

S · @a
fa

�
GAcu�d⌧

3 +G0cu+d1
�
+ � hRe (Ma)i+ . . .

�
N
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Corrections to the coupling can be calculated systematically in

Axion-Nuclon Coupling: Loop corrections

LO:

<latexit sha1_base64="ALtlNNziea32p1uQ3Br2VakVQDw=">AAACI3icbVDLSgNBEJz1GeMr6tHLYBD0EnYlRI9BLx4jmChkY5id9CaDs7PLTK8Qlv0Cv8MP8Kqf4E28ePDsbzh5HDSxYIaiqpvuriCRwqDrfjoLi0vLK6uFteL6xubWdmlnt2XiVHNo8ljG+jZgBqRQ0ESBEm4TDSwKJNwE9xcj/+YBtBGxusZhAp2I9ZUIBWdopW7p0JcQ4pEfasazJM+qfiJo2LV/7mvRH+Dxna/SbqnsVtwx6DzxpqRMpmh0S99+L+ZpBAq5ZMa0PTfBTsY0Ci4hL/qpgYTxe9aHtqWKRWA62ficnB5apUfDWNunkI7V3x0Zi4wZRoGtjBgOzKw3Ev/z2imGZ51MqCRFUHwyKEwlxZiOsqE9oYGjHFrCuBZ2V8oHzCaDNsE/U4w9agC9vGiT8WZzmCetk4pXq9SuquX6+TSjAtknB+SIeOSU1MklaZAm4eSRPJMX8uo8OW/Ou/MxKV1wpj175A+crx+H/aVL</latexit>(
p

4ωfω

)ε

10



Corrections to the coupling can be calculated systematically in

Axion-Nuclon Coupling: Loop corrections

LO:

<latexit sha1_base64="gA2xrx7PCqcEiKG2sQ0lf4hZVE8=">AAACDHicbVDLTgIxFO3gC/GFunTTSExwQ2YIPnYS3bjERB4Jg6RTOtDQeaS9Y0Im8wFu3OtPuHEhMW79AHf+jR1goeBJ2pycc27ae5xQcAWm+W1klpZXVtey67mNza3tnfzuXkMFkaSsTgMRyJZDFBPcZ3XgIFgrlIx4jmBNZ3iV+s17JhUP/FsYhazjkb7PXU4JaKmbL9iCuVC0XUloHCZxxQ45drv6TmzJ+wM4vivrlFkyJ8CLxJqRwsX4KcVzrZv/snsBjTzmAxVEqbZlhtCJiQROBUtydqRYSOiQ9FlbU594THXiyTIJPtJKD7uB1McHPFF/T8TEU2rkOTrpERioeS8V//PaEbjnnZj7YQTMp9OH3EhgCHDaDO5xySiIkSaESq7/iumA6F5A95fTJVjzKy+SRrlknZZObiqF6iWaIosO0CEqIgudoSq6RjVURxQ9oBf0hsbGo/FqvBsf02jGmM3soz8wPn8AsYWf3w==</latexit>✓
p

4⇡f⇡

◆2

NLO:

<latexit sha1_base64="ALtlNNziea32p1uQ3Br2VakVQDw=">AAACI3icbVDLSgNBEJz1GeMr6tHLYBD0EnYlRI9BLx4jmChkY5id9CaDs7PLTK8Qlv0Cv8MP8Kqf4E28ePDsbzh5HDSxYIaiqpvuriCRwqDrfjoLi0vLK6uFteL6xubWdmlnt2XiVHNo8ljG+jZgBqRQ0ESBEm4TDSwKJNwE9xcj/+YBtBGxusZhAp2I9ZUIBWdopW7p0JcQ4pEfasazJM+qfiJo2LV/7mvRH+Dxna/SbqnsVtwx6DzxpqRMpmh0S99+L+ZpBAq5ZMa0PTfBTsY0Ci4hL/qpgYTxe9aHtqWKRWA62ficnB5apUfDWNunkI7V3x0Zi4wZRoGtjBgOzKw3Ev/z2imGZ51MqCRFUHwyKEwlxZiOsqE9oYGjHFrCuBZ2V8oHzCaDNsE/U4w9agC9vGiT8WZzmCetk4pXq9SuquX6+TSjAtknB+SIeOSU1MklaZAm4eSRPJMX8uo8OW/Ou/MxKV1wpj175A+crx+H/aVL</latexit>(
p

4ωfω

)ε

Vonk, Guo, Meißner (2000)
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Corrections to the coupling can be calculated systematically in

Axion-Nuclon Coupling: Loop corrections

LO:

<latexit sha1_base64="gA2xrx7PCqcEiKG2sQ0lf4hZVE8=">AAACDHicbVDLTgIxFO3gC/GFunTTSExwQ2YIPnYS3bjERB4Jg6RTOtDQeaS9Y0Im8wFu3OtPuHEhMW79AHf+jR1goeBJ2pycc27ae5xQcAWm+W1klpZXVtey67mNza3tnfzuXkMFkaSsTgMRyJZDFBPcZ3XgIFgrlIx4jmBNZ3iV+s17JhUP/FsYhazjkb7PXU4JaKmbL9iCuVC0XUloHCZxxQ45drv6TmzJ+wM4vivrlFkyJ8CLxJqRwsX4KcVzrZv/snsBjTzmAxVEqbZlhtCJiQROBUtydqRYSOiQ9FlbU594THXiyTIJPtJKD7uB1McHPFF/T8TEU2rkOTrpERioeS8V//PaEbjnnZj7YQTMp9OH3EhgCHDaDO5xySiIkSaESq7/iumA6F5A95fTJVjzKy+SRrlknZZObiqF6iWaIosO0CEqIgudoSq6RjVURxQ9oBf0hsbGo/FqvBsf02jGmM3soz8wPn8AsYWf3w==</latexit>✓
p

4⇡f⇡

◆2

<latexit sha1_base64="VOEVgt1RuServju81d12GNBl/mE="></latexit>✓
p

4⇡f⇡

◆2 ✓ p

⇤�

◆

NLO:

NNLO:

<latexit sha1_base64="ALtlNNziea32p1uQ3Br2VakVQDw=">AAACI3icbVDLSgNBEJz1GeMr6tHLYBD0EnYlRI9BLx4jmChkY5id9CaDs7PLTK8Qlv0Cv8MP8Kqf4E28ePDsbzh5HDSxYIaiqpvuriCRwqDrfjoLi0vLK6uFteL6xubWdmlnt2XiVHNo8ljG+jZgBqRQ0ESBEm4TDSwKJNwE9xcj/+YBtBGxusZhAp2I9ZUIBWdopW7p0JcQ4pEfasazJM+qfiJo2LV/7mvRH+Dxna/SbqnsVtwx6DzxpqRMpmh0S99+L+ZpBAq5ZMa0PTfBTsY0Ci4hL/qpgYTxe9aHtqWKRWA62ficnB5apUfDWNunkI7V3x0Zi4wZRoGtjBgOzKw3Ev/z2imGZ51MqCRFUHwyKEwlxZiOsqE9oYGjHFrCuBZ2V8oHzCaDNsE/U4w9agC9vGiT8WZzmCetk4pXq9SuquX6+TSjAtknB+SIeOSU1MklaZAm4eSRPJMX8uo8OW/Ou/MxKV1wpj175A+crx+H/aVL</latexit>(
p

4ωfω

)ε

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

⇤� ⇠ (300� 750)MeV

Naively suppressed by
<latexit sha1_base64="GTnOC7QxIostEWYNk7+xmGDIVAc=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqS5VAVRgrWBiLRB9SUyrHdVqrjhPZN0hVlA9g4VdYGECIlQ9g429w2wzQciRbR+ecK/seLxJcg21/W7mV1bX1jfxmYWt7Z3evuH/Q0mGsKGvSUISq4xHNBJesCRwE60SKkcATrO2Nr6d++4EpzUN5B5OI9QIylNznlICR+sWSK5gPZddXhCZRmlTdiGO/b+7UVXw4gtP7c5OyK/YMeJk4GSmhDI1+8csdhDQOmAQqiNZdx46glxAFnAqWFtxYs4jQMRmyrqGSBEz3ktkyKT4xygD7oTJHAp6pvycSEmg9CTyTDAiM9KI3Ff/zujH4l72EyygGJun8IT8WGEI8bQYPuGIUxMQQQhU3f8V0REwvYPormBKcxZWXSeus4tQqtdtqqX6V1ZFHR+gYlZGDLlAd3aAGaiKKHtEzekVv1pP1Yr1bH/NozspmDtEfWJ8/kYCbUg==</latexit>(

p

4ωfω

)3

But low-lying
<latexit sha1_base64="AV3IxdWG3wrn/SL/az0fpOYwE78=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2E3Pm8G9eAxgnlAdgmzk9lkyOzsMtMrhJDfENSDIl79AH/Dm3/jbJKDJhY0FFXddHf5seAabPvbyiwsLi2vZFdza+sbm1v57Z26jhJFWY1GIlJNn2gmuGQ14CBYM1aMhL5gDb9/lfqNe6Y0j+QdDGLmhaQrecApASO57jUTQIpO+ah82M4X7JI9Bp4nzpQULj4fUzxV2/kvtxPRJGQSqCBatxw7Bm9IFHAq2CjnJprFhPZJl7UMlSRk2huObx7hA6N0cBApUxLwWP09MSSh1oPQN50hgZ6e9VLxP6+VQHDuDbmME2CSThYFicAQ4TQA3OGKURADQwhV3NyKaY8oQsHElDMhOLMvz5N6ueSclk5ujwuVSzRBFu2hfVREDjpDFXSDqqiGKIrRA3pBr1ZiPVtv1vukNWNNZ3bRH1gfPx3IlOo=</latexit>

�(1232) resonance enhances contribution

Vonk, Guo, Meißner (2000)
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Corrections to the coupling can be calculated systematically in

Axion-Nuclon Coupling: Loop corrections

<latexit sha1_base64="gA2xrx7PCqcEiKG2sQ0lf4hZVE8=">AAACDHicbVDLTgIxFO3gC/GFunTTSExwQ2YIPnYS3bjERB4Jg6RTOtDQeaS9Y0Im8wFu3OtPuHEhMW79AHf+jR1goeBJ2pycc27ae5xQcAWm+W1klpZXVtey67mNza3tnfzuXkMFkaSsTgMRyJZDFBPcZ3XgIFgrlIx4jmBNZ3iV+s17JhUP/FsYhazjkb7PXU4JaKmbL9iCuVC0XUloHCZxxQ45drv6TmzJ+wM4vivrlFkyJ8CLxJqRwsX4KcVzrZv/snsBjTzmAxVEqbZlhtCJiQROBUtydqRYSOiQ9FlbU594THXiyTIJPtJKD7uB1McHPFF/T8TEU2rkOTrpERioeS8V//PaEbjnnZj7YQTMp9OH3EhgCHDaDO5xySiIkSaESq7/iumA6F5A95fTJVjzKy+SRrlknZZObiqF6iWaIosO0CEqIgudoSq6RjVURxQ9oBf0hsbGo/FqvBsf02jGmM3soz8wPn8AsYWf3w==</latexit>✓
p

4⇡f⇡

◆2

<latexit sha1_base64="VOEVgt1RuServju81d12GNBl/mE="></latexit>✓
p

4⇡f⇡

◆2 ✓ p

⇤�

◆

<latexit sha1_base64="ALtlNNziea32p1uQ3Br2VakVQDw=">AAACI3icbVDLSgNBEJz1GeMr6tHLYBD0EnYlRI9BLx4jmChkY5id9CaDs7PLTK8Qlv0Cv8MP8Kqf4E28ePDsbzh5HDSxYIaiqpvuriCRwqDrfjoLi0vLK6uFteL6xubWdmlnt2XiVHNo8ljG+jZgBqRQ0ESBEm4TDSwKJNwE9xcj/+YBtBGxusZhAp2I9ZUIBWdopW7p0JcQ4pEfasazJM+qfiJo2LV/7mvRH+Dxna/SbqnsVtwx6DzxpqRMpmh0S99+L+ZpBAq5ZMa0PTfBTsY0Ci4hL/qpgYTxe9aHtqWKRWA62ficnB5apUfDWNunkI7V3x0Zi4wZRoGtjBgOzKw3Ev/z2imGZ51MqCRFUHwyKEwlxZiOsqE9oYGjHFrCuBZ2V8oHzCaDNsE/U4w9agC9vGiT8WZzmCetk4pXq9SuquX6+TSjAtknB+SIeOSU1MklaZAm4eSRPJMX8uo8OW/Ou/MxKV1wpj175A+crx+H/aVL</latexit>(
p

4ωfω

)ε

LO:

NLO:

NNLO:

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

⇤� ⇠ (300� 750)MeV

Vonk, Guo, Meißner (2000)
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Axion-Nuclon Coupling: Loop corrections

<latexit sha1_base64="jBXjOzqRjZZwd4RxnUD9PWy+zS0="></latexit>

= → 1

fa
Aω→3(ωa)S · pa →

1

fa
Bω→3(ωa)S · p

p+pa p

pa

N N

a

ω→3

Coupling depends on the axion energy! Can be written as

0 50 100 150 200 250

-0.2

0.0

0.2

0.4

0 50 100 150 200 250
-0.8

-0.6

-0.4

-0.2

0.0

11



Axion-Nuclon Coupling: Loop corrections

<latexit sha1_base64="jBXjOzqRjZZwd4RxnUD9PWy+zS0="></latexit>

= → 1

fa
Aω→3(ωa)S · pa →

1

fa
Bω→3(ωa)S · p

p+pa p

pa

N N

a

ω→3

Coupling depends on the axion energy! Can be written as

0 50 100 150 200 250

-0.2

0.0

0.2

0.4

0 50 100 150 200 250
-0.8

-0.6

-0.4

-0.2

0.0

ChPT truncation

uncertainty in constants Pion production threshold
11



How does a density background change these couplings?



<latexit sha1_base64="uQAQPgI6F3+ruG7dte/tzz91IBs="></latexit>

L(2)
⇡NN =

cD
2f2

⇡⇤�
(N̄N)(N̄S · uN)

a

N

N

N

N

Axion-Nuclon Coupling: Finite density

• Schematic example:

12



<latexit sha1_base64="uQAQPgI6F3+ruG7dte/tzz91IBs="></latexit>

L(2)
⇡NN =

cD
2f2

⇡⇤�
(N̄N)(N̄S · uN)

a

N

N

N

N

Background nucleons

Axion-Nuclon Coupling: Finite density

• Schematic example:

12



<latexit sha1_base64="uQAQPgI6F3+ruG7dte/tzz91IBs="></latexit>

L(2)
⇡NN =

cD
2f2

⇡⇤�
(N̄N)(N̄S · uN)

<latexit sha1_base64="u8fBW98CH/0vXIwWLCrl4WK9VpQ=">AAACEHicbVDLSsNAFJ3UV62vapduBovgqiTiayMW3bgqFewDmlAm00k7dDIJMxMhhPyEO9241T/Qlbj1D/wBv8NJ04WtHrhwOOdezuW4IaNSmeaXUVhYXFpeKa6W1tY3NrfK2zttGUQCkxYOWCC6LpKEUU5aiipGuqEgyHcZ6bjjq8zv3BEhacBvVRwSx0dDTj2KkdJSv1yxXYHGRCW2i0TSSBvpuVarZs2cAP4l1pRUL94eMjw2++VvexDgyCdcYYak7FlmqJwECUUxI2nJjiQJER6jIelpypFPpJNMnk/hvlYG0AuEHq7gRP19kSBfyth39aaP1EjOe5n4n9eLlHfmJJSHkSIc50FexKAKYNYEHFBBsGKxJggLqn+FeIQEwkr3VZqJyTtKdTHWfA1/SfuwZp3Ujm+OqvVLkKMIdsEeOAAWOAV1cA2aoAUwiMETeAYvxr3xarwbH/lqwZjeVMAMjM8fNHaiBw==</latexit>

hN̄Ni = n

a

N

N

N

N

Number density
Background nucleons

• Gives contribution to coupling: ⇠
k3f

(4⇡f⇡)2⇤�
<latexit sha1_base64="TgNPY2WwVWsT8IbELYlSUHyw1gE=">AAACFnicbVC7TsMwFHV4lvIKMLJYVEhloEraSjBWsDAwFIk+pCaNHNdprdpJZDtIVZSvYOFXWBhAiBWx8Te4bQZoOZKto3PuvfY9fsyoVJb1baysrq1vbBa2its7u3v75sFhW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr++Hrqdx6IkDQK79UkJi5Hw5AGFCOlJc88dyTl0AkEwunYC/q1LC3XnZjCwNP3Wb/q3OphA+Q5eEQzzyxZFWsGuEzsnJRAjqZnfjmDCCechAozJGXPtmLlpkgoihnJik4iSYzwGA1JT9MQcSLddLZWBk+1MoBBJPQJFZypvztSxKWccF9XcqRGctGbiv95vUQFl25KwzhRJMTzh4KEQRXBaUZwQAXBik00QVhQ/VeIR0hHpHSSRR2CvbjyMmlXK3atUr2rlxpXeRwFcAxOQBnY4AI0wA1oghbA4BE8g1fwZjwZL8a78TEvXTHyniPwB8bnD0Nhns8=</latexit>

Axion-Nuclon Coupling: Finite density

• Schematic example:

12



• Schematic example:

Axion-Nuclon Coupling: Finite density

<latexit sha1_base64="uQAQPgI6F3+ruG7dte/tzz91IBs="></latexit>

L(2)
⇡NN =

cD
2f2

⇡⇤�
(N̄N)(N̄S · uN)

<latexit sha1_base64="u8fBW98CH/0vXIwWLCrl4WK9VpQ=">AAACEHicbVDLSsNAFJ3UV62vapduBovgqiTiayMW3bgqFewDmlAm00k7dDIJMxMhhPyEO9241T/Qlbj1D/wBv8NJ04WtHrhwOOdezuW4IaNSmeaXUVhYXFpeKa6W1tY3NrfK2zttGUQCkxYOWCC6LpKEUU5aiipGuqEgyHcZ6bjjq8zv3BEhacBvVRwSx0dDTj2KkdJSv1yxXYHGRCW2i0TSSBvpuVarZs2cAP4l1pRUL94eMjw2++VvexDgyCdcYYak7FlmqJwECUUxI2nJjiQJER6jIelpypFPpJNMnk/hvlYG0AuEHq7gRP19kSBfyth39aaP1EjOe5n4n9eLlHfmJJSHkSIc50FexKAKYNYEHFBBsGKxJggLqn+FeIQEwkr3VZqJyTtKdTHWfA1/SfuwZp3Ujm+OqvVLkKMIdsEeOAAWOAV1cA2aoAUwiMETeAYvxr3xarwbH/lqwZjeVMAMjM8fNHaiBw==</latexit>

hN̄Ni = n

a

N

N

N

N

Number density

Background nucleons

<latexit sha1_base64="QGUR+K4478pYzIBCJkllyWVItMI="></latexit>

iG(k) =
i

k0 + iω
→ 2εϑ(k0)ϖ(kf → |ϱk|)

• Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density

12
Furnstahl, Serot (’91) 
Ghosh, Grossman, Tangarife, Zu, Yu (’22)



• Schematic example:

Axion-Nuclon Coupling: Finite density

<latexit sha1_base64="uQAQPgI6F3+ruG7dte/tzz91IBs="></latexit>

L(2)
⇡NN =

cD
2f2

⇡⇤�
(N̄N)(N̄S · uN)

<latexit sha1_base64="u8fBW98CH/0vXIwWLCrl4WK9VpQ=">AAACEHicbVDLSsNAFJ3UV62vapduBovgqiTiayMW3bgqFewDmlAm00k7dDIJMxMhhPyEO9241T/Qlbj1D/wBv8NJ04WtHrhwOOdezuW4IaNSmeaXUVhYXFpeKa6W1tY3NrfK2zttGUQCkxYOWCC6LpKEUU5aiipGuqEgyHcZ6bjjq8zv3BEhacBvVRwSx0dDTj2KkdJSv1yxXYHGRCW2i0TSSBvpuVarZs2cAP4l1pRUL94eMjw2++VvexDgyCdcYYak7FlmqJwECUUxI2nJjiQJER6jIelpypFPpJNMnk/hvlYG0AuEHq7gRP19kSBfyth39aaP1EjOe5n4n9eLlHfmJJSHkSIc50FexKAKYNYEHFBBsGKxJggLqn+FeIQEwkr3VZqJyTtKdTHWfA1/SfuwZp3Ujm+OqvVLkKMIdsEeOAAWOAV1cA2aoAUwiMETeAYvxr3xarwbH/lqwZjeVMAMjM8fNHaiBw==</latexit>

hN̄Ni = n

a

N

N

N

N

Number density

Background nucleons

<latexit sha1_base64="QGUR+K4478pYzIBCJkllyWVItMI="></latexit>

iG(k) =
i

k0 + iω
→ 2εϑ(k0)ϖ(kf → |ϱk|)

• Systematically via QFT in Real-Time Formalism:

Filled ‘Fermi sea'Nucleon propagator at finite density

NR fermion propagator
12

Furnstahl, Serot (’91) 
Ghosh, Grossman, Tangarife, Zu, Yu (’22)



<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>

13



Axion-Nuclon Coupling: Finite density

p+pa p

pa

N N

a

ω→3

<latexit sha1_base64="HEmnyH172XAPb8819IqiOoIX0/I="></latexit>

= → 1

fa
Aω→3(kf , pa)S · pa →

1

fa
Bω→3(kf , pa)S · p

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

ProtonNeutron

At finite density

vs. vacuum

<latexit sha1_base64="XVb6YOWMJ9WjVgTa8xZLARZVAtE="></latexit>

AKSVZ
an (n0) = →0.1(4)(9)

<latexit sha1_base64="JIHH3SpWjTMh8FlGn+1CD+M7hQk=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJql5IgKCxIBRYkliLoQzShclwXLBwnsm8QVZTPYOFXWBhAiJWNv8EtHaDlSLaOzrlX9jl+JLgG2/6yMlPTM7Nz2fncwuLS8kp+da2hw1hRVqehCFXLJ5oJLlkdOAjWihQjgS9Y0787GfjNe6Y0D+Ul9CPmBeRG8h6nBIzUyW+7AYFbSkRylHYSItPrxAX2AObmso/PLhpXaVq0S4d22d4p7pU6+YJhQ+BJ4oxIAY1Q6+Q/3W5I44BJoIJo3XbsCLyEKOBUsDTnxppFhN6RG9Y2VJKAaS8ZBkvxllG6uBcqcyTgofp7IyGB1v3AN5ODGHrcG4j/ee0YegdewmUUA5P056FeLDCEeNAS7nLFKIi+IYQqbv6K6S1RhILpMmdKcMYjT5LGTtmplCvnu4Xq8aiOLNpAm6iIHLSPqugU1VAdUfSIntErerOerBfr3fr4Gc1Yo5119AfW5zcp6p8i</latexit>

AKSVZ
an (0) = 0.02(5) 14



Axion-Nuclon Coupling: Finite density

p+pa p

pa

N N

a

ω→3

<latexit sha1_base64="HEmnyH172XAPb8819IqiOoIX0/I="></latexit>

= → 1

fa
Aω→3(kf , pa)S · pa →

1

fa
Bω→3(kf , pa)S · p

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

ProtonNeutron

At finite density

vs. vacuum

<latexit sha1_base64="XVb6YOWMJ9WjVgTa8xZLARZVAtE="></latexit>

AKSVZ
an (n0) = →0.1(4)(9)

<latexit sha1_base64="JIHH3SpWjTMh8FlGn+1CD+M7hQk=">AAACGHicbVC7TsMwFHXKq5RXgZHFokJql5IgKCxIBRYkliLoQzShclwXLBwnsm8QVZTPYOFXWBhAiJWNv8EtHaDlSLaOzrlX9jl+JLgG2/6yMlPTM7Nz2fncwuLS8kp+da2hw1hRVqehCFXLJ5oJLlkdOAjWihQjgS9Y0787GfjNe6Y0D+Ul9CPmBeRG8h6nBIzUyW+7AYFbSkRylHYSItPrxAX2AObmso/PLhpXaVq0S4d22d4p7pU6+YJhQ+BJ4oxIAY1Q6+Q/3W5I44BJoIJo3XbsCLyEKOBUsDTnxppFhN6RG9Y2VJKAaS8ZBkvxllG6uBcqcyTgofp7IyGB1v3AN5ODGHrcG4j/ee0YegdewmUUA5P056FeLDCEeNAS7nLFKIi+IYQqbv6K6S1RhILpMmdKcMYjT5LGTtmplCvnu4Xq8aiOLNpAm6iIHLSPqugU1VAdUfSIntErerOerBfr3fr4Gc1Yo5119AfW5zcp6p8i</latexit>

AKSVZ
an (0) = 0.02(5)

Accidental cancellation is lifted!

14



Implications for phenomenology



• Axion Luminosity

With emissivity

<latexit sha1_base64="hWU4fTWP85MyExkb68alUlbamtE=">AAACE3icbVC7TsMwFHXKq5RXgJHFokIqDFVSVcCCVMHCwFAk+pCaEDmO01p1nMh2kKqo/8DCr7AwgBArCxt/g9tmgJYjWTo6597re4+fMCqVZX0bhaXlldW14nppY3Nre8fc3WvLOBWYtHDMYtH1kSSMctJSVDHSTQRBkc9Ixx9eTfzOAxGSxvxOjRLiRqjPaUgxUlryzJMbD104lCsYQAHr0EkoFPc16ASxyhySSMpiPvZQRRx7ZtmqWlPARWLnpAxyND3zS0/BaUS4wgxJ2bOtRLkZEopiRsYlJ5UkQXiI+qSnKUcRkW42vWkMj7QSwDAW+untpurvjgxFUo4iX1dGSA3kvDcR//N6qQrP3YzyJFWE49lHYcqgiuEkIBhQQbBiI00QFlTvCvEACYSVjrGkQ7DnT14k7VrVPq3at/Vy4zKPowgOwCGoABucgQa4Bk3QAhg8gmfwCt6MJ+PFeDc+ZqUFI+/ZB39gfP4Ainecug==</latexit>

La =

Z
dr4⇡r2✏̇a(r)

Supernova bound revisited

<latexit sha1_base64="8LRDVddobAyL8GQUV2b9JL0Orl8="></latexit>

ω̇a =

∫ 4∏

i=1

d!id!a(2ε)
4S|M|2ϑ(4) (

∑
i pi → pa)Eaf1f2 (1→ f3) (1→ f4)

• Typically 1 pion exchange at tree level + pheno corrections

• Outlined all relevant corrections diagramatically up to NNLO in chiral expansion

Chang, Essig, McDermott (’18)
 Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo, Mirizzi (’19) 


Allows to systematically account for all effects from first principles!

15



Supernova bound revisited
Relevant diagrams up to NLO

16



Supernova bound revisited

These are typically suppressed by

<latexit sha1_base64="NSfnO24LpnBliHTwuXrGJW7IT64=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KkmR6rLoxpVUsA9oYphMJu3QmSTOTAolZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jaXlldW19dJGeXNre2fX3NtvyzgVmLRwzGLR9ZEkjEakpahipJsIgrjPSMcfXk38zogISePoTo0T4nLUj2hIMVJa8syjkYODWMGhIyknD9AJBcLZ8L6WZzXu3eSeWbGq1hRwkdgFqYACTc/8coIYp5xECjMkZc+2EuVmSCiKGcnLTipJgvAQ9UlP0whxIt1s+kgOT7QSwDAWuiIFp+rviQxxKcfc150cqYGc9ybif14vVeGFm9EoSRWJ8GxRmDKoYjhJBQZUEKzYWBOEBdW3QjxAOgqlsyvrEOz5lxdJu1a169X67VmlcVnEUQKH4BicAhucgwa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq1LRjFzAP7A+PwBn72ZvQ==</latexit>

v · k → k2

2mNChoi, Kim, Seong, Shin (’21) 


16



Supernova bound revisited

Modification of nuclear interaction:

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


• Phenomenologically modelled

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


Neglected

<latexit sha1_base64="sQH5GiQi1gjBv1Ol39WRcvR8hcQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt0dxN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqCG2SmMeqE6KmnEnaNMxw2kkURRFy2g7HtzO//USVZrF8MJOEBgKHkkWMoLFSpzdEIbCf9MsVr+rN4a4SPycVyNHol796g5ikgkpDOGrd9b3EBBkqwwin01Iv1TRBMsYh7VoqUVAdZPN7p+6ZVQZuFCtb0rhz9fdEhkLriQhtp0Az0sveTPzP66Ymug4yJpPUUEkWi6KUuyZ2Z8+7A6YoMXxiCRLF7K0uGaFCYmxEJRuCv/zyKmldVP1atXZ/Wanf5HEU4QRO4Rx8uII63EEDmkCAwzO8wpvz6Lw4787HorXg5DPH8AfO5w8TUpAD</latexit>ωp

16

Ericson, T., & Mathiot, J.-F. 1989, Phys. Lett. B, 219, 507
Hannestad, Raffelt Astrophys.J. 507 (1998) 339-352



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)


<latexit sha1_base64="5i9iIhM4ch+9OWRNYqaxDoTCP08=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt0dxN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqCG2SmMeqE6KmnEnaNMxw2kkURRFy2g7HtzO//USVZrF8MJOEBgKHkkWMoLFSpzdEIbA/6pcrXtWbw10lfk4qkKPRL3/1BjFJBZWGcNS663uJCTJUhhFOp6VeqmmCZIxD2rVUoqA6yOb3Tt0zqwzcKFa2pHHn6u+JDIXWExHaToFmpJe9mfif101NdB1kTCapoZIsFkUpd03szp53B0xRYvjEEiSK2VtdMkKFxNiISjYEf/nlVdK6qPq1au3+slK/yeMowgmcwjn4cAV1uIMGNIEAh2d4hTfn0Xlx3p2PRWvByWeO4Q+czx8HMo/7</latexit>ωh

16

Raffelt, Seckel (’88)


Neglected



Supernova bound revisited

Outlined for the first time
KS, Stadlbauer, Stelzl, Weiler (’24)


16



Supernova bound revisited

Focus on these for now.. but:

Outlined for the first time
KS, Stadlbauer, Stelzl, Weiler (’24)


Modified couplings

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

16



Supernova bound revisited

KSVZ axion couplings in a SN:

Proton Neutron

17

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

<latexit sha1_base64="/aA0Qx/YC31SQj4ujPeUrrWwVAU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUt0IRTcuK9gHNCFMppN26OTBzI20hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPX4iuALL+jZKa+sbm1vl7crO7t7+gXlY7ag4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj+9mfveJScXj6BGmCXNDMox4wCkBLXlmFbws8fMb2zl3gE0gU7ln1qy6NQdeJXZBaqhAyzO/nEFM05BFQAVRqm9bCbgZkcCpYHnFSRVLCB2TIetrGpGQKTeb357jU60McBBLXRHgufp7IiOhUtPQ150hgZFa9mbif14/heDazXiUpMAiulgUpAJDjGdB4AGXjIKYakKo5PpWTEdEEgo6rooOwV5+eZV0Lup2o954uKw1b4s4yugYnaAzZKMr1ET3qIXaiKIJekav6M3IjRfj3fhYtJaMYuYI/YHx+QMmzZSJ</latexit>

tpb = 1 s



Supernova bound revisited

KSVZ axion couplings in a SN:

Proton Neutron

17

Available on 
 
https://github.com/michael-stadlbauer/Axion-Couplings

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

<latexit sha1_base64="/aA0Qx/YC31SQj4ujPeUrrWwVAU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUt0IRTcuK9gHNCFMppN26OTBzI20hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPX4iuALL+jZKa+sbm1vl7crO7t7+gXlY7ag4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj+9mfveJScXj6BGmCXNDMox4wCkBLXlmFbws8fMb2zl3gE0gU7ln1qy6NQdeJXZBaqhAyzO/nEFM05BFQAVRqm9bCbgZkcCpYHnFSRVLCB2TIetrGpGQKTeb357jU60McBBLXRHgufp7IiOhUtPQ150hgZFa9mbif14/heDazXiUpMAiulgUpAJDjGdB4AGXjIKYakKo5PpWTEdEEgo6rooOwV5+eZV0Lup2o954uKw1b4s4yugYnaAzZKMr1ET3qIXaiKIJekav6M3IjRfj3fhYtJaMYuYI/YHx+QMmzZSJ</latexit>

tpb = 1 s

https://github.com/michael-stadlbauer/Axion-Couplings


Supernova bound revisited

Emissivity Luminosity
KSVZ axion

18

<latexit sha1_base64="/aA0Qx/YC31SQj4ujPeUrrWwVAU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUt0IRTcuK9gHNCFMppN26OTBzI20hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPX4iuALL+jZKa+sbm1vl7crO7t7+gXlY7ag4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj+9mfveJScXj6BGmCXNDMox4wCkBLXlmFbws8fMb2zl3gE0gU7ln1qy6NQdeJXZBaqhAyzO/nEFM05BFQAVRqm9bCbgZkcCpYHnFSRVLCB2TIetrGpGQKTeb357jU60McBBLXRHgufp7IiOhUtPQ150hgZFa9mbif14/heDazXiUpMAiulgUpAJDjGdB4AGXjIKYakKo5PpWTEdEEgo6rooOwV5+eZV0Lup2o954uKw1b4s4yugYnaAzZKMr1ET3qIXaiKIJekav6M3IjRfj3fhYtJaMYuYI/YHx+QMmzZSJ</latexit>

tpb = 1 s



Supernova bound revisited

Emissivity Luminosity

Tree level:

Vertex corrections:

KSVZ axion

18

<latexit sha1_base64="/aA0Qx/YC31SQj4ujPeUrrWwVAU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoiUt0IRTcuK9gHNCFMppN26OTBzI20hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPX4iuALL+jZKa+sbm1vl7crO7t7+gXlY7ag4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj+9mfveJScXj6BGmCXNDMox4wCkBLXlmFbws8fMb2zl3gE0gU7ln1qy6NQdeJXZBaqhAyzO/nEFM05BFQAVRqm9bCbgZkcCpYHnFSRVLCB2TIetrGpGQKTeb357jU60McBBLXRHgufp7IiOhUtPQ150hgZFa9mbif14/heDazXiUpMAiulgUpAJDjGdB4AGXjIKYakKo5PpWTEdEEgo6rooOwV5+eZV0Lup2o954uKw1b4s4yugYnaAzZKMr1ET3qIXaiKIJekav6M3IjRfj3fhYtJaMYuYI/YHx+QMmzZSJ</latexit>

tpb = 1 s



Astrophobic axions

Derivative axion-nucleon couplings are model-dependent

19



Astrophobic axions

<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="xc1YBNqTh16stIKQFM9D6PnkWNo=">AAACF3icbZDLSsNAFIYnXmu9RV26CRZBkJSkSHUjFN24rGAv0MYwmUzaoZMLcxHakLdw46u4caGIW935Nk7aLLT1wAwf/38OM+f3Ekq4sKxvbWl5ZXVtvbRR3tza3tnV9/bbPJYM4RaKacy6HuSYkgi3BBEUdxOGYehR3PFG17nfecCMkzi6E+MEOyEcRCQgCAoluXoVuak0/ewS3VuuNPPbN/sBgyi1s7SWFWhOstQ+nWSuXrGq1rSMRbALqICimq7+1fdjJEMcCUQh5z3bSoSTQiYIojgr9yXHCUQjOMA9hREMMXfS6V6ZcawU3whipk4kjKn6eyKFIefj0FOdIRRDPu/l4n9eT4rgwklJlEiBIzR7KJDUELGRh2T4hGEk6FgBRIyovxpoCFUSQkVZViHY8ysvQrtWtevV+u1ZpXFVxFECh+AInAAbnIMGuAFN0AIIPIJn8AretCftRXvXPmatS1oxcwD+lPb5A/R0nzM=</latexit>

cu→d = c0u → c0d →
1

2

1→ z

1 + z

<latexit sha1_base64="4yy5G9DxOQpwak+iVTqIg4iI510=">AAACCHicbVDLSsNAFJ3UV62vqEsXBosgFEtSpLoRim5cVrAPaGOYTCbt0MkkzEMoIUs3/oobF4q49RPc+TdO2i609cC9HM65l5l7/IQSIW372ygsLa+srhXXSxubW9s75u5eW8SKI9xCMY1514cCU8JwSxJJcTfhGEY+xR1/dJ37nQfMBYnZnRwn2I3ggJGQICi15JmHyEtVJcgu0b3tqUreg9N+yCFKnSytZZ5Ztqv2BNYicWakDGZoeuZXP4iRijCTiEIheo6dSDeFXBJEcVbqK4ETiEZwgHuaMhhh4aaTQzLrWCuBFcZcF5PWRP29kcJIiHHk68kIyqGY93LxP6+nZHjhpoQlSmKGpg+FiloytvJUrIBwjCQdawIRJ/qvFhpCnYLU2ZV0CM78yYukXas69Wr99qzcuJrFUQQH4AicAAecgwa4AU3QAgg8gmfwCt6MJ+PFeDc+pqMFY7azD/7A+PwBeLCZAw==</latexit>

cu+d = c0u + c0d →
1

2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Derivative axion-nucleon couplings are model-dependent

19



Astrophobic axions

<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

Astrophobic models: manage to 
DiLuzio, Mescia, Nardi, Panci, Ziegler (’17)


<latexit sha1_base64="xc1YBNqTh16stIKQFM9D6PnkWNo=">AAACF3icbZDLSsNAFIYnXmu9RV26CRZBkJSkSHUjFN24rGAv0MYwmUzaoZMLcxHakLdw46u4caGIW935Nk7aLLT1wAwf/38OM+f3Ekq4sKxvbWl5ZXVtvbRR3tza3tnV9/bbPJYM4RaKacy6HuSYkgi3BBEUdxOGYehR3PFG17nfecCMkzi6E+MEOyEcRCQgCAoluXoVuak0/ewS3VuuNPPbN/sBgyi1s7SWFWhOstQ+nWSuXrGq1rSMRbALqICimq7+1fdjJEMcCUQh5z3bSoSTQiYIojgr9yXHCUQjOMA9hREMMXfS6V6ZcawU3whipk4kjKn6eyKFIefj0FOdIRRDPu/l4n9eT4rgwklJlEiBIzR7KJDUELGRh2T4hGEk6FgBRIyovxpoCFUSQkVZViHY8ysvQrtWtevV+u1ZpXFVxFECh+AInAAbnIMGuAFN0AIIPIJn8AretCftRXvXPmatS1oxcwD+lPb5A/R0nzM=</latexit>

cu→d = c0u → c0d →
1

2

1→ z

1 + z

<latexit sha1_base64="4yy5G9DxOQpwak+iVTqIg4iI510=">AAACCHicbVDLSsNAFJ3UV62vqEsXBosgFEtSpLoRim5cVrAPaGOYTCbt0MkkzEMoIUs3/oobF4q49RPc+TdO2i609cC9HM65l5l7/IQSIW372ygsLa+srhXXSxubW9s75u5eW8SKI9xCMY1514cCU8JwSxJJcTfhGEY+xR1/dJ37nQfMBYnZnRwn2I3ggJGQICi15JmHyEtVJcgu0b3tqUreg9N+yCFKnSytZZ5Ztqv2BNYicWakDGZoeuZXP4iRijCTiEIheo6dSDeFXBJEcVbqK4ETiEZwgHuaMhhh4aaTQzLrWCuBFcZcF5PWRP29kcJIiHHk68kIyqGY93LxP6+nZHjhpoQlSmKGpg+FiloytvJUrIBwjCQdawIRJ/qvFhpCnYLU2ZV0CM78yYukXas69Wr99qzcuJrFUQQH4AicAAecgwa4AU3QAgg8gmfwCt6MJ+PFeDc+pqMFY7azD/7A+PwBeLCZAw==</latexit>

cu+d = c0u + c0d →
1

2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Badziak, Harigaya (’23)
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Derivative axion-nucleon couplings are model-dependent



Astrophobic axions

<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

Astrophobic models: manage to 
DiLuzio, Mescia, Nardi, Panci, Ziegler (’17)


<latexit sha1_base64="xc1YBNqTh16stIKQFM9D6PnkWNo=">AAACF3icbZDLSsNAFIYnXmu9RV26CRZBkJSkSHUjFN24rGAv0MYwmUzaoZMLcxHakLdw46u4caGIW935Nk7aLLT1wAwf/38OM+f3Ekq4sKxvbWl5ZXVtvbRR3tza3tnV9/bbPJYM4RaKacy6HuSYkgi3BBEUdxOGYehR3PFG17nfecCMkzi6E+MEOyEcRCQgCAoluXoVuak0/ewS3VuuNPPbN/sBgyi1s7SWFWhOstQ+nWSuXrGq1rSMRbALqICimq7+1fdjJEMcCUQh5z3bSoSTQiYIojgr9yXHCUQjOMA9hREMMXfS6V6ZcawU3whipk4kjKn6eyKFIefj0FOdIRRDPu/l4n9eT4rgwklJlEiBIzR7KJDUELGRh2T4hGEk6FgBRIyovxpoCFUSQkVZViHY8ysvQrtWtevV+u1ZpXFVxFECh+AInAAbnIMGuAFN0AIIPIJn8AretCftRXvXPmatS1oxcwD+lPb5A/R0nzM=</latexit>

cu→d = c0u → c0d →
1

2

1→ z

1 + z

<latexit sha1_base64="4yy5G9DxOQpwak+iVTqIg4iI510=">AAACCHicbVDLSsNAFJ3UV62vqEsXBosgFEtSpLoRim5cVrAPaGOYTCbt0MkkzEMoIUs3/oobF4q49RPc+TdO2i609cC9HM65l5l7/IQSIW372ygsLa+srhXXSxubW9s75u5eW8SKI9xCMY1514cCU8JwSxJJcTfhGEY+xR1/dJ37nQfMBYnZnRwn2I3ggJGQICi15JmHyEtVJcgu0b3tqUreg9N+yCFKnSytZZ5Ztqv2BNYicWakDGZoeuZXP4iRijCTiEIheo6dSDeFXBJEcVbqK4ETiEZwgHuaMhhh4aaTQzLrWCuBFcZcF5PWRP29kcJIiHHk68kIyqGY93LxP6+nZHjhpoQlSmKGpg+FiloytvJUrIBwjCQdawIRJ/qvFhpCnYLU2ZV0CM78yYukXas69Wr99qzcuJrFUQQH4AicAAecgwa4AU3QAgg8gmfwCt6MJ+PFeDc+pqMFY7azD/7A+PwBeLCZAw==</latexit>

cu+d = c0u + c0d →
1

2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Badziak, Harigaya (’23)
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Derivative axion-nucleon couplings are model-dependent

• These cancellations persist even at finite density and RGE evolution
Di Luzio, Giannotti, Mescia, Nardi, Okawa (’23)

Di Luzio, Fiorentino, Giannotti, Mescia, Nardi (’24)
see Vincenzo’s talk in the afternoon



Astrophobic axions

<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

Astrophobic models: manage to 
DiLuzio, Mescia, Nardi, Panci, Ziegler (’17)


<latexit sha1_base64="xc1YBNqTh16stIKQFM9D6PnkWNo=">AAACF3icbZDLSsNAFIYnXmu9RV26CRZBkJSkSHUjFN24rGAv0MYwmUzaoZMLcxHakLdw46u4caGIW935Nk7aLLT1wAwf/38OM+f3Ekq4sKxvbWl5ZXVtvbRR3tza3tnV9/bbPJYM4RaKacy6HuSYkgi3BBEUdxOGYehR3PFG17nfecCMkzi6E+MEOyEcRCQgCAoluXoVuak0/ewS3VuuNPPbN/sBgyi1s7SWFWhOstQ+nWSuXrGq1rSMRbALqICimq7+1fdjJEMcCUQh5z3bSoSTQiYIojgr9yXHCUQjOMA9hREMMXfS6V6ZcawU3whipk4kjKn6eyKFIefj0FOdIRRDPu/l4n9eT4rgwklJlEiBIzR7KJDUELGRh2T4hGEk6FgBRIyovxpoCFUSQkVZViHY8ysvQrtWtevV+u1ZpXFVxFECh+AInAAbnIMGuAFN0AIIPIJn8AretCftRXvXPmatS1oxcwD+lPb5A/R0nzM=</latexit>

cu→d = c0u → c0d →
1

2

1→ z

1 + z

<latexit sha1_base64="4yy5G9DxOQpwak+iVTqIg4iI510=">AAACCHicbVDLSsNAFJ3UV62vqEsXBosgFEtSpLoRim5cVrAPaGOYTCbt0MkkzEMoIUs3/oobF4q49RPc+TdO2i609cC9HM65l5l7/IQSIW372ygsLa+srhXXSxubW9s75u5eW8SKI9xCMY1514cCU8JwSxJJcTfhGEY+xR1/dJ37nQfMBYnZnRwn2I3ggJGQICi15JmHyEtVJcgu0b3tqUreg9N+yCFKnSytZZ5Ztqv2BNYicWakDGZoeuZXP4iRijCTiEIheo6dSDeFXBJEcVbqK4ETiEZwgHuaMhhh4aaTQzLrWCuBFcZcF5PWRP29kcJIiHHk68kIyqGY93LxP6+nZHjhpoQlSmKGpg+FiloytvJUrIBwjCQdawIRJ/qvFhpCnYLU2ZV0CM78yYukXas69Wr99qzcuJrFUQQH4AicAAecgwa4AU3QAgg8gmfwCt6MJ+PFeDc+pqMFY7azD/7A+PwBeLCZAw==</latexit>

cu+d = c0u + c0d →
1

2

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

L → 1

fa
N̄cNS · ωaN, N = (p, n)T

Badziak, Harigaya (’23)


• Still want to solve CP problem so at least
<latexit sha1_base64="k55DXF7iTfczaJWiOVaCFb8phQo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseih3qsYG0hDWWz2bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhangBlz32ymtrW9sbpW3Kzu7e/sH1cOjR6MyTVmHKqF0LySGCS5ZBzgI1ks1I0koWDcc38787hPThiv5AJOUBQkZSh5zSsBKPmn1gYuI5a3poFpz6+4ceJV4BamhAu1B9asfKZolTAIVxBjfc1MIcqKBU8GmlX5mWEromAyZb6kkCTNBPj95is+sEuFYaVsS8Fz9PZGTxJhJEtrOhMDILHsz8T/PzyC+DnIu0wyYpItFcSYwKDz7H0dcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXyeFH3GvXG/WWteVPEUUYn6BSdIw9doSa6Q23UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFLXJFI</latexit>

aGG̃ which induces nEDM

• Bound from SN from

19
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi (’22)


Derivative axion-nucleon couplings are model-dependent



Astrophobic axions
• Still want to solve CP problem so at least

<latexit sha1_base64="k55DXF7iTfczaJWiOVaCFb8phQo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseih3qsYG0hDWWz2bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhangBlz32ymtrW9sbpW3Kzu7e/sH1cOjR6MyTVmHKqF0LySGCS5ZBzgI1ks1I0koWDcc38787hPThiv5AJOUBQkZSh5zSsBKPmn1gYuI5a3poFpz6+4ceJV4BamhAu1B9asfKZolTAIVxBjfc1MIcqKBU8GmlX5mWEromAyZb6kkCTNBPj95is+sEuFYaVsS8Fz9PZGTxJhJEtrOhMDILHsz8T/PzyC+DnIu0wyYpItFcSYwKDz7H0dcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXyeFH3GvXG/WWteVPEUUYn6BSdIw9doSa6Q23UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFLXJFI</latexit>

aGG̃ which induces nEDM

• Bound from SN from
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi (’22)


<latexit sha1_base64="+Ihd4BMKii+A35fVriP9lDq3RHI=">AAAB+nicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrUj0WvXisYD+gu5RsmrahSXZJZpWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5USK4Ac/7dgpr6xubW8Xt0s7u3v6BWz5smTjVlDVpLGLdiYhhgivWBA6CdRLNiIwEa0fjm5nffmDa8FjdwyRhoSRDxQecErBSzy0HhkscRERnAYwYkGnPrXhVbw68SvycVFCORs/9CvoxTSVTQAUxput7CYQZ0cCpYNNSkBqWEDomQ9a1VBHJTJjNT5/iU6v08SDWthTgufp7IiPSmImMbKckMDLL3kz8z+umMLgKM66SFJiii0WDVGCI8SwH3OeaURATSwjV3N6K6YhoQsGmVbIh+Msvr5LWedWvVWt3F5X6dR5HER2jE3SGfHSJ6ugWNVATUfSIntErenOenBfn3flYtBacfOYI/YHz+QNqt5Qg</latexit>

→ ω̄

1 loop 
diagram

Schwartz, QFT
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EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten (’79)




Astrophobic axions
• Still want to solve CP problem so at least

<latexit sha1_base64="k55DXF7iTfczaJWiOVaCFb8phQo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseih3qsYG0hDWWz2bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhangBlz32ymtrW9sbpW3Kzu7e/sH1cOjR6MyTVmHKqF0LySGCS5ZBzgI1ks1I0koWDcc38787hPThiv5AJOUBQkZSh5zSsBKPmn1gYuI5a3poFpz6+4ceJV4BamhAu1B9asfKZolTAIVxBjfc1MIcqKBU8GmlX5mWEromAyZb6kkCTNBPj95is+sEuFYaVsS8Fz9PZGTxJhJEtrOhMDILHsz8T/PzyC+DnIu0wyYpItFcSYwKDz7H0dcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXyeFH3GvXG/WWteVPEUUYn6BSdIw9doSa6Q23UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFLXJFI</latexit>

aGG̃ which induces nEDM

• Bound from SN from
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi (’22)


1 loop 
diagram

19

Schwartz, QFT


EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten (’79)


• Due to systematic approach, can identify (ir)relevant operator



Astrophobic axions
• Still want to solve CP problem so at least

<latexit sha1_base64="k55DXF7iTfczaJWiOVaCFb8phQo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseih3qsYG0hDWWz2bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhangBlz32ymtrW9sbpW3Kzu7e/sH1cOjR6MyTVmHKqF0LySGCS5ZBzgI1ks1I0koWDcc38787hPThiv5AJOUBQkZSh5zSsBKPmn1gYuI5a3poFpz6+4ceJV4BamhAu1B9asfKZolTAIVxBjfc1MIcqKBU8GmlX5mWEromAyZb6kkCTNBPj95is+sEuFYaVsS8Fz9PZGTxJhJEtrOhMDILHsz8T/PzyC+DnIu0wyYpItFcSYwKDz7H0dcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXyeFH3GvXG/WWteVPEUUYn6BSdIw9doSa6Q23UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFLXJFI</latexit>

aGG̃ which induces nEDM

• Bound from SN from
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi (’22)


• Due to systematic approach, can identify (ir)relevant operator

1 loop 
diagram

- NLO, shift-symmetry breaking, isospin-breaking

19

- Size of EDM operator can be determined 
<latexit sha1_base64="y8XW7A/7ew9ZLpRtjKv8m9upyRw="></latexit>

CaNω

mN
→ m2

ε

(4ωfε)2
ĉ5

Crewther, Vecchia, Veneziano, Witten (’79)


Schwartz, QFT


EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten (’79)




Astrophobic axions
• Still want to solve CP problem so at least

<latexit sha1_base64="k55DXF7iTfczaJWiOVaCFb8phQo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseih3qsYG0hDWWz2bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmhangBlz32ymtrW9sbpW3Kzu7e/sH1cOjR6MyTVmHKqF0LySGCS5ZBzgI1ks1I0koWDcc38787hPThiv5AJOUBQkZSh5zSsBKPmn1gYuI5a3poFpz6+4ceJV4BamhAu1B9asfKZolTAIVxBjfc1MIcqKBU8GmlX5mWEromAyZb6kkCTNBPj95is+sEuFYaVsS8Fz9PZGTxJhJEtrOhMDILHsz8T/PzyC+DnIu0wyYpItFcSYwKDz7H0dcMwpiYgmhmttbMR0RTSjYlCo2BG/55VXyeFH3GvXG/WWteVPEUUYn6BSdIw9doSa6Q23UQRQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AFLXJFI</latexit>

aGG̃ which induces nEDM

• Bound from SN from
Lucente, Mastrototaro, Carenza, DiLuzio, Giannotti, Mirizzi (’22)


1 loop 
diagram

• Induces a tree-level diagram

tree-level 
diagram

19

KS, Stadlbauer, Stelzl, Weiler (’24)


• Due to systematic approach, can identify (ir)relevant operator

Schwartz, QFT


EDM induced at 1-loop:
Crewther, Vecchia, Veneziano, Witten (’79)




Astrophobic axions

• Loose the loop-suppression compared to EDM operator
<latexit sha1_base64="XtkOH/JnRlf12bit+xmdc4C5Tlg="></latexit>

Ltree,ĉ5
a → (4ω)4LEDM

a → 104LEDM
a

Strong universal bound on QCD axions:
<latexit sha1_base64="ZBa0/DQ6qgVpjgfvL/EmEGe4Z+I="></latexit>

fa > 1.1+0.4
→0.6 → 108 GeV, (68% C.L.)

20
KS, Stadlbauer, Stelzl, Weiler (’24) 



Astrophobic axions

21



Astrophobic axions
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21KS, Stadlbauer, Stelzl, Weiler (’24) 



• QCD axion couplings are density dependent!

• Large uncertainty at high densities 

• Significant changes of supernova bound

• Systematic calculation of axion couplings within ChPT

Conclusions

• Much to do: calculate ~150 diagrams, spin-
correlations, …



Thank you!



Backup



Couplings
1. Construction of effective axion—nucleon Lagrangian

Consider external sources coupled to QCD

Compare to axion — quark Lagrangian

Mapping:



Couplings
1. Construction of effective axion—nucleon Lagrangian

Theory invariant under for

Symmetry breaking pattern

Mesons as pNGBs

Transforms linearly



Couplings
1. Construction of effective axion—nucleon Lagrangian

Covariant Derivative

Mass spurion

Baryons: transform non-linearly

Compensator field



Couplings
1. Construction of effective axion—nucleon Lagrangian

Covariant Derivative

Vielbein (axial vector, isovector)

Vielbein (axial vector, isoscalar)

Mass spurion



Couplings
1. Construction of effective axion—nucleon Lagrangian

Power Counting

With plane-wave solution



Couplings
1. Construction of effective axion—nucleon Lagrangian

Power Counting

LO ChPT Lagrangian

Mesons

Baryons

NLO ChPT Lagrangian Baryons



Couplings
1. Construction of effective axion—nucleon Lagrangian

Some expansions



Couplings
1. Construction of effective axion—nucleon Lagrangian

Heavy Baryon Limit

Nucleon momentum

Nucleon field

Use LO EOM and integrate out the heavy component

LO HBChPT Lagrangian



Couplings
1. Construction of effective axion—nucleon Lagrangian

Heavy Baryon Limit

NLO HBChPT Lagrangian



Couplings
2. Finite Density Propagator

Real-time formalism
Generating functional along some contour

Free propagator



Couplings
2. Finite Density Propagator

Real-time formalism

Explicitly calculate

Use

with KMS boundary conditions



Couplings
2. Finite Density Propagator

Real-time formalism

Spectral density

Propagator



Couplings
2. Finite Density Propagator

Real-time formalism

Contour

Generating functional factorizes

with



Couplings
2. Finite Density Propagator

Real-time formalism

Propagator becomes 2x2 matrix

In zero temperature limit, propagator diagonalizes



Couplings
3. Particle production rates

As in vacuum

At finite density, self-energy is given by the pole of

In zero temperature limit, given by 11-component

Therefore

and



Couplings
3. Particle production rates

Emissivity

For Bremsstrahlung: Apply cutting rules



Example calculation of finite density loops


