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HIGHLIGHTS FROM AXION PHYSICS



Why do I like axions?



1. A good dark matter candidate

WHY DO I LIKE AXIONS?



<latexit sha1_base64="hztf9mX/GXd52jL/+LJwHQYrOC8=">AAACJnicbVDLSgMxFM34tr6qLt0Ei6CbMqOibgRRF26UCrYKnVoy6Z02mMyMyR2hDPM1bvwVNy4qIu78FNNaxNeBwOGcc7m5J0ikMOi6b87I6Nj4xOTUdGFmdm5+obi4VDNxqjlUeSxjfRUwA1JEUEWBEq4SDUwFEi6Dm6O+f3kH2og4usBuAg3F2pEIBWdopWZx/6yZ+VrR49Oc+kYouKWee71FfQkhrvuhZnzgQy3P1Fc097Vod3CjWSy5ZXcA+pd4Q1IiQ1SaxZ7finmqIEIumTF1z02wkTGNgkvIC35qIGH8hrWhbmnEFJhGNjgzp2tWadEw1vZFSAfq94mMKWO6KrBJxbBjfnt98T+vnmK418hElKQIEf9cFKaSYkz7ndGW0MBRdi1hXAv7V8o7zFaDttmCLcH7ffJfUtssezvl7fPt0sHhsI4pskJWyTrxyC45ICekQqqEk3vySHrk2XlwnpwX5/UzOuIMZ5bJDzjvHwhPpPQ=</latexit>
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Dark Matter Particles in a de Broglie Volume Today

Galaxy:

Universe:
<latexit sha1_base64="Xtb1HTMGr46cH02R9oL0YivGnVY="></latexit>

NDM ' 10�3

✓
eV

mDM

◆



<latexit sha1_base64="uY8oW4Lrh6D9Vaf58tlCKU1+MNY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPUiFL14rGC3hXYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D1p9MPB4b4aZeWHCmTau++UUVlbX1jeKm6Wt7Z3dvfL+ga9lqghtEcml6oRYU84EbRlmOO0kiuI45LQdjm9mfvuRKs2kuDeThAYxHgoWMYKNlXy/ik/RVb9ccWvuHOgv8XJSgRzNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFlkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP6t557X6Xb3SuM7jKMIRHEMVPLiABtxCE1pA4AGe4AVeHek8O2/O+6K14OQzh/ALzsc3DPOOJA==</latexit>

V (a) =

<latexit sha1_base64="k/58OMSWuRsWKTeqotsenhjB62s=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0Wom5IUUZdFNy4V7AOatkwmN+3QmSTOTIQS8idu/BU3LhQRd/6N08dCWw9cOHPOvcy9x084U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtn2igLMIGpppDu1EAhE+h5Y/up74rUeQisXRvR4n0BVkELGQUaKN1LfPvVASmgW9Gm5WyGmeBaRXy7GnmIAHLPrmhT0OShkBZ54UGJp5r9a3y07VmQIvE3dOymiO27795QUxTQVEmnKiVMd1Et3NiNSMcshLXqogIXREBtAxNCICVDeb3pfjE6MEOIylqUjjqfp7IiNCqbHwTacgeqgWvYn4n9dJdXjZzViUpBoiOvsoTDnWMZ6EhQMmgWo+NoRQycyumA6JCUybSEsmBHfx5GXSrFXd8+rZ3Vm5fjWPo4iO0DGqIBddoDq6QbeogSh6Qi/oDb1bz9ar9WF9zloL1nzmEP2B9f0DM22h2w==</latexit>
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<latexit sha1_base64="ctSKt6/iTIaHGi2s0YGefnJe8Wo=">AAACCXicbVDJSgNBEO1xN25Rj14ag+ApzIiox6AXjwpmgWQYajo1prFnobtGDEOuXvwVLx4U8eofePNv7CwHTXxQ8HivqrvqhZmShlz325mbX1hcWl5ZLa2tb2xulbd3GibNtcC6SFWqWyEYVDLBOklS2Mo0QhwqbIZ3F0O/eY/ayDS5oX6Gfgy3iYykALJSUOYdwgcavVNo7A6KKADeCUFbo4cEg6BccavuCHyWeBNSYRNcBeWvTjcVeYwJCQXGtD03I78ATVIoHJQ6ucEMxB3cYtvSBGI0fjHaYMAPrNLlUaptJcRH6u+JAmJj+nFoO2Ognpn2huJ/Xjun6MwvZJLlhIkYfxTlilPKh7HwrtQoSPUtAaGl3ZWLHmgQZMMr2RC86ZNnSeOo6p1Uj6+PK7XzSRwrbI/ts0PmsVNWY5fsitWZYI/smb2yN+fJeXHenY9x65wzmdllf+B8/gBmpJrI</latexit>

fa✓̄Energy

Dimensionless



Classical Equation of Motion

✓̈ + 3H ✓̇ +m
2
a(T )✓ = 0

<latexit sha1_base64="ctSKt6/iTIaHGi2s0YGefnJe8Wo=">AAACCXicbVDJSgNBEO1xN25Rj14ag+ApzIiox6AXjwpmgWQYajo1prFnobtGDEOuXvwVLx4U8eofePNv7CwHTXxQ8HivqrvqhZmShlz325mbX1hcWl5ZLa2tb2xulbd3GibNtcC6SFWqWyEYVDLBOklS2Mo0QhwqbIZ3F0O/eY/ayDS5oX6Gfgy3iYykALJSUOYdwgcavVNo7A6KKADeCUFbo4cEg6BccavuCHyWeBNSYRNcBeWvTjcVeYwJCQXGtD03I78ATVIoHJQ6ucEMxB3cYtvSBGI0fjHaYMAPrNLlUaptJcRH6u+JAmJj+nFoO2Ognpn2huJ/Xjun6MwvZJLlhIkYfxTlilPKh7HwrtQoSPUtAaGl3ZWLHmgQZMMr2RC86ZNnSeOo6p1Uj6+PK7XzSRwrbI/ts0PmsVNWY5fsitWZYI/smb2yN+fJeXHenY9x65wzmdllf+B8/gBmpJrI</latexit>
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2. It is a very good time to look for them

WHY DO I LIKE AXIONS?



EXPERIMENTAL REACH



3. A clean probe of high energies

WHY DO I LIKE AXIONS?



CLEAN PROBES OF HIGH ENERGIES

<latexit sha1_base64="uWckALrbtMztIxK/6eEw8haLHC8="></latexit>
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CLEAN PROBES OF HIGH ENERGIES

<latexit sha1_base64="BUUmQnCtIvejgcFrUezvUche5I0=">AAACFHicbVBNS8NAEN3Ur1q/oh69LBZBEEoiUr0IVS96q2LaQhPCZrtpl+4mYXcjlJAf4cW/4sWDIl49ePPfuGl70NYHA4/3ZpiZFySMSmVZ30ZpYXFpeaW8Wllb39jcMrd3WjJOBSYOjlksOgGShNGIOIoqRjqJIIgHjLSD4VXhtx+IkDSO7tUoIR5H/YiGFCOlJd88cjlSA4xYdpH7mSs4dFo5PIdz8s1d7ptVq2aNAeeJPSVVMEXTN7/cXoxTTiKFGZKya1uJ8jIkFMWM5BU3lSRBeIj6pKtphDiRXjZ+KocHWunBMBa6IgXH6u+JDHEpRzzQncWtctYrxP+8bqrCMy+jUZIqEuHJojBlUMWwSAj2qCBYsZEmCAuqb4V4gATCSudY0SHYsy/Pk9Zxza7X6rcn1cblNI4y2AP74BDY4BQ0wDVoAgdg8AiewSt4M56MF+Pd+Ji0lozpzC74A+PzB2F1nmk=</latexit>

AUV = AIR



4. Generically predicted in string theory

WHY DO I LIKE AXIONS?



GENERIC UV PREDICTION

<latexit sha1_base64="O0q9hALMzu2URMynv4FQ6vJKlbc="></latexit>
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GENERIC UV PREDICTION

<latexit sha1_base64="O0q9hALMzu2URMynv4FQ6vJKlbc="></latexit>
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<latexit sha1_base64="+2tnF5EKfyVFLEAhAvY7zumDENI="></latexit>
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GENERIC UV PREDICTION

<latexit sha1_base64="O0q9hALMzu2URMynv4FQ6vJKlbc="></latexit>

S =

∫
ddx

→
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(
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↑ R+ L
)

<latexit sha1_base64="+2tnF5EKfyVFLEAhAvY7zumDENI="></latexit>
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<latexit sha1_base64="VS/FSlkU3mocNiKLhW9Z4nNz6/Y=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSIIQklEqstWNy5cVLAPaEKZTCbt0MkkzEzEUvorblwo4tYfceffOG2z0NYDA4dz7mHuPUHKmdKO822trK6tb2wWtorbO7t7+/ZBqaWSTBLaJAlPZCfAinImaFMzzWknlRTHAaftYHgz9duPVCqWiAc9Sqkf475gESNYG6lnl+rI0wmqozMUencmF+KeXXYqzgxombg5KUOORs/+8sKEZDEVmnCsVNd1Uu2PsdSMcDopepmiKSZD3KddQwWOqfLHs90n6MQoIYoSaZ7QaKb+ToxxrNQoDsxkjPVALXpT8T+vm+noyh8zkWaaCjL/KMo4MtdOi0Ahk5RoPjIEE8nMrogMsMREm7qKpgR38eRl0jqvuNVK9f6iXLvO6yjAERzDKbhwCTW4hQY0gcATPMMrvFkT68V6tz7moytWnjmEP7A+fwCEG5LX</latexit>

A → A+ d!
<latexit sha1_base64="ip/cSfEw0ooxOLAlJn0nsuOehRI=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CNBePEcwDkjXMTibJkNnZZaZXCUv+w4sHRbz6L978GyePgyYWNBRV3XR3BbEUBl3328msrK6tb2Q3c1vbO7t7+f2DuokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1gWJn4jUeujYjUPY5i7oe0r0RPMIpWeqDkirSFwk5aGZPrTr7gFt0pyDLx5qQAc1Q7+a92N2JJyBUySY1peW6Mfko1Cib5ONdODI8pG9I+b1mqaMiNn06vHpMTq3RJL9K2FJKp+nsipaExozCwnSHFgVn0JuJ/XivB3qWfChUnyBWbLeolkmBEJhGQrtCcoRxZQpkW9lbCBlRThjaonA3BW3x5mdTPil6pWLo7L5Rv5nFk4QiO4RQ8uIAy3EIVasBAwzO8wpvz5Lw4787HrDXjzGcO4Q+czx8C1pGR</latexit>
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A



5. They solve a puzzle of the Standard Model

WHY DO I LIKE AXIONS?



Neutron

✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

✓ = 0
<latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit>



Neutron Neutron

Electric  
Dipole

✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

✓ = 0
<latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit>

✓ 6= 0
<latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit>



|✓| . 10�10

Neutron Neutron

Electric  
Dipole

✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

Experimentally

✓ 6= 0
<latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit>

✓ = 0
<latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit>



✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

✓
✓ +

a

fa

◆
GG̃

<latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit>

hai = �✓fa
<latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit>

At the minimum

Introduce a new global symmetry at fa



1. A good dark matter candidate

4. Solves a puzzle of the Standard Model

2. A clean probe of high energies

3. Generically predicted in string theory

5. We can discover them if they are dark matter

WHY DO I LIKE AXIONS?

6. They can also explain the Higgs mass



HIGHLIGHTS

Astrophysics TheoryLaboratory



AXION DARK MATTER 
IN THE LABORATORY



a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

PHOTONS



a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

Background

<latexit sha1_base64="kOUKmYKyTNGM+o0lyFouQY4292w=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwY0lKUXFVFMFlBfuApobJdNIOnUnizEQoIf/ixl9x40Ipblz4L07aLGzrgQuHc+7l3nu8iFGpLOvbKKysrq1vFDdLW9s7u3vm/kFLhrHApIlDFoqOhyRhNCBNRRUjnUgQxD1G2t7oJvPbz0RIGgYPahyRHkeDgPoUI6Ul17xyJOXQ8QXCCUoT30UpvHUTR3DojQYpzGzyBG3rMTmr2nOea5atijUFXCZ2TsogR8M1J04/xDEngcIMSdm1rUj1EiQUxYykJSeWJEJ4hAakq2mAOJG9ZPpjCk+00od+KHQFCk7VvxMJ4lKOuac7OVJDuehl4n9eN1b+ZS+hQRQrEuDZIj9mUIUwCwz2qSBYsbEmCAuqb4V4iHReSsda0iHYiy8vk1a1Yp9Xave1cv06j6MIjsAxOAU2uAB1cAcaoAkweAFv4AN8Gq/GuzExvmatBSOfOQRzMH5+AdwEo8Q=</latexit>

⇠ a

fa
Ebkg ' 10�21Ebkg

ALP DARK MATTER DETECTION

but you know exactly the waveform 
and the signal is always there 
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<latexit sha1_base64="ZIvSsZCdb1nW4yiIUbhr5UNjCHE=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJhSqpKmCsYGEsEn1ITYgc12mt2k6wHaQqysLCr7AwgBAr/8DG3+A+Bmg50pWOzrlX994TJowq7TjfVmFpeWV1rbhe2tjc2t6xd/daKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDq7HffiBS0Vjc6lFCfI76gkYUI22kwD70IolwhvIsClDuKcrJPXSdu+y06uaBXXYqzgRwkbgzUgYzNAL7y+vFOOVEaMyQUl3XSbSfIakpZiQveakiCcJD1CddQwXiRPnZ5IscHhulB6NYmhIaTtTfExniSo14aDo50gM1743F/7xuqqMLP6MiSTUReLooShnUMRxHAntUEqzZyBCEJTW3QjxAJhZtgiuZENz5lxdJq1pxzyq1m1q5fjmLowgOwBE4AS44B3VwDRqgCTB4BM/gFbxZT9aL9W59TFsL1mxmH/yB9fkDzXyYHQ==</latexit> a

fa
' 10�21



Cavity

<latexit sha1_base64="JV3tBUyhjJhPd6bFvxS+uhGnDGI=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWoAsYKFgaGItGH1ESR4zqtVdsJtoNURRlY+BUWBhBi5SPY+BvcNgO0HOlKR+fcq3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8dXU7z4QqWgs7vQkIT5HQ0EjipE2UmBXeeANEecIeopycg+9SCKcuXl2kwd2zak7M8Bl4hakBgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dnsiRweG2UAo1iaEhrO1N8TGeJKTXhoOjnSI7XoTcX/vH6qows/oyJJNRF4vihKGdQxnCYCB1QSrNnEEIQlNbdCPEImBW1yq5gQ3MWXl0nntO6e1Ru3jVrzsoijDKrgCJwAF5yDJrgGLdAGGDyCZ/AK3qwn68V6tz7mrSWrmDkEf2B9/gCNQ5gN</latexit>

m� ' 1

L

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

AXION DARK MATTER DETECTION



Cavity

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

Background

Resonance
<latexit sha1_base64="w/Sj64pGnRW2nhuohTRan6xIwo8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosunHhooJ9QBPCZDpph85M4sxEKDELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCccXU38zgORisbiTo8T4nM0EDSiGGkjBfYBDxD0FOXkHnqRRDhz8+wmD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+n9OTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHF35GRZJqIvBsUZQyqGM4CQP2qSRYs7EhCEtqboV4iEwK2kRWMSG48y8vkvZpzT2r1W/r1cZlEUcZHIIjcAJccA4a4Bo0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A55yld0=</latexit>

ma ' 1

L

AXION DARK MATTER DETECTION
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AXION DETECTION

Cavity

m - 0.1 cm

Low noise electronics 
High quality factors
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Impractical  
(fine control of  
huge cavities)



HETERODYNE

DM Radio
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HETERODYNE DETECTION
[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]
[Berlin, RTD, S. Ellis, K. Zhou’20]



X

n

✓
@2
t +

!n

Qn
@t + !2

n

◆
En = ga��@t(B@ta)

<latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit>

!1 ' !0 +ma
<latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit>

@t(B) ' i!0B
<latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit>

@tJe↵ = ga��@t(B@ta) / !0ma � m2
a

<latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit>

HETERODYNE DETECTION
[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]
[Berlin, RTD, S. Ellis, K. Zhou’20]
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long scanning



Figure 
from 
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O’Hare

 https://doi.org/10.5281/ zenodo.3932430.
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MAGNETARS
arXiv:2512.06441

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

MAGNETAR
<latexit sha1_base64="0F2XLRJA5hWuGtQl5L3pSkxLs5Y=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqmREquCm1I3LCn1BE8tkOmmHziRxZiKUENz4K25cKOLWr3Dn3zhts9DWAxcO59zLvff4MWdKO863tbS8srq2Xtgobm5t7+zae/stFSWS0CaJeCQ7PlaUs5A2NdOcdmJJsfA5bfuj64nffqBSsShs6HFMPYEHIQsYwdpIPfuwBl3FBL2HyLlLEcrcq9SVAjaynl1yys4UcJGgnJRAjnrP/nL7EUkEDTXhWKkucmLtpVhqRjjNim6iaIzJCA9o19AQC6q8dPpCBk+M0odBJE2FGk7V3xMpFkqNhW86BdZDNe9NxP+8bqKDSy9lYZxoGpLZoiDhUEdwkgfsM0mJ5mNDMJHM3ArJEEtMtEmtaEJA8y8vktZZGVXKldvzUrWWx1EAR+AYnAIELkAV3IA6aAICHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+ACU7lgQ=</latexit>

B → 1011 T
<latexit sha1_base64="p4NW9+MMMwjkOSKAIu0Tt5WxM6s=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5KIVMFL0YvHCvYDmlA2m0m7dDeJuxuhhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAtSzpR2nG9raXlldW29tFHe3Nre2bX39lsqySSFJk14IjsBUcBZDE3NNIdOKoGIgEM7GN5M/PYjSMWS+F6PUvAF6ccsYpRoI/XswxB7igl4wK7jXeWeFHgoxj274lSdKfAicQtSQQUaPfvLCxOaCYg15USpruuk2s+J1IxyGJe9TEFK6JD0oWtoTAQoP5+eP8YnRglxlEhTscZT9fdEToRSIxGYTkH0QM17E/E/r5vp6NLPWZxmGmI6WxRlHOsET7LAIZNANR8ZQqhk5lZMB0QSqk1iZROCO//yImmdVd1atXZ3XqlfF3GU0BE6RqfIRReojm5RAzURRTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH9amlMo=</latexit>

d → 10 km

Radio band

<latexit sha1_base64="tIX8GIoi0ZJ2BytQmk/VfS+m33s=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1ekrQIe4n/XLFr/pzoFUS5KQCORr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOb3TtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jwaME2J5RNHMNHM3YrICGtMrIuo5EIIll9eJa2LalCr1u4vK/WbPI4inMApnEMAV1CHO2hAEwhweIZXePMevRfv3ftYtBa8fOYY/sD7/AEcpJAJ</latexit>ωp



CMB POLARIZATION

<latexit sha1_base64="MBmGD7yUCJ/3Hv92C1WNhV0jiFY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRFqhuhqAuXFewDmhBuppN26OTBzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPX7CmVSW9W2U1tY3NrfK25Wd3b39A/PwqCvjVBDaITGPRd8HSTmLaEcxxWk/ERRCn9OeP7mZ+b1HKiSLoweVJdQNYRSxgBFQWvLMqnNLuQIM+Ao3nIThwAPPrFl1aw68SuyC1FCBtmd+OcOYpCGNFOEg5cC2EuXmIBQjnE4rTippAmQCIzrQNIKQSjefHz/Fp1oZ4iAWuiKF5+rviRxCKbPQ150hqLFc9mbif94gVcGlm7MoSRWNyGJRkHKsYjxLAg+ZoETxTBMggulbMRmDAKJ0XhUdgr388irpNup2s968P6+1ros4yugYnaAzZKML1EJ3qI06iKAMPaNX9GY8GS/Gu/GxaC0ZxUwV/YHx+QN9KJNl</latexit>

!a = 2ωfa

<latexit sha1_base64="bgJWGw6m2rTyCS6WInqpBLG+zEY="></latexit>

AEM
ω

4ε

a

fa
E ·B

<latexit sha1_base64="ZiDzJ6jGwQkqsC5UEwbFRXLHNJg=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLIlIdSPUF7gRKtgHNCHcTKft0JkkzEyEEvIVbvwVNy4UcSvu/Bunj4W2HrhwOOde7r0niDlT2ra/rbn5hcWl5dxKfnVtfWOzsLVdV1EiCa2RiEeyGYCinIW0ppnmtBlLCiLgtBH0L4d+44FKxaLwXg9i6gnohqzDCGgj+YVD94pyDdit9hg+w24ssCtA9wjw9DzzU1cKfH2bYRd43AO/ULRL9gh4ljgTUkQTVP3Cl9uOSCJoqAkHpVqOHWsvBakZ4TTLu4miMZA+dGnL0BAEVV46eivD+0Zp404kTYUaj9TfEykIpQYiMJ3Dk9W0NxT/81qJ7px6KQvjRNOQjBd1Eo51hIcZ4TaTlGg+MASIZOZWTHoggWiTZN6E4Ey/PEvqRyWnXCrfHRcrF5M4cmgX7aED5KATVEE3qIpqiKBH9Ixe0Zv1ZL1Y79bHuHXOmszsoD+wPn8AilKeZg==</latexit>

!” = ±AEMω

Axion string

arXiv:1912.02823
arXiv:2205.13962

https://arxiv.org/abs/2205.13962


AXION THEORY



��-�� ��-�� ��-�� ��-� �

��-��

��-��

��-��

��-��

��-��

����

����

����

����

���

��(��)

� �
γγ
(�
��

-�
)

� �
(�
��

)

���

��+���+��

��� ��
����� ��

����� � ��� �����������

If you find the axion above the QCD line you can exclude GUTs  
and heterotic string theory (modulo tuning)

[Agrawal, Reig, Nee, ’22-’25]



ASK ME FOR MORE

Higher-form symmetries Axions and the eta’

<latexit sha1_base64="iF65K2E8Rk7TFwMfJ7Ic5/zsfcg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQS44RzAOSJczOziZDZmfWmVkhLPkJLx4U8ervePNvnCR70MSChqKqm+6uIOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3U399hNVmknxYMYJ9WM8ECxiBBsrdeqVHgmlOeuXym7VnQEtEy8nZcjR6Je+eqEkaUyFIRxr3fXcxPgZVoYRTifFXqppgskID2jXUoFjqv1sdu8EnVolRJFUtoRBM/X3RIZjrcdxYDtjbIZ60ZuK/3nd1EQ3fsZEkhoqyHxRlHJkJJo+j0KmKDF8bAkmitlbERlihYmxERVtCN7iy8ukdV71rqqX9xfl2m0eRwGO4QQq4ME11KAODWgCAQ7P8ApvzqPz4rw7H/PWFSefOYI/cD5/ADgEj3M=</latexit>

H(·) is unknown

<latexit sha1_base64="ifhUmLmx0hyaBGEDyh11gO0IgMo="></latexit>

V⌘0 = cf
2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="l0jLZmIlstd6t1Ge4k8AA3DG/PE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBosgCCERX8uiG5cV7APSUCbTSTt0MhNmJkIJ/Qw3LhRx69e482+ctllo64ELh3Pu5d57opQzbTzv2ymtrK6tb5Q3K1vbO7t71f2DlpaZIrRJJJeqE2FNORO0aZjhtJMqipOI03Y0upv67SeqNJPi0YxTGiZ4IFjMCDZWCs7yrkrQ0CXupFetea43A1omfkFqUKDRq351+5JkCRWGcKx14HupCXOsDCOcTirdTNMUkxEe0MBSgROqw3x28gSdWKWPYqlsCYNm6u+JHCdaj5PIdibYDPWiNxX/84LMxDdhzkSaGSrIfFGccWQkmv6P+kxRYvjYEkwUs7ciMsQKE2NTqtgQ/MWXl0nr3PWv3MuHi1r9toijDEdwDKfgwzXU4R4a0AQCEp7hFd4c47w4787HvLXkFDOH8AfO5w89o5CX</latexit>

+h.c.

<latexit sha1_base64="3kRbMIdb0M+x7CBJOKcgVQavA0c=">AAACGHicbVBNS8NAEN3U7/pV9ehlsQiealKkehQ91GMFW4WmhMlmYhc3H+xulBLyM7z4V7x4UMRrb/4bt20Ofj0YeLw3w8w8PxVcadv+tCpz8wuLS8sr1dW19Y3N2tZ2TyWZZNhliUjkjQ8KBY+xq7kWeJNKhMgXeO3fnU/863uUiifxlR6lOIjgNuYhZ6CN5NUO3VACy10Q6RA8VeRNN+XFTIQiDz0o2u4DD1BzESBte7W63bCnoH+JU5I6KdHxamM3SFgWYayZAKX6jp3qQQ5ScyawqLqZwhTYHdxi39AYIlSDfPpYQfeNEtAwkaZiTafq94kcIqVGkW86I9BD9dubiP95/UyHJ4Ocx2mmMWazRWEmqE7oJCUacIlMi5EhwCQ3t1I2BBOKNllWTQjO75f/kl6z4bQarcuj+ulZGccy2SV75IA45JickgvSIV3CyCN5Jq/kzXqyXqx362PWWrHKmR3yA9b4C26MoUM=</latexit>ωs

2ε

a

fa
GG̃



CONCLUSION

• Why do we like axions? For pretty good reasons 

• If the axion is dark matter we will cover (most of) the QCD line 
in the next couple of decades 

• Axions are unique probes of the deep UV (and allow theorists 
to endlessly disagree)



BACKUP



CMB POLARIZATION

Axion string

arXiv:1912.02823
arXiv:2205.13962

<latexit sha1_base64="fiUEg3bp/aQwrynEvgaTNYLQbTU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyUpUl0W3XRZwT6gScNkOmmHTmbizEQooeCvuHGhiFu/w51/47TNQlsPXDiccy/33hMmjCrtON9WYW19Y3OruF3a2d3bP7APj9pKpBKTFhZMyG6IFGGUk5ammpFuIgmKQ0Y64fh25nceiVRU8Hs9SYgfoyGnEcVIGymwTzw5EtBTNCYPMApQvwob/Wpgl52KMwdcJW5OyiBHM7C/vIHAaUy4xgwp1XOdRPsZkppiRqYlL1UkQXiMhqRnKEcxUX42P38Kz40ygJGQpriGc/X3RIZipSZxaDpjpEdq2ZuJ/3m9VEfXfkZ5kmrC8WJRlDKoBZxlAQdUEqzZxBCEJTW3QjxCEmFtEiuZENzll1dJu1pxa5Xa3WW5fpPHUQSn4AxcABdcgTpogCZoAQwy8AxewZv1ZL1Y79bHorVg5TPH4A+szx+OAJSW</latexit>

ω → f
2
aH

2

Like radiation during RD 
Like matter during MD

Behavior from simulation, normally
<latexit sha1_base64="jKHnks6F01FPolEPWr8XI1/M95Q=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwYtktUj0WvXisYD+gW0s2zbahyWZJsoWy9J948aCIV/+JN/+NabsHbX0w8Hhvhpl5YcKZNp737aytb2xubRd2irt7+weH7tFxU8tUEdogkkvVDrGmnMW0YZjhtJ0oikXIaSsc3c381pgqzWT8aCYJ7Qo8iFnECDZW6rluoIYSBZoJhJ+yy8q055a8sjcHWiV+TkqQo95zv4K+JKmgsSEca93xvcR0M6wMI5xOi0GqaYLJCA9ox9IYC6q72fzyKTq3Sh9FUtmKDZqrvycyLLSeiNB2CmyGetmbif95ndREN92MxUlqaEwWi6KUIyPRLAbUZ4oSwyeWYKKYvRWRIVaYGBtW0YbgL7+8SpqVsl8tVx+uSrXbPI4CnMIZXIAP11CDe6hDAwiM4Rle4c3JnBfn3flYtK45+cwJ/IHz+QOIjpL2</latexit>

ω → a→2

<latexit sha1_base64="xCde1iTMBLkgBZEw2gv5HZmW2D8=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwxkUcCK5kdemHCzO5mZlZDCP/hxYPGePVfvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLR7cxvPaLSPI7uzThBX9JBxEPOqLHSg+xR0hWoteaS1HrFklt25yCrxMtICTLUe8Wvbj9mqcTIMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYGlGJ2p/Mr56SM6v0SRgrW5Ehc/X3xIRKrccysJ2SmqFe9mbif14nNeG1P+FRkhqM2GJRmApiYjKLgPS5QmbE2BLKFLe3EjakijJjgyrYELzll1dJ86LsVcqVu8tS9SaLIw8ncArn4MEVVKEGdWgAAwXP8ApvzpPz4rw7H4vWnJPNHMMfOJ8/5B+SIg==</latexit>

ma ↭ H

Otherwise domain walls destroy the network (if NDW=1) 
Or create a DW problem (NDW>1)

https://arxiv.org/abs/2205.13962


NEUTRON STARS
arXiv:2512.15849



<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A IN THE CHIRAL LAGRANGIAN

<latexit sha1_base64="jSrxu4x1d4ayeZr5yW4grypvmdg=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+CqzIivjVB041LBPqDTljvpHQ1mZkKSEcowv+PGX3GjoKhbf8S0nYW2HgicnHPvTe4JpODauO6nMzM7N7+wuLRcWlldW98ob241dJIqhnWWiES1AtAoeIx1w43AllQIUSCwGdxfDP3mAyrNk/jGDCR2IriNecgZGCv1yrX6GXYz7ocKWOajga4vFY8wz8Le8JoXjuRdoL6wg/vQhTw7oNaXPM975YpbdUeg08QrSIUUuOqVX/1+wtIIY8MEaN32XGk6GSjDmcC85KcaJbB7uMW2pTFEqDvZaNOc7lmlT8NE2RMbOlJ/d2QQaT2IAlsZgbnTk95Q/M9rpyY87WQ8lqnBmI0fClNBTUKHsdE+V8iMGFgCTHH7V8ruwEZjbLglG4I3ufI0aRxUvePq0fVhpXZexLFEdsgu2SceOSE1ckmuSJ0w8kieyRt5d56cF+fD+RqXzjhFzzb5A+f7BxhhqF8=</latexit>

U = e
i ⌘0
f⌘

⇡a�a

2f⇡



<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A

<latexit sha1_base64="5nJ1r1pEmw9WdzeqEjAfFGy+lyY="></latexit>

L =
f2
⇡

4
Tr[(@µU)†@µU)] + V⇡ + V⌘0 + ...

IN THE CHIRAL LAGRANGIAN



<latexit sha1_base64="EsXlktTzCeJ95ymCBx/T83uXSwo=">AAACMXicbZDLSsNAFIYnXmu9RV26GSxCBSmJeNsIRTfdCBXsBdoaJpNpO3QmCTMToYS8khvfRNx0oYhbX8JJmoVt/WHg5zvncOb8bsioVJY1MZaWV1bX1gsbxc2t7Z1dc2+/KYNIYNLAAQtE20WSMOqThqKKkXYoCOIuIy13dJfWW89ESBr4j2ockh5HA5/2KUZKI8es3d/EXcGhR9EgKXMnguQpprCLWDhETpScQu54M8zLmJxhMjlxzJJVsTLBRWPnpgRy1R3zresFOOLEV5ghKTu2FapejISimJGk2I0kCREeoQHpaOsjTmQvzi5O4LEmHuwHQj9fwYz+nYgRl3LMXd3JkRrK+VoK/6t1ItW/7sXUDyNFfDxd1I8YVAFM49M5CYIVG6eBYUH1XyEeIoGw0iEXdQj2/MmLpnlWsS8rFw/npeptHkcBHIIjUAY2uAJVUAN10AAYvIB38AE+jVdjYnwZ39PWJSOfOQAzMn5+AaS0qUs=</latexit>

M = diag(mue
i↵u ,mde

i↵d ,mse
i↵s)

<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A IN THE CHIRAL LAGRANGIAN

<latexit sha1_base64="gVxHuv0PlAZ9YyhhXDh/Bm3kgDI="></latexit>

V⇡ = bf2
⇡⇤QCDTr[MU + h.c.]



<latexit sha1_base64="iF65K2E8Rk7TFwMfJ7Ic5/zsfcg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQS44RzAOSJczOziZDZmfWmVkhLPkJLx4U8ervePNvnCR70MSChqKqm+6uIOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3U399hNVmknxYMYJ9WM8ECxiBBsrdeqVHgmlOeuXym7VnQEtEy8nZcjR6Je+eqEkaUyFIRxr3fXcxPgZVoYRTifFXqppgskID2jXUoFjqv1sdu8EnVolRJFUtoRBM/X3RIZjrcdxYDtjbIZ60ZuK/3nd1EQ3fsZEkhoqyHxRlHJkJJo+j0KmKDF8bAkmitlbERlihYmxERVtCN7iy8ukdV71rqqX9xfl2m0eRwGO4QQq4ME11KAODWgCAQ7P8ApvzqPz4rw7H/PWFSefOYI/cD5/ADgEj3M=</latexit>

H(·) is unknown

<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A IN THE CHIRAL LAGRANGIAN

<latexit sha1_base64="ifhUmLmx0hyaBGEDyh11gO0IgMo="></latexit>

V⌘0 = cf
2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="l0jLZmIlstd6t1Ge4k8AA3DG/PE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBosgCCERX8uiG5cV7APSUCbTSTt0MhNmJkIJ/Qw3LhRx69e482+ctllo64ELh3Pu5d57opQzbTzv2ymtrK6tb5Q3K1vbO7t71f2DlpaZIrRJJJeqE2FNORO0aZjhtJMqipOI03Y0upv67SeqNJPi0YxTGiZ4IFjMCDZWCs7yrkrQ0CXupFetea43A1omfkFqUKDRq351+5JkCRWGcKx14HupCXOsDCOcTirdTNMUkxEe0MBSgROqw3x28gSdWKWPYqlsCYNm6u+JHCdaj5PIdibYDPWiNxX/84LMxDdhzkSaGSrIfFGccWQkmv6P+kxRYvjYEkwUs7ciMsQKE2NTqtgQ/MWXl0nr3PWv3MuHi1r9toijDEdwDKfgwzXU4R4a0AQCEp7hFd4c47w4787HvLXkFDOH8AfO5w89o5CX</latexit>

+h.c.



ALL OF THE ABOVE DOESN’T MATTER  
FOR THE AXION

<latexit sha1_base64="EoXZroO72Agqk4ADKHY0g0x3JCU="></latexit>

L =
f
2
⇡

4
Tr[(@µU)†@µ

U ]� bf
2
⇡⇤QCDTr[MU + h.c.]� cf

2
⇡⇤

2
QCDH(ei✓(a)F detU)



ALL OF THE ABOVE DOESN’T MATTER  
FOR THE AXION

<latexit sha1_base64="EoXZroO72Agqk4ADKHY0g0x3JCU="></latexit>

L =
f
2
⇡

4
Tr[(@µU)†@µ

U ]� bf
2
⇡⇤QCDTr[MU + h.c.]� cf

2
⇡⇤

2
QCDH(ei✓(a)F detU)

<latexit sha1_base64="YUFavC+wmQmcqBYgUy+/mGj3DIw="></latexit>

L =
f
2
⇡

4
Tr[(@µU)†@µ

U ]� bf
2
⇡⇤QCDTr[Me

i✓(a)
U + h.c.]� cf

2
⇡⇤

2
QCDH(detU)

U(1) rotation



ALL OF THE ABOVE DOESN’T MATTER  
FOR THE AXION

<latexit sha1_base64="YUFavC+wmQmcqBYgUy+/mGj3DIw="></latexit>

L =
f
2
⇡

4
Tr[(@µU)†@µ

U ]� bf
2
⇡⇤QCDTr[Me

i✓(a)
U + h.c.]� cf

2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="8sFi4fvQ7K0tg/MLovVMmU01UXk=">AAACBnicdVBNS8NAEN34bf2KehRhsQieQlJiqgeh6MVjBatCE8tmO20XN5uwuxFK8OTFv+LFgyJe/Q3e/DduYwUVfTDweG+GmXlxxpnSrvtuTUxOTc/Mzs1XFhaXllfs1bUzleaSQoumPJUXMVHAmYCWZprDRSaBJDGH8/jqaOSfX4NULBWnephBlJC+YD1GiTZSx94MORF9DjgETS7DTLLEcFlqB27HrrqO7wduEGDX8fY9v75Xklo98LHnuCWqaIxmx34LuynNExCacqJU23MzHRVEakY53FTCXEFG6BXpQ9tQQRJQUVG+cYO3jdLFvVSaEhqX6veJgiRKDZPYdCZED9RvbyT+5bVz3duLCiayXIOgn4t6Occ6xaNMcJdJoJoPDSFUMnMrpgMiCdUmuYoJ4etT/D85qzle4Oye+NXG4TiOObSBttAO8lAdNdAxaqIWougW3aNH9GTdWQ/Ws/Xy2TphjWfW0Q9Yrx8XH5jq</latexit>

h⌘0i = 0

<latexit sha1_base64="1usRoD0Wgki35gcoDHKQeoMii0I=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIWkxLTuinXhQqEF+4AmlMl02g6dPJiZCCV24a+4caGIW3/DnX/jNK2gogcGDuecy71z/JhRIU3zQ8stLa+sruXXCxubW9s7+u5eS0QJx6SJIxbxjo8EYTQkTUklI52YExT4jLT9cW3mt28JFzQKb+QkJl6AhiEdUIykknr6gXulwn3US10ewEbtYuoOh/C6pxdNw7Yd03GgaVhnll2uZKRUdmxoGWaGIlig3tPf3X6Ek4CEEjMkRNcyY+mliEuKGZkW3ESQGOExGpKuoiEKiPDS7P4pPFZKHw4irl4oYaZ+n0hRIMQk8FUyQHIkfnsz8S+vm8hBxUtpGCeShHi+aJAwKCM4KwP2KSdYsokiCHOqboV4hDjCUlVWUCV8/RT+T1olw3KM04ZdrJ4v6siDQ3AEToAFyqAKLkEdNAEGd+ABPIFn7V571F6013k0py1m9sEPaG+fQQKVpA==</latexit>

⇤QCD � M



ALL OF THE ABOVE DOESN’T MATTER  
FOR THE AXION

<latexit sha1_base64="YUFavC+wmQmcqBYgUy+/mGj3DIw="></latexit>

L =
f
2
⇡

4
Tr[(@µU)†@µ

U ]� bf
2
⇡⇤QCDTr[Me

i✓(a)
U + h.c.]� cf

2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="8sFi4fvQ7K0tg/MLovVMmU01UXk=">AAACBnicdVBNS8NAEN34bf2KehRhsQieQlJiqgeh6MVjBatCE8tmO20XN5uwuxFK8OTFv+LFgyJe/Q3e/DduYwUVfTDweG+GmXlxxpnSrvtuTUxOTc/Mzs1XFhaXllfs1bUzleaSQoumPJUXMVHAmYCWZprDRSaBJDGH8/jqaOSfX4NULBWnephBlJC+YD1GiTZSx94MORF9DjgETS7DTLLEcFlqB27HrrqO7wduEGDX8fY9v75Xklo98LHnuCWqaIxmx34LuynNExCacqJU23MzHRVEakY53FTCXEFG6BXpQ9tQQRJQUVG+cYO3jdLFvVSaEhqX6veJgiRKDZPYdCZED9RvbyT+5bVz3duLCiayXIOgn4t6Occ6xaNMcJdJoJoPDSFUMnMrpgMiCdUmuYoJ4etT/D85qzle4Oye+NXG4TiOObSBttAO8lAdNdAxaqIWougW3aNH9GTdWQ/Ws/Xy2TphjWfW0Q9Yrx8XH5jq</latexit>

h⌘0i = 0

<latexit sha1_base64="1usRoD0Wgki35gcoDHKQeoMii0I=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIWkxLTuinXhQqEF+4AmlMl02g6dPJiZCCV24a+4caGIW3/DnX/jNK2gogcGDuecy71z/JhRIU3zQ8stLa+sruXXCxubW9s7+u5eS0QJx6SJIxbxjo8EYTQkTUklI52YExT4jLT9cW3mt28JFzQKb+QkJl6AhiEdUIykknr6gXulwn3US10ewEbtYuoOh/C6pxdNw7Yd03GgaVhnll2uZKRUdmxoGWaGIlig3tPf3X6Ek4CEEjMkRNcyY+mliEuKGZkW3ESQGOExGpKuoiEKiPDS7P4pPFZKHw4irl4oYaZ+n0hRIMQk8FUyQHIkfnsz8S+vm8hBxUtpGCeShHi+aJAwKCM4KwP2KSdYsokiCHOqboV4hDjCUlVWUCV8/RT+T1olw3KM04ZdrJ4v6siDQ3AEToAFyqAKLkEdNAEGd+ABPIFn7V571F6013k0py1m9sEPaG+fQQKVpA==</latexit>

⇤QCD � M

<latexit sha1_base64="SKDe2LZXBfsPlxdp30EwQ+VdJVs="></latexit>

L =
f2
⇡

4
Tr[(@µU)†@µU ]� bf2

⇡⇤QCDTr[Mei✓(a)ei
⇡a�a

2f⇡ + h.c.]

Integrate out eta’



ALL OF THE ABOVE DOESN’T MATTER  
FOR THE AXION

<latexit sha1_base64="SKDe2LZXBfsPlxdp30EwQ+VdJVs="></latexit>

L =
f2
⇡

4
Tr[(@µU)†@µU ]� bf2

⇡⇤QCDTr[Mei✓(a)ei
⇡a�a

2f⇡ + h.c.]

We don’t need to know the eta’ potential to know the axion potential 
(at leading order)



BASIC IDEA
[Agrawal, Reig, Nee, ’22-’24]

<latexit sha1_base64="DXO2muGFi9Wc44yMD0Hh860kqpM="></latexit> a

fa

⇣
A1G eG+A2F eF

⌘

are topological couplings that do not run under RGE flow

The symmetry properties of the UV theory can be detected in the IR

<latexit sha1_base64="4I+C+5jgmQ2ULF1Wm8vX27A1La8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KI1B6LXjxWsB/QhDLZbtqlm03Y3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6P7OOTropTSWiHxDyW/QAU5UzQjmaa034iKUQBp71gejv3e49UKhaLB50l1I9gLFjICGgjDe2qF0oguQc8mcAsb3oJmw3tmlN3FsDrxC1IDRVoD+0vbxSTNKJCEw5KDVwn0X4OUjPC6azipYomQKYwpgNDBURU+fni+Bk+N8oIh7E0JTReqL8ncoiUyqLAdEagJ2rVm4v/eYNUh00/ZyJJNRVkuShMOdYxnieBR0xSonlmCBDJzK2YTMCkoU1eFROCu/ryOule1t1GvXF/VWvdFHGU0Sk6QxfIRdeohe5QG3UQQRl6Rq/ozXqyXqx362PZWrKKmSr6A+vzBzxllSs=</latexit> ω

8ε

<latexit sha1_base64="+5DC8wqvIby9UuPhHQN87GzhAcU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4kJIUqS6rblxWsA9oQ5hMJ+3QyYOZiVJiPsWNC0Xc+iXu/BsnbRbaemDgcM693DPHizmTyrK+jZXVtfWNzdJWeXtnd2/frBx0ZJQIQtsk4pHoeVhSzkLaVkxx2osFxYHHadeb3OR+94EKyaLwXk1j6gR4FDKfEay05JqVQYDVmGCeXmVuap/VM9esWjVrBrRM7IJUoUDLNb8Gw4gkAQ0V4VjKvm3FykmxUIxwmpUHiaQxJhM8on1NQxxQ6aSz6Bk60coQ+ZHQL1Ropv7eSHEg5TTw9GQeVC56ufif10+Uf+mkLIwTRUMyP+QnHKkI5T2gIROUKD7VBBPBdFZExlhgonRbZV2CvfjlZdKp1+xGrXF3Xm1eF3WU4AiO4RRsuIAm3EIL2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzCH9gfP4AyhOTtQ==</latexit>

A1,2



CONCLUSION

• Why do we like axions? For pretty good reasons 

• If the axion is dark matter we will cover (most of) the QCD line 
in the next couple of decades 

• Axions are unique probes of the deep UV 

• We do not know the chiral Lagrangian. Is this a problem? Yes, 
but not for axion physics



[Arvanitaki, Madden, Van Tilburg ’23]
PIEZOAXIONIC EFFECT



[Arvanitaki, Madden, Van Tilburg ’23]
PIEZOAXIONIC EFFECT

<latexit sha1_base64="SohzaTfrtf4k34Rq7J/errSFBVo=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJ4KrsiVW9FLx5bsB/QXUs2zbahSXZNskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wdDv1209UaRbLezNOaCDwQLKIEWys5Dd8zQR9RJ77cN0rld2KOwNaJl5OypCj3it9+f2YpIJKQzjWuuu5iQkyrAwjnE6KfqppgskID2jXUokF1UE2u3mCTq3SR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif143NdFVkDGZpIZKMl8UpRyZGE0DQH2mKDF8bAkmitlbERlihYmxMRVtCN7iy8ukdV7xqpVq46Jcu8njKMAxnMAZeHAJNbiDOjSBQALP8ApvTuq8OO/Ox7x1xclnjuAPnM8fx+OQ4Q==</latexit>

Q ' 109



[Arvanitaki, Madden, Van Tilburg ’23]
PIEZOAXIONIC EFFECT

<latexit sha1_base64="lympnSxSWcEi38RbwmruZATX574=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUSkuiy6qMsK9gFtCJPJTTt08mBmopSQhRt/xY0LRdz6Ee78G6dtFtp64MLhnHu59x4v4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAj41RQaNOYx6LnEQmcRdBWTHHoJQJI6HHoeuPrqd+9ByFZHN2pSQJOSIYRCxglSkuuWRkEgtCM5FngkryJBw/MB8W4D7jpmlWrZs2Al4ldkCoq0HLNr4Ef0zSESFFOpOzbVqKcjAjFKIe8PEglJISOyRD6mkYkBOlksydyfKIVHwex0BUpPFN/T2QklHISerozJGokF72p+J/XT1Vw6WQsSlIFEZ0vClKOVYyniWCfCaCKTzQhVDB9K6YjolNROreyDsFefHmZdM5qdr1Wvz2vNq6KOEqogo7RKbLRBWqgG9RCbUTRI3pGr+jNeDJejHfjY966YhQzR+gPjM8foyCYGA==</latexit> a

fa
G eG

<latexit sha1_base64="E+cDUAnxODSBjf4jbflU5Q5HuM4=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4KolI9SiK4KlUsK3Q1DLZTOLi5oPdjVBC/4cX/4oXD4p4Ejz4b9ymOfj1YODx3gwz87xUcKVt+9OamZ2bX1isLFWXV1bX1msbm12VZJJhhyUikVceKBQ8xo7mWuBVKhEiT2DPuz2d+L07lIon8aUepTiIIIx5wBloIw1r+24ggeUwzoMhjGnr2vUhDFFS9w6Zq3gYAW1Rl/mJLiR6Roe1ut2wC9C/xClJnZRoD2vvrp+wLMJYMwFK9R071YMcpOZM4LjqZgpTYLcQYt/QGCJUg7z4bUx3jeLTIJGmYk0L9ftEDpFSo8gznRHoG/Xbm4j/ef1MB0eDnMdppjFm00VBJqhO6CQo6nOJTIuRIcAkN7dSdgMmLG3irJoQnN8v/yXd/YbTbDQvDurHJ2UcFbJNdsgeccghOSbnpE06hJF78kieyYv1YD1Zr9bbtHXGKme2yA9YH1/c56Cl</latexit> a

fa
N†~�N · ~E



[Arvanitaki, Madden, Van Tilburg ’23]
PIEZOAXIONIC EFFECT

<latexit sha1_base64="lympnSxSWcEi38RbwmruZATX574=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUSkuiy6qMsK9gFtCJPJTTt08mBmopSQhRt/xY0LRdz6Ee78G6dtFtp64MLhnHu59x4v4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAj41RQaNOYx6LnEQmcRdBWTHHoJQJI6HHoeuPrqd+9ByFZHN2pSQJOSIYRCxglSkuuWRkEgtCM5FngkryJBw/MB8W4D7jpmlWrZs2Al4ldkCoq0HLNr4Ef0zSESFFOpOzbVqKcjAjFKIe8PEglJISOyRD6mkYkBOlksydyfKIVHwex0BUpPFN/T2QklHISerozJGokF72p+J/XT1Vw6WQsSlIFEZ0vClKOVYyniWCfCaCKTzQhVDB9K6YjolNROreyDsFefHmZdM5qdr1Wvz2vNq6KOEqogo7RKbLRBWqgG9RCbUTRI3pGr+jNeDJejHfjY966YhQzR+gPjM8foyCYGA==</latexit> a

fa
G eG

<latexit sha1_base64="E+cDUAnxODSBjf4jbflU5Q5HuM4=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4KolI9SiK4KlUsK3Q1DLZTOLi5oPdjVBC/4cX/4oXD4p4Ejz4b9ymOfj1YODx3gwz87xUcKVt+9OamZ2bX1isLFWXV1bX1msbm12VZJJhhyUikVceKBQ8xo7mWuBVKhEiT2DPuz2d+L07lIon8aUepTiIIIx5wBloIw1r+24ggeUwzoMhjGnr2vUhDFFS9w6Zq3gYAW1Rl/mJLiR6Roe1ut2wC9C/xClJnZRoD2vvrp+wLMJYMwFK9R071YMcpOZM4LjqZgpTYLcQYt/QGCJUg7z4bUx3jeLTIJGmYk0L9ftEDpFSo8gznRHoG/Xbm4j/ef1MB0eDnMdppjFm00VBJqhO6CQo6nOJTIuRIcAkN7dSdgMmLG3irJoQnN8v/yXd/YbTbDQvDurHJ2UcFbJNdsgeccghOSbnpE06hJF78kieyYv1YD1Zr9bbtHXGKme2yA9YH1/c56Cl</latexit> a

fa
N†~�N · ~E

Polarization I



GRAHAL

<latexit sha1_base64="qFbQX6y88jWmfjVi94puIDbCk9k=">AAACGHicbVDLSgMxFM34rPU16tJNsAguSp2RWgUplLqw4KZCX9ApJZNmNJjMDElGqMN8hht/xY0LRdx259+YtiNo64ELJ+fcS+49bsioVJb1ZSwsLi2vrGbWsusbm1vb5s5uSwaRwKSJAxaIjoskYdQnTUUVI51QEMRdRtru/eXYbz8QIWngN9QwJD2Obn3qUYyUlvrmcbVsF5187AgOG0neuYBe+ed9VXtM8rBRPrVSgV8nfTNnFawJ4DyxU5IDKep9c+QMAhxx4ivMkJRd2wpVL0ZCUcxIknUiSUKE79Et6WrqI05kL54clsBDrQygFwhdvoIT9fdEjLiUQ+7qTo7UnZz1xuJ/XjdS3nkvpn4YKeLj6UdexKAK4DglOKCCYMWGmiAsqN4V4jskEFY6y6wOwZ49eZ60Tgp2qVC6KeYq1TSODNgHB+AI2OAMVEAN1EETYPAEXsAbeDeejVfjw/icti4Y6cwe+ANj9A2hqp0S</latexit>

B = 14T, f = 4GHz, T = 50mK

Phase 1

Phase 2
<latexit sha1_base64="XIstF2D+yi8fYvCJ2Uv/EYItGfM=">AAACBHicbVDLSgMxFM3UV62vqstugkVwUcqMSlWkUOrGZYW+oFNLJs20oUlmSDJCGWbhxl9x40IRt36EO//G9LHQ1gMXTs65l9x7vJBRpW3720qtrK6tb6Q3M1vbO7t72f2DpgoiiUkDByyQbQ8pwqggDU01I+1QEsQ9Rlre6Gbitx6IVDQQdT0OSZejgaA+xUgbqZfNVctXbiF2JYf1pOBew2Z5+uDJ/Vkvm7eL9hRwmThzkgdz1HrZL7cf4IgToTFDSnUcO9TdGElNMSNJxo0UCREeoQHpGCoQJ6obT49I4LFR+tAPpCmh4VT9PREjrtSYe6aTIz1Ui95E/M/rRNq/7MZUhJEmAs8+8iMGdQAnicA+lQRrNjYEYUnNrhAPkURYm9wyJgRn8eRl0jwtOqVi6e48X6nO40iDHDgCJ8ABF6ACbkENNAAGj+AZvII368l6sd6tj1lryprPHII/sD5/AAS0lnI=</latexit>

B = 9T, V = m3

Up to 43 T in a smaller volume

<latexit sha1_base64="M44e0kgQTsMGwCsoyU6WnSvkiuk=">AAACA3icbVBNS8NAEN34WetX1JteFovgxZKIVsFL0YvHCvYDmlo222m7dDeJuxuhhIAX/4oXD4p49U9489+4bXPQ1gcDj/dmmJnnR5wp7Tjf1tz8wuLScm4lv7q2vrFpb23XVBhLClUa8lA2fKKAswCqmmkOjUgCET6Huj+4Gvn1B5CKhcGtHkbQEqQXsC6jRBupbe+KNsFeD+6x69wlR6epd5F4UmCopW274BSdMfAscTNSQBkqbfvL64Q0FhBoyolSTdeJdCshUjPKIc17sYKI0AHpQdPQgAhQrWT8Q4oPjNLB3VCaCjQeq78nEiKUGgrfdAqi+2raG4n/ec1Yd89bCQuiWENAJ4u6Mcc6xKNAcIdJoJoPDSFUMnMrpn0iCdUmtrwJwZ1+eZbUjotuqVi6OSmUL7M4cmgP7aND5KIzVEbXqIKqiKJH9Ixe0Zv1ZL1Y79bHpHXOymZ20B9Ynz/+XJZ+</latexit>

ma � 10�5 eV



<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A IN THE CHIRAL LAGRANGIAN

<latexit sha1_base64="ifhUmLmx0hyaBGEDyh11gO0IgMo="></latexit>

V⌘0 = cf
2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="l0jLZmIlstd6t1Ge4k8AA3DG/PE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBosgCCERX8uiG5cV7APSUCbTSTt0MhNmJkIJ/Qw3LhRx69e482+ctllo64ELh3Pu5d57opQzbTzv2ymtrK6tb5Q3K1vbO7t71f2DlpaZIrRJJJeqE2FNORO0aZjhtJMqipOI03Y0upv67SeqNJPi0YxTGiZ4IFjMCDZWCs7yrkrQ0CXupFetea43A1omfkFqUKDRq351+5JkCRWGcKx14HupCXOsDCOcTirdTNMUkxEe0MBSgROqw3x28gSdWKWPYqlsCYNm6u+JHCdaj5PIdibYDPWiNxX/84LMxDdhzkSaGSrIfFGccWQkmv6P+kxRYvjYEkwUs7ciMsQKE2NTqtgQ/MWXl0nr3PWv3MuHi1r9toijDEdwDKfgwzXU4R4a0AQCEp7hFd4c47w4787HvLXkFDOH8AfO5w89o5CX</latexit>

+h.c.

<latexit sha1_base64="oKsIS761OSPlT535qGmXbsRpMiA=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hiEeDDMiNtFCAqSYwSzQCaGnk4ladKz0F0jhBC8+CtePCji1a/w5t/YWQ4afVDU470quuv5sRQaHefLSs3NLywupZczK6tr6xv25lZFR4niUOaRjFTNZxqkCKGMAiXUYgUs8CVU/d7VyK/eg9IiCm+xH0MjYJ1QtAVnaKSmvVO8KOY87AKyw2vqmXbnxUoEcNC0s07eGYP+Je6UZMkUpab96bUingQQIpdM67rrxNgYMIWCSxhmvERDzHiPdaBuaMgC0I3B+IQh3TdKi7YjZSpEOlZ/bgxYoHU/8M1kwLCrZ72R+J9XT7B93hiIME4QQj55qJ1IihEd5UFbQgFH2TeEcSXMXynvMsU4mtQyJgR39uS/pHKUd0/zJzfH2cLlNI402SV7JEdcckYKpEhKpEw4eSBP5IW8Wo/Ws/VmvU9GU9Z0Z5v8gvXxDYFwlj8=</latexit>

H = H(✓ � F⌘
0)

Selection Rules of 
<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A



<latexit sha1_base64="ifhUmLmx0hyaBGEDyh11gO0IgMo="></latexit>

V⌘0 = cf
2
⇡⇤

2
QCDH(detU)

<latexit sha1_base64="UGCJNbkpqmQ1mw70qKaU/lqytOM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HWsevFYwW0L7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPpg4PHeDDPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWObqZ+65EqzaS4N+OEBjEeCBYxgo2Vmn7VO+5d9coVt+bOgP4SLycVyNHolT+7fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6skofRVLZEgbN1J8TGY61Hseh7YyxGepFbyr+53VSE10GGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZf/kuaJzXvvHZ2d1qpX+dxFOEADqEKHlxAHW6hAT4QeIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENKDeONw==</latexit>

U(1)A IN THE CHIRAL LAGRANGIAN

Instantons always generate single-valued potentials  
that are manifestly periodic

<latexit sha1_base64="W7NcFwe1uYaIw+A+mTq9Bl8wofs=">AAACC3icbZDLSgMxFIYzXmu9VV26CS2CLiwz4m0jFAVxWcG2QmcsmfTUhmYyQ3JGKEP3bnwVNy4UcesLuPNtTC8Lbz8EvvznHJLzh4kUBl3305manpmdm88t5BeXlldWC2vrdROnmkONxzLW1yEzIIWCGgqUcJ1oYFEooRH2zob1xh1oI2J1hf0EgojdKtERnKG1WoXiCfV5bLYV9bELyOguPaf2YvHGT7SIYKdVKLlldyT6F7wJlMhE1Vbhw2/HPI1AIZfMmKbnJhhkTKPgEgZ5PzWQMN5jt9C0qFgEJshGuwzolnXatBNrexTSkft9ImORMf0otJ0Rw675XRua/9WaKXaOg0yoJEVQfPxQJ5UUYzoMhraFBo6yb4FxLexfKe8yzTja+PI2BO/3yn+hvlf2DssHl/ulyukkjhzZJEWyTTxyRCrkglRJjXByTx7JM3lxHpwn59V5G7dOOZOZDfJDzvsX/YaZJg==</latexit>

= cos(n✓ � Fn⌘0)

<latexit sha1_base64="l0jLZmIlstd6t1Ge4k8AA3DG/PE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBosgCCERX8uiG5cV7APSUCbTSTt0MhNmJkIJ/Qw3LhRx69e482+ctllo64ELh3Pu5d57opQzbTzv2ymtrK6tb5Q3K1vbO7t71f2DlpaZIrRJJJeqE2FNORO0aZjhtJMqipOI03Y0upv67SeqNJPi0YxTGiZ4IFjMCDZWCs7yrkrQ0CXupFetea43A1omfkFqUKDRq351+5JkCRWGcKx14HupCXOsDCOcTirdTNMUkxEe0MBSgROqw3x28gSdWKWPYqlsCYNm6u+JHCdaj5PIdibYDPWiNxX/84LMxDdhzkSaGSrIfFGccWQkmv6P+kxRYvjYEkwUs7ciMsQKE2NTqtgQ/MWXl0nr3PWv3MuHi1r9toijDEdwDKfgwzXU4R4a0AQCEp7hFd4c47w4787HvLXkFDOH8AfO5w89o5CX</latexit>

+h.c.



LARGE-N

<latexit sha1_base64="R8B8ySlFkWPgbK61qL3THh2ziZQ="></latexit>

H(detU) =
1

N
(i log detU)2 + h.c.+O(1/N2)

<latexit sha1_base64="2mgS0RzHOAF+TZ/fxZEFBlC/0IA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1kUxJVUsA9oQplMJ+3QySTMTAol5E/cuFDErX/izr9x2mahrQcuHM65l3vvCRLOlHacb6u0srq2vlHerGxt7+zu2fsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho9up3x5TqVgsnvQkoX6EB4KFjGBtpJ5te6HEJLvLs4fc0zFyenbVqTkzoGXiFqQKBRo9+8vrxySNqNCEY6W6rpNoP8NSM8JpXvFSRRNMRnhAu4YKHFHlZ7PLc3RilD4KY2lKaDRTf09kOFJqEgWmM8J6qBa9qfif1011eO1nTCSppoLMF4UpR+bFaQyozyQlmk8MwUQycysiQ2yi0CasignBXXx5mbTOau5l7eLxvFq/KeIowxEcwym4cAV1uIcGNIHAGJ7hFd6szHqx3q2PeWvJKmYO4Q+szx8vIpNg</latexit>

F

N
! 0

Witten ’79, ’80 
Di Vecchia, Veneziano ‘79



LARGE-N

<latexit sha1_base64="R8B8ySlFkWPgbK61qL3THh2ziZQ="></latexit>

H(detU) =
1

N
(i log detU)2 + h.c.+O(1/N2)

Witten ’79, ’80 
Di Vecchia, Veneziano ‘79

k=0k=1k=2

F=2,N=3
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SUSY QCD

<latexit sha1_base64="qxJT+QzPn0lL/UKtSGYVW4xLhWY=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2AR6qJlRrxthKIgXUmlTlvp1JJJM21o5kKSEcp0XsONr+LGhSIudeXbmF4Ebf0h8PGfczg5vxMyKqRhfGmpufmFxaX0cmZldW19Q9/cqoog4phYOGABrztIEEZ9YkkqGamHnCDPYaTm9C6G9do94YIG/o3sh6TpoY5PXYqRVFZLN0qt2OYerFiV2yRnt4mE1v7ZD9zFedvlCMdmEg+u8peDJGnpWaNgjARnwZxAFkxUbukfdjvAkUd8iRkSomEaoWzGiEuKGUkydiRIiHAPdUhDoY88Iprx6LIE7imnDd2Aq+dLOHJ/T8TIE6LvOarTQ7IrpmtD879aI5LuaTOmfhhJ4uPxIjdiUAZwGBNsU06wZH0FCHOq/gpxF6kopAozo0Iwp0+ehepBwTwuHF0fZovnkzjSYAfsghwwwQkoghIoAwtg8ACewAt41R61Z+1Nex+3prTJzDb4I+3zGylNnzM=</latexit>

HSUSY(detU) = (detU)�
1

|N�F |

|N-F| branches

•F < N: Gaugino condensation 

•F = N, N+1: Instantons 

•F > N+1: Gaugino condensation in the dual gauge group

[Csaki, RTD, Kuflik, Ruhdorfer ’23]


