
Axion Couplings
- PQ (shift) symmetry allows only some generic types of interactions
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On the landscape
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<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>

1019
<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>
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                EXCLUDED (too much DM) ok subSCENARIO B(N=1)

                    (anthropic.)  ✓I ⇠ O(1)
<latexit sha1_base64="p4LgHI5a6M+HB5UlKxTJT0Gs6Sc=">AAAB+nicbVDLSgNBEOyNrxhfMR69DIqQXGQ3Iay5BbzoyQgmCtllmZ1MzJDZBzO9Soj5FC8eFPHql3jzb5wkIr4KBoqqarqnwlQKjbb9buUWFpeWV/KrhbX1jc2t4napo5NMMd5miUzUVUg1lyLmbRQo+VWqOI1CyS/D4fHUv7zhSoskvsBRyv2IXseiLxhFIwXFbQ8HHGlw6mkRkbOyUwmK+/ahPQP5S5xPst8seRUwaAXFN6+XsCziMTJJte46dor+mCoUTPJJwcs0Tykb0mveNTSmEdf+eHb6hBwYpUf6iTIvRjJTv0+MaaT1KApNMqI40L+9qfif182wf+SPRZxmyGM2X9TPJMGETHsgPaE4QzkyhDIlzK2EDaiiDE1bhVkJTtV16475e6PRcOu1ObFrR18ldKqHjomdmzaqMEcedmEPyuCAC004gRa0gcEt3MMjPFl31oP1bL3Moznrc2YHfsB6/QASCpQs</latexit><latexit sha1_base64="fHiF4juLzjFlo2t3B5Ym31iFYPA=">AAAB+nicbVDLTgIxFO3gC/EFuHTTSExwQ2YgBNiRuNGVmMgjYSakUwo0dB5p72gI8g1+gRsXGuPWL/AT3Pkh7i0DMb5O0uTknHNzb48bCq7ANN+NxMrq2vpGcjO1tb2zu5fOZFsqiCRlTRqIQHZcopjgPmsCB8E6oWTEcwVru+OTud++YlLxwL+EScgcjwx9PuCUgJZ66YwNIwakd2Yr7uHzvHXcS+fMghkD/yXWkuTqWTv/8XprN3rpN7sf0MhjPlBBlOpaZgjOlEjgVLBZyo4UCwkdkyHrauoTjylnGp8+w0da6eNBIPXzAcfq94kp8ZSaeK5OegRG6rc3F//zuhEMqs6U+2EEzKeLRYNIYAjwvAfc55JREBNNCJVc34rpiEhCQbeVikuwipVK2dJ/r9VqlXJpQcxS9auEVrFg6diFbqOIFkiiA3SI8shCFVRHp6iBmoiia3SHHtCjcWPcG0/G8yKaMJYz++gHjJdPl5qWzQ==</latexit><latexit sha1_base64="fHiF4juLzjFlo2t3B5Ym31iFYPA=">AAAB+nicbVDLTgIxFO3gC/EFuHTTSExwQ2YgBNiRuNGVmMgjYSakUwo0dB5p72gI8g1+gRsXGuPWL/AT3Pkh7i0DMb5O0uTknHNzb48bCq7ANN+NxMrq2vpGcjO1tb2zu5fOZFsqiCRlTRqIQHZcopjgPmsCB8E6oWTEcwVru+OTud++YlLxwL+EScgcjwx9PuCUgJZ66YwNIwakd2Yr7uHzvHXcS+fMghkD/yXWkuTqWTv/8XprN3rpN7sf0MhjPlBBlOpaZgjOlEjgVLBZyo4UCwkdkyHrauoTjylnGp8+w0da6eNBIPXzAcfq94kp8ZSaeK5OegRG6rc3F//zuhEMqs6U+2EEzKeLRYNIYAjwvAfc55JREBNNCJVc34rpiEhCQbeVikuwipVK2dJ/r9VqlXJpQcxS9auEVrFg6diFbqOIFkiiA3SI8shCFVRHp6iBmoiia3SHHtCjcWPcG0/G8yKaMJYz++gHjJdPl5qWzQ==</latexit><latexit sha1_base64="fHiF4juLzjFlo2t3B5Ym31iFYPA=">AAAB+nicbVDLTgIxFO3gC/EFuHTTSExwQ2YgBNiRuNGVmMgjYSakUwo0dB5p72gI8g1+gRsXGuPWL/AT3Pkh7i0DMb5O0uTknHNzb48bCq7ANN+NxMrq2vpGcjO1tb2zu5fOZFsqiCRlTRqIQHZcopjgPmsCB8E6oWTEcwVru+OTud++YlLxwL+EScgcjwx9PuCUgJZ66YwNIwakd2Yr7uHzvHXcS+fMghkD/yXWkuTqWTv/8XprN3rpN7sf0MhjPlBBlOpaZgjOlEjgVLBZyo4UCwkdkyHrauoTjylnGp8+w0da6eNBIPXzAcfq94kp8ZSaeK5OegRG6rc3F//zuhEMqs6U+2EEzKeLRYNIYAjwvAfc55JREBNNCJVc34rpiEhCQbeVikuwipVK2dJ/r9VqlXJpQcxS9auEVrFg6diFbqOIFkiiA3SI8shCFVRHp6iBmoiia3SHHtCjcWPcG0/G8yKaMJYz++gHjJdPl5qWzQ==</latexit><latexit sha1_base64="fHiF4juLzjFlo2t3B5Ym31iFYPA=">AAAB+nicbVDLTgIxFO3gC/EFuHTTSExwQ2YgBNiRuNGVmMgjYSakUwo0dB5p72gI8g1+gRsXGuPWL/AT3Pkh7i0DMb5O0uTknHNzb48bCq7ANN+NxMrq2vpGcjO1tb2zu5fOZFsqiCRlTRqIQHZcopjgPmsCB8E6oWTEcwVru+OTud++YlLxwL+EScgcjwx9PuCUgJZ66YwNIwakd2Yr7uHzvHXcS+fMghkD/yXWkuTqWTv/8XprN3rpN7sf0MhjPlBBlOpaZgjOlEjgVLBZyo4UCwkdkyHrauoTjylnGp8+w0da6eNBIPXzAcfq94kp8ZSaeK5OegRG6rc3F//zuhEMqs6U+2EEzKeLRYNIYAjwvAfc55JREBNNCJVc34rpiEhCQbeVikuwipVK2dJ/r9VqlXJpQcxS9auEVrFg6diFbqOIFkiiA3SI8shCFVRHp6iBmoiia3SHHtCjcWPcG0/G8yKaMJYz++gHjJdPl5qWzQ==</latexit><latexit sha1_base64="57kcXI8Arq4T08fkMMscvlXp3to=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQN2WmpUy7K7jRlRXsA9oyZNK0Dc08SO4opfZT3LhQxK1f4s6/MZ0O4utA4HDOudyb40WCK7CsDyOztr6xuZXdzu3s7u0fmPnDtgpjSVmLhiKUXY8oJnjAWsBBsG4kGfE9wTre9Hzpd26ZVDwMbmAWsYFPxgEfcUpAS66Z78OEAXEv+4r7+Kpon7lmwSpZCfBfYqekgFI0XfO9Pwxp7LMAqCBK9WwrgsGcSOBUsEWuHysWETolY9bTNCA+U4N5cvoCn2pliEeh1C8AnKjfJ+bEV2rmezrpE5io395S/M/rxTCqDeY8iGJgAV0tGsUCQ4iXPeAhl4yCmGlCqOT6VkwnRBIKuq1cUoJddpyqrf9er9edamVFrErtq4R2uWTr2LVVaJTTOrLoGJ2gIrKRgxroAjVRC1F0hx7QE3o27o1H48V4XUUzRjpzhH7AePsE7u2TVQ==</latexit>

✓I ⇠ O(1)
<latexit sha1_base64="x77/Xu11fTEZ8F9wefXxvDzZNwU="></latexit><latexit sha1_base64="fwY7UfjHPTUtt2Mcmmw1kX+s4Dg="></latexit><latexit sha1_base64="fwY7UfjHPTUtt2Mcmmw1kX+s4Dg="></latexit><latexit sha1_base64="fwY7UfjHPTUtt2Mcmmw1kX+s4Dg="></latexit><latexit sha1_base64="fwY7UfjHPTUtt2Mcmmw1kX+s4Dg="></latexit><latexit sha1_base64="UyFMl16pCFl1A5BM0mHFBUPyXkI="></latexit>

✓I ⌧ 1
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SCENARIO A  

SCENARIO B(N>1) EXCLUDED (too much DM) ok?
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<latexit sha1_base64="hcseoUaYV0rVluf7pAM5TWzX32o=">AAAB73icbVDLSsNAFL2prxpfVZdugkVwY0laStqFWHDjsoJ9QBvLZDpph04ezkyEEgp+gxsXirj1C/wPd/6N06SIrwMDh3POZe49bsSokKb5oeWWlldW1/Lr+sbm1vZOYXevLcKYY9LCIQt510WCMBqQlqSSkW7ECfJdRjru5Hzud24JFzQMruQ0Io6PRgH1KEZSSV3LvE5OrMpsUCiaJTOF8ZdYC1I8e9NP7wCgOSi894chjn0SSMyQED3LjKSTIC4pZmSm92NBIoQnaER6igbIJ8JJ0n1nxpFShoYXcvUCaaTq94kE+UJMfVclfSTH4rc3F//zerH0ak5CgyiWJMDZR17MDBka8+ONIeUESzZVBGFO1a4GHiOOsFQV6WkJVtm2q5a6vV6v29VKRsxK7auEdrlkqdilWWyUIUMeDuAQjsECGxpwAU1oAQYG9/AIT9qN9qA9ay9ZNKctZvbhB7TXTy1KkR8=</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="ycXhzv1ESp+4Apcduc2Qu9/z158=">AAAB73icbVDLSsNAFJ3UV42vqks3wSK4sUxaStqFWHDjsoJ9QI1lMp20QyeTODMRSuhPuHGhiODKL/A/3Ih/4zQp4uvAwOGcc5l7jxcxKhWEH0ZuYXFpeSW/aq6tb2xuFbZ32jKMBSYtHLJQdD0kCaOctBRVjHQjQVDgMdLxxqczv3NDhKQhv1CTiLgBGnLqU4yUlro2vEqO7Mq0XyjCEkxh/SX2nBRPXs3j6PndbPYLb5eDEMcB4QozJGXPhpFyEyQUxYxMzctYkgjhMRqSnqYcBUS6Sbrv1DrQysDyQ6EfV1aqfp9IUCDlJPB0MkBqJH97M/E/rxcrv+YmlEexIhxnH/kxs1RozY63BlQQrNhEE4QF1btaeIQEwkpXZKYl2GXHqdr69nq97lQrGYGV2lcJ7XLJ1rFzWGyUQYY82AP74BDYwAENcAaaoAUwYOAW3IMH49q4Mx6NpyyaM+Yzu+AHjJdPHtmSkw==</latexit><latexit sha1_base64="F3MxFS5DuFR5Np+w1wajzSawxnE=">AAAB73icbVDLSgMxFM3UV62vqks3wSK4sSQtZdpdwY3LCvYB7VgyadqGZjJjkhHK0J9w40IRt/6OO//GdDqIrwOBwznnknuPHwmuDUIfTm5tfWNzK79d2Nnd2z8oHh51dBgryto0FKHq+UQzwSVrG24E60WKkcAXrOvPLpd+954pzUN5Y+YR8wIykXzMKTFW6mF0m1zg6mJYLKEySgH/EpyREsjQGhbfB6OQxgGThgqidR+jyHgJUYZTwRaFQaxZROiMTFjfUkkCpr0k3XcBz6wyguNQ2ScNTNXvEwkJtJ4Hvk0GxEz1b28p/uf1YzOuewmXUWyYpKuPxrGAJoTL4+GIK0aNmFtCqOJ2V0inRBFqbEWFtARccd0atrc3Gg23Vl0RVK1/ldCplLGNXaNSs5LVkQcn4BScAwxc0ARXoAXagAIBHsATeHbunEfnxXldRXNONnMMfsB5+wTTs49i</latexit>

1019
<latexit sha1_base64="5Hii8nbVYwDtFtvGrDmRblXwDaY=">AAAB7nicbVDLSsNAFL2prxpfVZdugkVwVZKWkmYhFty4rGAf0MYymU7aoZMHMxOhhIK/4MaFIm79A//DnX/jNCni68DA4ZxzmXuPFzMqpGl+aIWV1bX1jeKmvrW9s7tX2j/oiCjhmLRxxCLe85AgjIakLalkpBdzggKPka43vVj43VvCBY3CazmLiRugcUh9ipFUUtcyb1LLmQ9LZbNiZjD+EmtJyudv+tkdALSGpffBKMJJQEKJGRKib5mxdFPEJcWMzPVBIkiM8BSNSV/REAVEuGm27tw4UcrI8COuXiiNTP0+kaJAiFngqWSA5ET89hbif14/kX7DTWkYJ5KEOP/IT5ghI2NxuzGinGDJZoogzKna1cATxBGWqiE9K8Gq2nbdUrc7jmPXazkxa42vEjrViqViV2a5WYUcRTiCYzgFC2xowiW0oA0YpnAPj/CkxdqD9qy95NGCtpw5hB/QXj8By3SQ7g==</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="KXa93fvcfcHLWkH6r6d1VmwdyYE=">AAAB7nicbVDLSgMxFM3UVx1fVZdugkVwVSYtZToLseDGZQX7gDqWTJppQzMPkoxQhn6EGxeKuHDjH/gfbsS/MZ0p4utA4HDOueTe48WcSWVZH0ZhaXllda24bm5sbm3vlHb3OjJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTc7mfveGCsmi8FJNY+oGeBQynxGstNRF1nWKnNmgVLYqVgb4l6AFKZ++mifx87vZGpTeroYRSQIaKsKxlH1kxcpNsVCMcDozrxJJY0wmeET7moY4oNJNs3Vn8EgrQ+hHQr9QwUz9PpHiQMpp4OlkgNVY/vbm4n9eP1F+w01ZGCeKhiT/yE84VBGc3w6HTFCi+FQTTATTu0IyxgITpRsysxJQ1bbrSN/uOI5dr+XEqjW+SuhUK0jHLqxyswpyFMEBOATHAAEbNME5aIE2IGACbsE9eDBi4854NJ7yaMFYzOyDHzBePgG9A5Ji</latexit><latexit sha1_base64="9t03LVISqgghxiTXM9vMSe+oytY=">AAAB7nicbVDLSgMxFM3UV62vqks3wSK4KklLmc6u4MZlBfuAdiyZNNOGZjJDkhHK0I9w40IRt36PO//GtB3E14HA4Zxzyb0nSATXBqEPp7CxubW9U9wt7e0fHB6Vj0+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gtmV0u/d8+U5rG8NfOE+RGZSB5ySoyVehjdZdhbjMoVVEUrwL8E56QCcrRH5ffhOKZpxKShgmg9wCgxfkaU4VSwRWmYapYQOiMTNrBUkohpP1utu4AXVhnDMFb2SQNX6veJjERaz6PAJiNipvq3txT/8wapCZt+xmWSGibp+qMwFdDEcHk7HHPFqBFzSwhV3O4K6ZQoQo1tqLQqAddct4Ht7Z7nuY36mqB686uEbq2KbewGVVq1vI4iOAPn4BJg4IIWuAZt0AEUzMADeALPTuI8Oi/O6zpacPKZU/ADztsnceyPMQ==</latexit>
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Stellar evolution accelerated*Black hole spin radiated 

More interactingLess interacting



Lab Stars Cosmos



Lab experiments 2011

ALPS, DESY

OSQAR, CERN

CAST, CERN

BMV, Toulouse

ADMX, Wash. U

ADMX-HF, Yale

PVLAS, Legnaro

GammeV, Fermilab



including R&D ~2017

OSQAR, CERN

IAXO, DESY*

ARIADNE, Reno

ADMX, Wash. U

ABRACADABRA, Yale

ADMX,-HF Yale
CASPER, Mainz

ALPS-II, DESY

CAST, CERN

MADMAX, DESY*

QUAX
QUAXgsgp

CAPP

ORGAN, UWA,Perth

BMV, Toulouse
PVLAS, Legnaro

ADMX+, Fermilab

DM Radio, Stanford

BRASS DESY



Search for Axions : Natural sources
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Irastorza 2018

DM axions

Dark radiation axions Supernova  
axions

Solar axions

- Naturally produced axions could be quite copious, save production and focus on detection!



Axion DM in the lab

⇢aDM = 0.3
GeV

cm3

✓0 = 3.6⇥ 10�19

Local Dark Matter density*

time

✓(t) = ✓0 cos(mat)
0 ⇡�⇡ ✓

V (✓)



�t ⇠ 1

�!
⇠ 0.13ms

✓
10�5eV

ma

◆
coherence time

�L ⇠ 1

�p
⇠ 20m

✓
10�5eV

ma

◆
coherence length

Detecting Axion Dark Matter

-                                    is a very small number but, oscillations allow for coherent detection!✓0 = 3.6⇥ 10�19

ma

! ' ma(1 + v2/2 + ...)

�! =
mav2

2

�!

!
⇠ 10�6

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency



Oscillating EDM Cavities 

Mirrors

LC-circuit

Atomic transitionsFerromagnetic resonance



CASPER : oscillating EDM with NMR

~Bext

~E⇤

Oscillating EDM, effects add up,  
transverse magnetisation grows  
on resonance ma = ! = µ| ~Bext|

- EDM + Large E-fields in PbTiO3 
- Scan over frequencies, with Bext 
- Mainz (D. Budker’s group) & Berkeley 
- Phase I starts in 2017, Phase II physics results ... 
- Mass range limited by B-field strength 

Mainz, Berkeley

D. Budker S. Rajendran P. Graham

- Oscillating neutron EDM dn = �4⇥ 10�3 ⇥ ✓0 cos(mat) [e fm]

Irastorza 2018



B-field

Axion DM in a B-field

LI = �Ca�
↵

2⇡
✓(t)Bext ·E

source

- Axion photon coupling in a strong B-field becomes a source of E-field

- Four different techniques: 

DM Radio Cavities Dielectric haloscope Dish antenna

E ⇠ O(10�12V/m)
|Bext|

10T
Ca� ⇥ cos(mat) P/Area ⇠ |Ea|2 ⇠ 2⇥ 10�27

✓
B

5T

Ca�

2

◆2 Watt

1m2Power E-field 



DM Radio
- Toroidal axion-induced E-field generates oscillating B-field along z

ax
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↵

2⇡
f a

ABRACADABRA (MIT)
10 cm, 1m , 4m ...

Sikivie PRL 112 (2014) 
Chaudhuri PRD92 (2015) 
Kahn PRL 117 (2016)



Resonant cavities: haloscopes

 P. Sikivie

- Boost the axion-generated E-field in a tuned resonant cavity

Scanning over frequencies

- At high freq. limited by small volume and high noise 
- At low freq. by getting a large enough B-field

Pout ⇠ Q|Ea|2V ma

B ⇠ 10T- B-fields 

- Temperature T ⇠ 0.2� 4K

- System T ~ Quantum limited (SQUID, JPA)

- Volume ⇠ 1/m3
a (typically a few liters)

- Cavity quality factor Q ⇠ 105



Cavity experiments
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new data!!!
2017-...

2016-...

2017-...

2017-...

2017-...
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??-...

- Physical dimensions L ⇠ 1/ma
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- Need >10 T, sub QL detection, Q~10^6

- or combine many cavities ...



Dish antenna

P/Area ⇠ |Ea|2 ⇠ 2⇥ 10�27

✓
B

5T

Ca�

2

◆2 Watt

1m2

- Detect radiated power from a huge (                       )   magnetised dishAm2
a � 106

- Broadband, no resonance enhancement; Only detector needs to be at T~mK (high reflectivity dish)
- Magnetise Area with permanent-magnets, photon counting?

FUNK experiment (KIT)
BRASS @ Hamburg



Dielectric haloscope : MADMAX
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- Hybrid system, large area + multiple emitters + a bit of resonant enhancement

MADMAX: MAgnetised Disk and Mirror Axion eXperiment: MPP Munich, Hamburg Uni, DESY, Saclay, Zaragoza U
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1.2 Detecting Solar Axions : Helioscopes



Axions from the Sun

Hadronic axions (KSVZ)
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Non hadronic (DFSZ, e-coupling!)
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gae = 10�13

typical of meV mass axions 
ga� = 10�12GeV�1



The Sun is a copious emitter of axions! convert into X-rays

Helioscopes 

focus detect

Conversion probability
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Past and the future
CAST (LHC dipole 9.3 m, 9T)

- 1~2 h tracking/day (sunset,dawn) 
- 3 Detectors (2 bores) 
- X-ray optics 
- small aperture

IAXO (proposed toroid) 20 m, 3T)

- 12 h tracking/day (sunset,dawn) 
- 8 bores (60 cm diam)  
- different Detectors 
- dedicated X-ray optics 
- Collaboration Formed 2017
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In more detail



On the landscape

Hot-DM ê CMB ê BBN
SN1987ABurst Duration SK

Globular Clusters HgagLHgaeL?

White Dwarfs HgaeL?

Solar Neutrino flux HgagLHgaeL

IAXO CAST Telescope Beam
DumpADMX-IIADMX

Cold DM predictions
PreInflation-PQ

PostInflation-PQ
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SCENARIO A  

SCENARIO B(N>1) EXCLUDED (too much DM) ok?



The meV frontier
- Some stars seem to be cooling too fast; could be a sign for axion core emission! 

Giannotti 2015

- Axion interpretation suggests axion-electron coupling (DFSZ?)
Giannotti 2017

Isocontours show:  
- Best region fitting the anomaly (1,2,3,4s) 
- Includes SN constraint !!! 
- Dashed lines limit perturbativity of Yukawas   

Clear preference for mA~6 meV  
- Detectable by IAXO!
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ok subSCENARIO B(N=1)

         (anthropic.)  ✓I ⇠ O(1)
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1.3 - Purely lab experiments



the ANY-Light-Particle-Search

Light shining through walls

Resonant regeneration in the receiving cavity



STAX, ALPS III and beyond

axion band gA� / mA
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ALPS with optical lasers, STAX with Microwave cavities ...  not so good for QCD...



Long-range forces

Long-range forces between macroscopic bodies

In some case a tiny s-coupling can lead to a larger effect

p-p forces are spin-spin ... very hard to measure!

s-p forces are number-spin ... much easier

Wilzcek ’84, Geraci 14

ARIADNE, University of Nevada in Reno



ARIADNE reach Arvanitaki, Geraci 14

ARIADNE

ultimate sens.

axion



Flavoured axions 

- Axions related to flavour/family symmetries induce Flavour violating decays

�(K+ ! ⇡+a) ' mK

64⇡
g2aff 0
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BR(⇡+a) < 7.3⇥ 10�11 (E787, E949)
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model dependent coefficient
(NA62, ORKA, KOTO improvement by ~ 70 on BR )

BR(B+ ! K+a) < 10�8 ⇠ 10�6 (Belle2?)
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1 - Experiments
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Scenario B: miniclusters 
- Axion DM inhomogeneous at ~ pc scales -> first structures form at z & zeq ⇠ 4000
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Typical minicluster 
M~10-12 Mo 

R~1012 cm
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SCENARIO A  

SCENARIO B(N>1) EXCLUDED (too much DM) ok?

Microlensing miniclusters



Microlensing

Niikura 2017

- Subaru HSC dedicated search of Primordial Planck hole events along M31 
- 107 stars, t~2 min sampling rate 
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Marsh, Fairbairn , Quevillon 2017- Axion MCs are fluffy (less signal, more duration) but could be detected!
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merging history 

Constraints ALP (n=0) QCD axion (n=3.34)



Hook 2018 

Axion photon conversion ... 
Radio signals from DM axions falling into neutron stars



A sort of landscape
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Cold DM predictions
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Conclusions

- Axions might be hinted by the tiny EDM of hadrons (strong CP problem!) 

- Some axion dark matter is unavoidable 
- Laboratory tests:  

Direct DM experiments: cavities in the GHz (microeV) 
Solar axions with IAXO 
Long range forces  
Flavour 

- Cosmological probes 
Microlensing, decay 

- New experimental techniques, loads of R&D


