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The QCD sector of particle physics demands solving the “strong-CP puzzle”

QCD Axion: Theory motivations

The distribution of quarks in a neutron 
defines the neutron’s electric dipole moment 

Experimentally, this is remarkably small
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<latexit sha1_base64="sIc9qlgYYA4fKH0yOFaApwekaUE=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBi2FG3I5BLx4jmAUyMfR0KkmTnoXuGiFMAl78FS8eFPHqT3jzb+wsB018UPB4r4qqen4shUbH+bYyC4tLyyvZ1dza+sbmlr29U9FRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dz3yqw+gtIjCO+zH0AhYJxRtwRkaqWnvDTzsArIB9SRorUVAXec+PXadYdPOOwVnDDpP3CnJkylKTfvLa0U8CSBELpnWddeJsZEyhYJLGOa8REPMeI91oG5oyALQjXT8w5AeGqVF25EyFSIdq78nUhZo3Q980xkw7OpZbyT+59UTbF82UhHGCULIJ4vaiaQY0VEgtCUUcJR9QxhXwtxKeZcpxtHEljMhuLMvz5PKScE9L5zdnuaLV9M4smSfHJAj4pILUiQ3pETKhJNH8kxeyZv1ZL1Y79bHpDVjTWd2yR9Ynz/dfJcE</latexit>

|✓| . 10�10

<latexit sha1_base64="FtdJBE2miJI4OuDwZjPYKzRvaZ0=">AAACGHicbVDJSgNBFOxxjXGLevTSGAQPEmfE7RiMEA8eEjALZELo6bwkTXoWut8IYchnePFXvHhQxGtu/o2d5aCJBQ1F1Xu8rvIiKTTa9re1tLyyurae2khvbm3v7Gb29qs6jBWHCg9lqOoe0yBFABUUKKEeKWC+J6Hm9Qtjv/YESosweMRBBE2fdQPREZyhkVqZM9dn2ONM0odW4iqflgt3Q+rqONKA1MUeIHNPXRSyDbRIi61M1s7ZE9BF4sxIlsxQamVGbjvksQ8Bcsm0bjh2hM2EKRRcwjDtxhoixvusCw1DA+aDbiaTYEN6bJQ27YTKvADpRP29kTBf64HvmclxDD3vjcX/vEaMnZtmIoIoRgj49FAnlhRDOm6JtoUCjnJgCONKmL9S3mOKcTRdpk0JznzkRVI9zzlXucvyRTZ/O6sjRQ7JETkhDrkmeXJPSqRCOHkmr+SdfFgv1pv1aX1NR5es2c4B+QNr9AMZbp8t</latexit>

LQCD � ✓ G̃G
<latexit sha1_base64="F6rZiuXLH/+VtNrbtKAHHZy3dGc=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoivpZFF3VZwT6gCeFmOmmHTh7MTIQSght/xY0LRdz6Fe78G6dtFtp64MLhnHu59x4/4Uwqy/o2FhaXlldWS2vl9Y3NrW1zZ7cl41QQ2iQxj0XHB0k5i2hTMcVpJxEUQp/Ttj+8GfvtByoki6N7NUqoG0I/YgEjoLTkmftOIIBkkGeBB7lz4ijGexTXcd0zK1bVmgDPE7sgFVSg4ZlfTi8maUgjRThI2bWtRLkZCMUIp3nZSSVNgAyhT7uaRhBS6WaTF3J8pJUeDmKhK1J4ov6eyCCUchT6ujMENZCz3lj8z+umKrhyMxYlqaIRmS4KUo5VjMd54B4TlCg+0gSIYPpWTAagM1E6tbIOwZ59eZ60Tqv2RfX87qxSuy7iKKEDdIiOkY0uUQ3dogZqIoIe0TN6RW/Gk/FivBsf09YFo5jZQ39gfP4AjheW4g==</latexit> a

fa
G̃G

Idea: the quantity     is not a parameter but a field      (the axion)<latexit sha1_base64="aQB1NLJLmpWxpNxBSCEdSqcwMbw=">AAACE3icdZDLSgMxFIYz9VbrbdSlm2ARRKRkitZ2V3TjsoK9wHQomTTThmYuJBmhDH0HN76KGxeKuHXjzrcxM+2Aih4I/PzfOcnJ70acSYXQp1FYWl5ZXSuulzY2t7Z3zN29jgxjQWibhDwUPRdLyllA24opTnuRoNh3Oe26k6uUd++okCwMbtU0oo6PRwHzGMFKWwPzJOlnl9hi5DoJqiBdtdppKqw6srRoNOrVamOGZwOznHOYc5hzaGUIoTJYVGtgfvSHIYl9GijCsZS2hSLlJFgoRjidlfqxpBEmEzyitpYB9ql0kmydGTzSzhB6odAnUDBzv08k2Jdy6ru608dqLH+z1PyL2bHy6k7CgihWNCDzh7yYQxXCNCA4ZIISxadaYCKY3hWSMRaYKB1jSYeQ/xT+LzrVilWrnN+clZuXiziK4AAcgmNggQvQBNegBdqAgHvwCJ7Bi/FgPBmvxtu8tWAsZvbBjzLevwDlsppk</latexit>a
<latexit sha1_base64="zPUJJAqltLG4iyhBzIRDOuYPJ4k=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWSL1vZW9OKxgv2AdinZNNvGZrNLMiuUpf/BiwdFvPp/vPlvzLYVVPTBwOO9GWbm+bEUBgj5cHIrq2vrG/nNwtb2zu5ecf+gbaJEM95ikYx016eGS6F4CwRI3o01p6EvecefXGV+555rIyJ1C9OYeyEdKREIRsFK7T6MOdBBsUTKxKJaxRlxa8S1pF6vVSp17M4tQkpoieag+N4fRiwJuQImqTE9l8TgpVSDYJLPCv3E8JiyCR3xnqWKhtx46fzaGT6xyhAHkbalAM/V7xMpDY2Zhr7tDCmMzW8vE//yegkENS8VKk6AK7ZYFCQSQ4Sz1/FQaM5ATi2hTAt7K2ZjqikDG1DBhvD1Kf6ftCtlt1o+vzkrNS6XceTRETpGp8hFF6iBrlETtRBDd+gBPaFnJ3IenRfnddGac5Yzh+gHnLdP/nyPbw==</latexit>

✓
[Peccei, Quinn, PRL 38 (1977) 1440]
[Weinberg, PRL 40 (1978) 223]
[Wilczek, PRL 40 (1978) 279]

Gluon field
<latexit sha1_base64="gFZWEIXK0F+cDGXiNUk2rpfdl3E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ9ijvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gA8RI3I</latexit>

fa New energy scale

<latexit sha1_base64="DEQlhW9xQgx015gwB+tblbcMxJ4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQgx4TMA9IljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJIPZhyjH9KB5H3OqLFS7a5bLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6yOPJwBMdwCh5cQQXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A581jNU=</latexit>

G



<latexit sha1_base64="8+2YKLNViZI6Go390kf1abOYElo=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCCymJ+FoW3bisYB+QhDCZ3rRDZ5IwMxFq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/feE6acKW3b31ZpZXVtfaO8Wdna3tmt1vb2OyrJJIU2TXgieyFRwFkMbc00h14qgYiQQzcc3U797iNIxZL4QY9T8AUZxCxilGgjBbWqCIh36uaeFBg6Ez+o1e2GPQNeJk5B6qhAK6h9ef2EZgJiTTlRynXsVPs5kZpRDpOKlylICR2RAbiGxkSA8vPZ4RN8bJQ+jhJpKtZ4pv6eyIlQaixC0ymIHqpFbyr+57mZjq79nMVppiGm80VRxrFO8DQF3GcSqOZjQwiVzNyK6ZBIQrXJqmJCcBZfXiads4Zz2bi4P683b4o4yugQHaET5KAr1ER3qIXaiKIMPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wclwpLG</latexit>

ma [eV]
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Cold axions as dark matter



<latexit sha1_base64="8+2YKLNViZI6Go390kf1abOYElo=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCCymJ+FoW3bisYB+QhDCZ3rRDZ5IwMxFq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/feE6acKW3b31ZpZXVtfaO8Wdna3tmt1vb2OyrJJIU2TXgieyFRwFkMbc00h14qgYiQQzcc3U797iNIxZL4QY9T8AUZxCxilGgjBbWqCIh36uaeFBg6Ez+o1e2GPQNeJk5B6qhAK6h9ef2EZgJiTTlRynXsVPs5kZpRDpOKlylICR2RAbiGxkSA8vPZ4RN8bJQ+jhJpKtZ4pv6eyIlQaixC0ymIHqpFbyr+57mZjq79nMVppiGm80VRxrFO8DQF3GcSqOZjQwiVzNyK6ZBIQrXJqmJCcBZfXiads4Zz2bi4P683b4o4yugQHaET5KAr1ER3qIXaiKIMPaNX9GY9WS/Wu/Uxby1ZxcwB+gPr8wclwpLG</latexit>

ma [eV]
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Cold axions as dark matter



Coupling of the axion with the photon

<latexit sha1_base64="D6kOw49HJ1kCbZtmAP/8OoSpJKI="></latexit>

L � ga� aE ·B+ gaf (ra) · S+ gEDMaS ·E

Interactions are set by the pseudo-scalar nature of the axion, with Lagrangian:

Experimentally, how do they look like? 

• Via                coupling (CP-odd)                        Additional electric current 

• Via coupling to        and      spins                     Precessions

<latexit sha1_base64="MPFr52ze1qDtqicH1sYaJuGQ+Cw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjvpalIrisYB/QGUomk2lDM8mQZIQ6DP6KGxeKuPU/3Pk3pu0stPXAhZNz7iX3niBhVGnH+bZKS8srq2vl9crG5tb2jr2711YilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRtcTv/NApKKC3+txQvwYDTiNKEbaSH37IPOCCN7kHg6FhtNHI+/bVafmTAEXiVuQKijQ7NtfXihwGhOuMUNK9Vwn0X6GpKaYkbzipYokCI/QgPQM5Sgmys+m2+fw2CghjIQ0xTWcqr8nMhQrNY4D0xkjPVTz3kT8z+ulOrryM8qTVBOOZx9FKYNawEkUMKSSYM3GhiAsqdkV4iGSCGsTWMWE4M6fvEjapzX3onZ+d1atN4o4yuAQHIET4IJLUAe3oAlaAINH8AxewZv1ZL1Y79bHrLVkFTP74A+szx+EVZSi</latexit>

E ·B
<latexit sha1_base64="JsXuvru8gGazFLCJPTKnD4pA3Yw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zHoxWNEs0Ayhp5OTdKkp2fo7hHCkE/w4kERr36RN//GznLQxAcFj/eqqKoXJIJr47rfTm5peWV1Lb9e2Njc2t4p7u7VdZwqhjUWi1g1A6pRcIk1w43AZqKQRoHARjC4GfuNJ1Sax/LBDBP0I9qTPOSMGivd4+NJp1hyy+4EZJF4M1KCGaqd4le7G7M0QmmYoFq3PDcxfkaV4UzgqNBONSaUDWgPW5ZKGqH2s8mpI3JklS4JY2VLGjJRf09kNNJ6GAW2M6Kmr+e9sfif10pNeOVnXCapQcmmi8JUEBOT8d+kyxUyI4aWUKa4vZWwPlWUGZtOwYbgzb+8SOqnZe+ifH53Vqpcz+LIwwEcwjF4cAkVuIUq1IBBD57hFd4c4bw4787HtDXnzGb24Q+czx/qWo2S</latexit>

e� <latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n
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Coupling of the axion with the photon
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Hunting for axionsHunting for axions: haloscopes

Courtesy of Caterina Braggio
7

FINUDA magnet for Light Axion SearcH (FLASH)



RAMC

<latexit sha1_base64="9BLSbhAEuStR309S6pIflTE4+BM=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjLa2rqrduNGqGIfMB1KJk3b0GRmSDJCGfoZblwo4tavceffmE5HUNEDFw7n3Mu99/gRZ0oj9GHllpZXVtfy64WNza3tneLuXluFsSS0RUIeyq6PFeUsoC3NNKfdSFIsfE47/qQx9zv3VCoWBnd6GlFP4FHAhoxgbST3tp/0pIAX141Zv1hC9uk5QhUEkY1SpOSsWjuFTqaUQIZmv/jeG4QkFjTQhGOlXAdF2kuw1IxwOiv0YkUjTCZ4RF1DAyyo8pL05Bk8MsoADkNpKtAwVb9PJFgoNRW+6RRYj9Vvby7+5bmxHta8hAVRrGlAFouGMYc6hPP/4YBJSjSfGoKJZOZWSMZYYqJNSgUTwten8H/SPrGdsl25KZfql1kceXAADsExcEAV1MEVaIIWICAED+AJPFvaerRerNdFa87KZvbBD1hvn8JVkO4=</latexit>

b

<latexit sha1_base64="F86MsJSdBp4PIjYXi3g7wi+Fpi8=">AAAB6HicbVBNT8JAEN3iF+IX6tHLRmLiqWkRUrwRvXiERD4SaMh2GWBlu212tyak4Rd48aAxXv1J3vw3LtCDoi+Z5OW9mczMC2LOlHacLyu3sbm1vZPfLeztHxweFY9P2ipKJIUWjXgkuwFRwJmAlmaaQzeWQMKAQyeY3i78ziNIxSJxr2cx+CEZCzZilGgjNYNBseTYTtmrXXnYscvOdc2rGuIsgd2MlFCGxqD42R9GNAlBaMqJUj3XibWfEqkZ5TAv9BMFMaFTMoaeoYKEoPx0eegcXxhliEeRNCU0Xqo/J1ISKjULA9MZEj1R695C/M/rJXpU81Mm4kSDoKtFo4RjHeHF13jIJFDNZ4YQKpm5FdMJkYRqk03BhOCuv/yXtMu2W7GrzUqpfpPFkUdn6BxdIhd5qI7uUAO1EEWAntALerUerGfrzXpfteasbOYU/YL18Q0cR40o</latexit>

r

<latexit sha1_base64="KuK9Bea9xYmC3bSUbxve9mVpjkI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjNZ1GPQi8cEzALJEHo6NUlrz0J3jxCGfIEXD4p49ZO8+Td2khFU9EHB470qqup5seBK2/aHlVtZXVvfyG8WtrZ3dveK+wcdFSWSYZtFIpI9jyoUPMS25lpgL5ZIA09g17u7mvvde5SKR+GNnsboBnQccp8zqo3UksNiyS7bZ9VqxSaGLGBIzak7TpU4mVKCDM1h8X0wilgSYKiZoEr1HTvWbkql5kzgrDBIFMaU3dEx9g0NaYDKTReHzsiJUUbEj6SpUJOF+n0ipYFS08AznQHVE/Xbm4t/ef1E+xduysM40Riy5SI/EURHZP41GXGJTIupIZRJbm4lbEIlZdpkUzAhfH1K/iedStmpleutWqlxmcWRhyM4hlNw4BwacA1NaAMDhAd4gmfr1nq0XqzXZWvOymYO4Qest08Jwo0b</latexit>

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

Kavanagh, Edwards, LV, Weniger 2011.05377We first assessed the minicluster distribution in the Milky Way

Detecting axion miniclusters in FLASH?

Overdensities produced in the early Universe act as “seeds” for bound axion miniclusters (Hogan, Rees 88)

Kolb, Tkachev astro-ph/9311037
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<latexit sha1_base64="XE24jiyA2S3Z3rghln3w6OAt0Uc=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUBLEa6xgYSwSfUhNVDnObWvVeWA7laqoMwu/wsIAQqx8ARt/g9NmgJYjXd2jc+6VfY8XcyaVZX0bhYXFpeWV4mppbX1jc8vc3mnIKBEU6jTikWh5RAJnIdQVUxxasQASeBya3uAm85tDEJJF4b0axeAGpBeyLqNEaalj7js+cEWwAw8JG2IbH2PHI8IR/Qif4Kx1zLJVsSbA88TOSRnlqHXML8ePaBJAqCgnUrZtK1ZuSoRilMO45CQSYkIHpAdtTUMSgHTTySljfKgVH3cjoStUeKL+3khJIOUo8PRkQFRfznqZ+J/XTlT3yk1ZGCcKQjp9qJtwrCKc5YJ9JoAqPtKEUMH0XzHtE0Go0umVdAj27MnzpHFasS8q53dn5ep1HkcR7aEDdIRsdImq6BbVUB1R9Iie0St6M56MF+Pd+JiOFox8Zxf9gfH5A85RmRM=</latexit>

� ⌘ 1� ⇢̄/⇢

Tidal stripping from stars

Milky Way

8

For an overdensity                         the AMC density is 
<latexit sha1_base64="YNx/ToNSBsA7V9xvm4LcHrO/uws=">AAACJnicbVDLSgMxFM3Ud31VXboJFqGilBkt1Y1QdOOygq1CZyyZ9NaGJjNjkhHKMF/jxl9x46Ii4s5PMW0HfNQDIYdzziW5x484U9q2P6zczOzc/MLiUn55ZXVtvbCx2VRhLCk0aMhDeeMTBZwF0NBMc7iJJBDhc7j2++cj//oBpGJhcKUHEXiC3AWsyyjRRmoXTl3ZC9uJKwUmgqYltwNckz18ip2K7R6UnP1MmVy3R995uE/bhaJdtsfA08TJSBFlqLcLQ7cT0lhAoCknSrUcO9JeQqRmlEOad2MFEaF9cgctQwMiQHnJeM0U7xqlg7uhNCfQeKz+nEiIUGogfJMURPfUX28k/ue1Yt098RIWRLGGgE4e6sYc6xCPOsMdJoFqPjCEUMnMXzHtEUmoNs3mTQnO35WnSfOw7FTL1ctKsXaW1bGIttEOKiEHHaMaukB11EAUPaJnNESv1pP1Yr1Z75NozspmttAvWJ9fwvOkKA==</latexit>

ωamc(ε) = 140 (1 + ε)ε3ωeq

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/astro-ph/9311037


Detecting axion miniclusters in FLASH?

9

Dense axion minicluster <latexit sha1_base64="BB2TMYimTSv2oMdZ5QfNzTWZ05M=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IRRe6EarYBzQxTKaTduhMEmYmhRLyHW78FTcuFHEnbvwbp49FbT1w4cw59zL3Hj9mVCrL+jFyS8srq2v59cLG5tb2jrm715BRIjCp44hFouUjSRgNSV1RxUgrFgRxn5Gm378a+c0BEZJG4YMaxsTlqBvSgGKktOSZtiNplyNv8FiGF9AJBMLpNXRO4K2XOoJDxHGWpfczD88sWiVrDLhI7CkpgilqnvnldCKccBIqzJCUbduKlZsioShmJCs4iSQxwn3UJW1NQ8SJdNPxaRk80koHBpHQFSo4VmcnUsSlHHJfd3KkenLeG4n/ee1EBeduSsM4USTEk4+ChEEVwVFOsEMFwYoNNUFYUL0rxD2k41E6zYIOwZ4/eZE0yiW7UqrcnRarl9M48uAAHIJjYIMzUAU3oAbqAIMn8ALewLvxbLwaH8bnpDVnTGf2wR8Y378F5qBL</latexit>

ω2
v =

GMamc

Ramc
<latexit sha1_base64="u50tNlYPaPW9ZFZgp+GD/jt9Qzk=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNYuLegl48RjExsFnC7GSSDJnHMjMrhCWf4cWDIl79Gm/+jZOHoKIFDUVVN91dccKoNp734eRWVtfWN/Kbha3tnd294v5BW8tUYdLCkknViZEmjArSMtQw0kkUQTxm5C4eX878u3uiNJXi1kwSEnE0FHRAMTJWCm96WVdxiDie9oolz/UrfsUrQ88NgqAW1C3xypWzoAp915ujBJZo9orv3b7EKSfCYIa0Dn0vMVGGlKGYkWmhm2qSIDxGQxJaKhAnOsrmJ0/hiVX6cCCVLWHgXP0+kSGu9YTHtpMjM9K/vZn4lxemZnAeZVQkqSECLxYNUgaNhLP/YZ8qgg2bWIKwovZWiEdIIWxsSgUbwten8H/SLrt+za1dV0uNi2UceXAEjsEp8EEdNMAVaIIWwECCB/AEnh3jPDovzuuiNecsZw7BDzhvn5C3kXo=</latexit>

Ramc

<latexit sha1_base64="BXlEm3AIFmZ+lSaSxV/4gG5tSWU=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNYuLegl68CBFMDGyWMDuZJEPmsczMCmHJZ3jxoIhXv8abf+PkIahoQUNR1U13V5wwqo3nfTi5ldW19Y38ZmFre2d3r7h/0NYyVZi0sGRSdWKkCaOCtAw1jHQSRRCPGbmLx5cz/+6eKE2luDWThEQcDQUdUIyMlcLrXtZVHCKOp71iyXP9il/xytBzgyCoBXVLvHLlLKhC3/XmKIElmr3ie7cvccqJMJghrUPfS0yUIWUoZmRa6KaaJAiP0ZCElgrEiY6y+clTeGKVPhxIZUsYOFe/T2SIaz3hse3kyIz0b28m/uWFqRmcRxkVSWqIwItFg5RBI+Hsf9inimDDJpYgrKi9FeIRUggbm1LBhvD1KfyftMuuX3NrN9VS42IZRx4cgWNwCnxQBw1wBZqgBTCQ4AE8gWfHOI/Oi/O6aM05y5lD8APO2yeI8ZF1</latexit>

Mamc

Velocity dispersion in the AMC:

This translates into the frequency width:

<latexit sha1_base64="+BS9XlnGQApJ0PffNkRg/liVXco="></latexit>

ωv → 1.4m/s

(
Mamc

10→10 M↑

)1/3 (
ε

10

)2/3

<latexit sha1_base64="YNo0ov2WPIOuKQsiBKHzbhJ5ASc="></latexit>

ωf = f
(vεv

c2

)
→ 0.23mHz

(
f

100MHz

) (
Mamc

10→10 M↑

)1/3 (
ω

10

)2/3



Detecting axion miniclusters in FLASH?
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This has been recently sought in ADMX: 2410.09203

https://arxiv.org/abs/2410.09203


Detecting axion miniclusters in FLASH?

11

Other things to do if we proceed for this!

Some simulations of minicluster dynamics that involve the axion DM in the mass range of FLASH.

This includes assessing the mass distribution of miniclusters for axions with 
<latexit sha1_base64="2YqjHCC3gzgMVam2mwHjITDjXLA=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCBymJSPUiFL14rGA/oAlhs520S3eTsLsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcxdDUTHPopBKICDm0w+HtxG8/glQsiR/0KAVfkH7MIkaJNlJgH4qA4Gvs5p4U2DvzRIahNQ7silN1psCLxC1IBRVoBPaX10toJiDWlBOluq6Taj8nUjPKYVz2MgUpoUPSh66hMRGg/Hx6/hifGKWHo0SaijWeqr8nciKUGonQdAqiB2rem4j/ed1MR1d+zuI00xDT2aIo41gneJIF7jEJVPORIYRKZm7FdEAkodokVjYhuPMvL5LWedWtVWv3F5X6TRFHCR2hY3SKXHSJ6ugONVATUZSjZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AEjnZRX</latexit>

ma = 1µeV

The mass distribution includes tidal stripping: my work 2011.05377 + recent work 2402.03236

<latexit sha1_base64="5eewNVTu2ZKM/V9ibK0wAmApDZc=">AAACG3icbVDLSgMxFM3UV62vqks3wSIoSJkpUl0W3bisYKvQqcOdNDMNTSZDkhHK0P9w46+4caGIK8GFf2P6EHwdCBzOOZebe8KUM21c98MpzM0vLC4Vl0srq2vrG+XNrbaWmSK0RSSX6joETTlLaMsww+l1qiiIkNOrcHA29q9uqdJMJpdmmNKugDhhESNgrBSUa819XwoawwH2UyVTI3Ec5ODHIASMbmr+oa/6MgD/MPoKBuWKW3UnwH+JNyMVNEMzKL/5PUkyQRNDOGjd8dzUdHNQhhFORyU/0zQFMoCYdixNQFDdzSe3jfCeVXo4ksq+xOCJ+n0iB6H1UIQ2KcD09W9vLP7ndTITnXRzlqSZoQmZLooyjm0D46JwjylKDB9aAkQx+1dM+qCAGFtnyZbg/T75L2nXql69Wr84qjROZ3UU0Q7aRfvIQ8eogc5RE7UQQXfoAT2hZ+feeXRenNdptODMZrbRDzjvn6GboI8=</latexit>

P (ω) → g2aω εa f(ω)Power in the cavity:

Fourier decomposition at the frequency <latexit sha1_base64="x5TmxDZCKzaA6NsIf1+4Dh2xDjo=">AAAB7XicbZC7SgNBFIZn4y2ut6ilzWIQrMKuRbQRgzaWEcwFkiXMTs4mY+ayzMwKYck72FgoYmPho9jbiG/j5FJo4g8DH/9/DnPOiRJGtfH9bye3tLyyupZfdzc2t7Z3Crt7dS1TRaBGJJOqGWENjAqoGWoYNBMFmEcMGtHgapw37kFpKsWtGSYQctwTNKYEG2vV25JDD3cKRb/kT+QtQjCD4sWHe568fbnVTuGz3ZUk5SAMYVjrVuAnJsywMpQwGLntVEOCyQD3oGVRYA46zCbTjrwj63S9WCr7hPEm7u+ODHOthzyylRybvp7PxuZ/WSs18VmYUZGkBgSZfhSnzDPSG6/udakCYtjQAiaK2lk90scKE2MP5NojBPMrL0L9pBSUS+WboFi5RFPl0QE6RMcoQKeogq5RFdUQQXfoAT2hZ0c6j86L8zotzTmznn30R877D/OakmQ=</latexit>ω

We need to account for the chance of encountering miniclusters and streams: 2212.00560

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2402.03236
https://arxiv.org/abs/2212.00560


Inverse Gertsenshtein effect (see e.g. Camilo Garcia work)

High-frequency gravitational waves

<latexit sha1_base64="xFvC3gD9DrzuBQuQu5SjwswoW5k=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUhDIjvjZC0Y3LCvYBnWHIpJk2NMkMSUYoQz/Bjb/ixoUibl26829M28FH64HAuefcy809YcKo0o7zaRXm5hcWl4rLpZXVtfUNe3OroeJUYlLHMYtlK0SKMCpIXVPNSCuRBPGQkWbYvxr5zTsiFY3FrR4kxOeoK2hEMdJGCuz9bpB5PPVEOoQX0CMa/dSHsPddBHbZqThjwFni5qQMctQC+8PrxDjlRGjMkFJt10m0nyGpKWZkWPJSRRKE+6hL2oYKxInys/FBQ7hnlA6MYmme0HCs/p7IEFdqwEPTyZHuqWlvJP7ntVMdnfsZFUmqicCTRVHKoI7hKB3YoZJgzQaGICyp+SvEPSQR1ibDkgnBnT55ljSOKu5p5eTmuFy9zOMogh2wCw6AC85AFVyDGqgDDO7BI3gGL9aD9WS9Wm+T1oKVz2yDP7DevwCvIJ0E</latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫
<latexit sha1_base64="4YHW684fBDoRK26H/wjURQgRDlo=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTia1l047KCfUATwmQ6aYfOTMI8hJIW/BU3LhRx63e482+ctllo64ELh3Pu5d574oxRpT3v21laXlldWy9tlDe3tnd23b39pkqNxKSBU5bKdowUYVSQhqaakXYmCeIxI614cDvxW49EKpqKBz3MSMhRT9CEYqStFLmH/ciDgaIcjvpRHnATCDMeRW7Fq3pTwEXiF6QCCtQj9yvopthwIjRmSKmO72U6zJHUFDMyLgdGkQzhAeqRjqUCcaLCfHr+GJ5YpQuTVNoSGk7V3xM54koNeWw7OdJ9Ne9NxP+8jtHJdZhTkRlNBJ4tSgyDOoWTLGCXSoI1G1qCsKT2Voj7SCKsbWJlG4I///IiaZ5V/cvqxf15pXZTxFECR+AYnAIfXIEauAN10AAY5OAZvII358l5cd6dj1nrklPMHIA/cD5/ABKElZc=</latexit>

h0 ⇠ |hµ⌫ |

Work with
Michael Zantedeschi
(postdoc @TDLI)
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Gatti, LV, Zantedeschi 2403.18610, PRD

https://arxiv.org/abs/2403.18610


Cavities resonate at
much higher frequencies
than those in
LIGO/VIRGO/KAGRA

High-frequency gravitational waves

Cavity
<latexit sha1_base64="ZuCq4H7H4CwVuj06Iqp4z0dGjUc=">AAACC3icbVDJSgNBEO2JW4xb1KOXJkGIoGFG3I5BD+YYwSyQCaGn05M06Z4ZumvEOOTuxV/x4kERr/6AN//GznLQxAcFj/eqqKrnRYJrsO1vK7WwuLS8kl7NrK1vbG5lt3dqOowVZVUailA1PKKZ4AGrAgfBGpFiRHqC1b3+1civ3zGleRjcwiBiLUm6Afc5JWCkdjbnY1dziQt20XGB3YOSydHQsQ8SV0n38Lr8MGxn83bRHgPPE2dK8miKSjv75XZCGksWABVE66ZjR9BKiAJOBRtm3FiziNA+6bKmoQGRTLeS8S9DvG+UDvZDZSoAPFZ/TyREaj2QnumUBHp61huJ/3nNGPyLVsKDKAYW0MkiPxYYQjwKBne4YhTEwBBCFTe3YtojilAw8WVMCM7sy/Okdlx0zoqnNyf50uU0jjTaQzlUQA46RyVURhVURRQ9omf0it6sJ+vFerc+Jq0pazqzi/7A+vwBiC6Zfg==</latexit>

f ⇠ (0.1-10)GHz : Primordial BHs

Vs.

8.0 8.5 9.0 9.5 10.0 10.5

-20

-15

-10

-5

1304.0670

LVK :  Solar-mass BHs
<latexit sha1_base64="N8QkEewYm4S7rnMiGUI5d7WxseY=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKWjLia1l002UF+4DOUDJpRoPJzJDcEevQD3Djr7hxoYhbP8Cdf2PazsLXgcDhnHO5uSdIpDBAyKczNT0zOzdfWCguLi2vrJbW1lsmTjXjTRbLWHcCargUEW+CAMk7ieZUBZK3g+uzkd++4dqIOLqAQcJ9RS8jEQpGwUq9UjnEnhEKV1ziAb8FrbK9oUsI2ck8rbC3W78b2hSpkjHwX+LmpIxyNHqlD68fs1TxCJikxnRdkoCfUQ2CST4seqnhCWXX9JJ3LY2o4sbPxscM8bZV+jiMtX0R4LH6fSKjypiBCmxSUbgyv72R+J/XTSE88TMRJSnwiE0WhanEEONRM7gvNGcgB5ZQpoX9K2ZXVFMGtr+iLcH9ffJf0tqvukfVw/ODcu00r6OANtEWqiAXHaMaqqMGaiKG7tEjekYvzoPz5Lw6b5PolJPPbKAfcN6/AMl0mZM=</latexit>

f ⇠ (10-1000)Hz
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Gatti, LV, Zantedeschi 
2403.18610

https://arxiv.org/abs/2403.18610


- How precisely can we infer the signal geometry using a single cavity?

- Multiple cavities help distinguishing between spin-0, spin-1, or spin-2 
(pseudo-)fields and provide noise reduction

- Further work needed to characterize coherent versus stochastic 
signals, as well as continuous versus transient signals.

- Nevertheless, any potential detection would unequivocally point to 
new physics of astrophysical origin.

Open theory questions, see for more: Gatti, LV, Zantedeschi 2403.18610

High-frequency gravitational waves

https://arxiv.org/abs/2403.18610


Intriguing opportunity not discussed so far in the CDR

Millicharged particles



Millicharged particles

Berlin+ 1908.06982

https://arxiv.org/abs/1908.06982


Millicharged particles

❑ Tool (python/root) to simulate the 
deflection and detection phases

❑ Tool tested for spherical electric 
field 

❑ Tool ready for more realistic setup 
(discussing with D. Alesini per la 
configurazione finale) 

F. Mescia, G. Grilli di Cortona, 
F. La Valle (RM1 laureando) 
& M.Navydenov



Millicharged particles

❑ Tool (python/root) to simulate the 
deflection and detection phases

❑ Tool tested for spherical electric 
field 

❑ Tool ready for more realistic setup 
(discussing with D. Alesini per la 
configurazione finale) 

F. Mescia, G. Grilli di Cortona, 
F. La Valle (RM1 laureando) 
& M.Navydenov

PRELIMINARY!!



Summary

Introductory slides and other ideas can be found in the kick-off meeting: https://agenda.infn.it/event/41365/

19

Please refer to the CDR publication: 2309.00351

Ideal theory focus for 2025:
- Impact of dark matter substructures on direct detection.
- Motivations for GW searches at the GHz
- Millicharged particles
- Refining the computations for axions and dark photons in cavities

Thanks to my collaborators: Claudio Gatti, Enrico Nardi, Federico Mescia, Michael Zantedeschi
                               + the whole FLASH staff

https://agenda.infn.it/event/41365/
https://arxiv.org/abs/2309.00351

