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The Strong CP Problem
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Dynamical soluBon with a scalar field geFng a vev!
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Luca Merlo, Mass Genera4on for ALPs, Lomonosov 2025

Neutron Electric Dipole moment

Abel et al., PRL 124(2020)
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CP ViolaBon sources in the SM, besides CKM and PMNS:

Pure QCD + Fermion phases effects:
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�1 ! ei↵(xQL
�xDR

)�1
<latexit sha1_base64="ugJIlMk8205ip5wWWShff/I4vyY=">AAACFHicbVC9TsMwGHTKXyl/AUaWiAqpSFAlCAnYKmBgYGgRoZWaEDmu01h1nMh2EFWUl2DhVVgYALEysPE2uG0GKJxk+XR3n+zv/IQSIU3zSyvNzM7NL5QXK0vLK6tr+vrGjYhTjrCNYhrzjg8FpoRhWxJJcSfhGEY+xW1/cDby23eYCxKzazlMsBvBPiMBQVAqydP3nGZIPMuRsYFvM+JAmoSwdu9lLe8y31f3uXeV7+aTlKdXzbo5hvGXWAWpggJNT/90ejFKI8wkolCIrmUm0s0glwRRnFecVOAEogHs466iDEZYuNl4q9zYUUrPCGKuDpPGWP05kcFIiGHkq2QEZSimvZH4n9dNZXDsZoQlqcQMTR4KUmqoDkYVGT3CMZJ0qAhEnKi/GiiEHCKpiqyoEqzplf8S+6B+Urdah9XGadFGGWyBbVADFjgCDXABmsAGCDyAJ/ACXrVH7Vl7094n0ZJWzGyCX9A+vgHyeJ5D</latexit><latexit sha1_base64="ugJIlMk8205ip5wWWShff/I4vyY=">AAACFHicbVC9TsMwGHTKXyl/AUaWiAqpSFAlCAnYKmBgYGgRoZWaEDmu01h1nMh2EFWUl2DhVVgYALEysPE2uG0GKJxk+XR3n+zv/IQSIU3zSyvNzM7NL5QXK0vLK6tr+vrGjYhTjrCNYhrzjg8FpoRhWxJJcSfhGEY+xW1/cDby23eYCxKzazlMsBvBPiMBQVAqydP3nGZIPMuRsYFvM+JAmoSwdu9lLe8y31f3uXeV7+aTlKdXzbo5hvGXWAWpggJNT/90ejFKI8wkolCIrmUm0s0glwRRnFecVOAEogHs466iDEZYuNl4q9zYUUrPCGKuDpPGWP05kcFIiGHkq2QEZSimvZH4n9dNZXDsZoQlqcQMTR4KUmqoDkYVGT3CMZJ0qAhEnKi/GiiEHCKpiqyoEqzplf8S+6B+Urdah9XGadFGGWyBbVADFjgCDXABmsAGCDyAJ/ACXrVH7Vl7094n0ZJWzGyCX9A+vgHyeJ5D</latexit><latexit sha1_base64="ugJIlMk8205ip5wWWShff/I4vyY=">AAACFHicbVC9TsMwGHTKXyl/AUaWiAqpSFAlCAnYKmBgYGgRoZWaEDmu01h1nMh2EFWUl2DhVVgYALEysPE2uG0GKJxk+XR3n+zv/IQSIU3zSyvNzM7NL5QXK0vLK6tr+vrGjYhTjrCNYhrzjg8FpoRhWxJJcSfhGEY+xW1/cDby23eYCxKzazlMsBvBPiMBQVAqydP3nGZIPMuRsYFvM+JAmoSwdu9lLe8y31f3uXeV7+aTlKdXzbo5hvGXWAWpggJNT/90ejFKI8wkolCIrmUm0s0glwRRnFecVOAEogHs466iDEZYuNl4q9zYUUrPCGKuDpPGWP05kcFIiGHkq2QEZSimvZH4n9dNZXDsZoQlqcQMTR4KUmqoDkYVGT3CMZJ0qAhEnKi/GiiEHCKpiqyoEqzplf8S+6B+Urdah9XGadFGGWyBbVADFjgCDXABmsAGCDyAJ/ACXrVH7Vl7094n0ZJWzGyCX9A+vgHyeJ5D</latexit><latexit sha1_base64="ugJIlMk8205ip5wWWShff/I4vyY=">AAACFHicbVC9TsMwGHTKXyl/AUaWiAqpSFAlCAnYKmBgYGgRoZWaEDmu01h1nMh2EFWUl2DhVVgYALEysPE2uG0GKJxk+XR3n+zv/IQSIU3zSyvNzM7NL5QXK0vLK6tr+vrGjYhTjrCNYhrzjg8FpoRhWxJJcSfhGEY+xW1/cDby23eYCxKzazlMsBvBPiMBQVAqydP3nGZIPMuRsYFvM+JAmoSwdu9lLe8y31f3uXeV7+aTlKdXzbo5hvGXWAWpggJNT/90ejFKI8wkolCIrmUm0s0glwRRnFecVOAEogHs466iDEZYuNl4q9zYUUrPCGKuDpPGWP05kcFIiGHkq2QEZSimvZH4n9dNZXDsZoQlqcQMTR4KUmqoDkYVGT3CMZJ0qAhEnKi/GiiEHCKpiqyoEqzplf8S+6B+Urdah9XGadFGGWyBbVADFjgCDXABmsAGCDyAJ/ACXrVH7Vl7094n0ZJWzGyCX9A+vgHyeJ5D</latexit>

�2 ! ei↵(xQL
�xUR

)�2
<latexit sha1_base64="BIRFkGTT0WBnveoxs/oaIESO/t0=">AAACFHicbVA7T8MwGHTKq5RXgJHFokIqElRJhQRsFSwMDC0itFITIsd1GqvOQ7aDqKL8CRb+CgsDIFYGNv4NbpsBCidZPt3dJ/s7L2FUSMP40kpz8wuLS+Xlysrq2vqGvrl1I+KUY2LhmMW86yFBGI2IJalkpJtwgkKPkY43PB/7nTvCBY2jazlKiBOiQUR9ipFUkqsf2K2Aug1bxpDcZtRGLAlQ7d7N2u5lfqhuy73K9/NpytWrRt2YAP4lZkGqoEDL1T/tfozTkEQSMyREzzQS6WSIS4oZySt2KkiC8BANSE/RCIVEONlkqxzuKaUP/ZirE0k4UX9OZCgUYhR6KhkiGYhZbyz+5/VS6Z84GY2SVJIITx/yUwZVB+OKYJ9ygiUbKYIwp+qvEAeIIyxVkRVVgjm78l9iNeqndbN9VG2eFW2UwQ7YBTVggmPQBBegBSyAwQN4Ai/gVXvUnrU37X0aLWnFzDb4Be3jGxAhnlY=</latexit><latexit sha1_base64="BIRFkGTT0WBnveoxs/oaIESO/t0=">AAACFHicbVA7T8MwGHTKq5RXgJHFokIqElRJhQRsFSwMDC0itFITIsd1GqvOQ7aDqKL8CRb+CgsDIFYGNv4NbpsBCidZPt3dJ/s7L2FUSMP40kpz8wuLS+Xlysrq2vqGvrl1I+KUY2LhmMW86yFBGI2IJalkpJtwgkKPkY43PB/7nTvCBY2jazlKiBOiQUR9ipFUkqsf2K2Aug1bxpDcZtRGLAlQ7d7N2u5lfqhuy73K9/NpytWrRt2YAP4lZkGqoEDL1T/tfozTkEQSMyREzzQS6WSIS4oZySt2KkiC8BANSE/RCIVEONlkqxzuKaUP/ZirE0k4UX9OZCgUYhR6KhkiGYhZbyz+5/VS6Z84GY2SVJIITx/yUwZVB+OKYJ9ygiUbKYIwp+qvEAeIIyxVkRVVgjm78l9iNeqndbN9VG2eFW2UwQ7YBTVggmPQBBegBSyAwQN4Ai/gVXvUnrU37X0aLWnFzDb4Be3jGxAhnlY=</latexit><latexit sha1_base64="BIRFkGTT0WBnveoxs/oaIESO/t0=">AAACFHicbVA7T8MwGHTKq5RXgJHFokIqElRJhQRsFSwMDC0itFITIsd1GqvOQ7aDqKL8CRb+CgsDIFYGNv4NbpsBCidZPt3dJ/s7L2FUSMP40kpz8wuLS+Xlysrq2vqGvrl1I+KUY2LhmMW86yFBGI2IJalkpJtwgkKPkY43PB/7nTvCBY2jazlKiBOiQUR9ipFUkqsf2K2Aug1bxpDcZtRGLAlQ7d7N2u5lfqhuy73K9/NpytWrRt2YAP4lZkGqoEDL1T/tfozTkEQSMyREzzQS6WSIS4oZySt2KkiC8BANSE/RCIVEONlkqxzuKaUP/ZirE0k4UX9OZCgUYhR6KhkiGYhZbyz+5/VS6Z84GY2SVJIITx/yUwZVB+OKYJ9ygiUbKYIwp+qvEAeIIyxVkRVVgjm78l9iNeqndbN9VG2eFW2UwQ7YBTVggmPQBBegBSyAwQN4Ai/gVXvUnrU37X0aLWnFzDb4Be3jGxAhnlY=</latexit><latexit sha1_base64="BIRFkGTT0WBnveoxs/oaIESO/t0=">AAACFHicbVA7T8MwGHTKq5RXgJHFokIqElRJhQRsFSwMDC0itFITIsd1GqvOQ7aDqKL8CRb+CgsDIFYGNv4NbpsBCidZPt3dJ/s7L2FUSMP40kpz8wuLS+Xlysrq2vqGvrl1I+KUY2LhmMW86yFBGI2IJalkpJtwgkKPkY43PB/7nTvCBY2jazlKiBOiQUR9ipFUkqsf2K2Aug1bxpDcZtRGLAlQ7d7N2u5lfqhuy73K9/NpytWrRt2YAP4lZkGqoEDL1T/tfozTkEQSMyREzzQS6WSIS4oZySt2KkiC8BANSE/RCIVEONlkqxzuKaUP/ZirE0k4UX9OZCgUYhR6KhkiGYhZbyz+5/VS6Z84GY2SVJIITx/yUwZVB+OKYJ9ygiUbKYIwp+qvEAeIIyxVkRVVgjm78l9iNeqndbN9VG2eFW2UwQ7YBTVggmPQBBegBSyAwQN4Ai/gVXvUnrU37X0aLWnFzDb4Be3jGxAhnlY=</latexit>

xUR 6= xDR
<latexit sha1_base64="NObGvmWABSZ32wGeR2A9Fgynlt0=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXJVEBHVX1IXLKsYW2hAm09t26GQSZyZiCPVV3LhQceuLuPNtnLZZaOuBgY9z7+XeOWHCmdKO820tLC4tr6yW1srrG5tb2/bO7p2KU0nBozGPZSskCjgT4GmmObQSCSQKOTTD4cW43nwAqVgsbnWWgB+RvmA9Rok2VmBXHoPcC25GHQH32PCl4cCuOjVnIjwPbgFVVKgR2F+dbkzTCISmnCjVdp1E+zmRmlEOo3InVZAQOiR9aBsUJALl55PjR/jAOF3ci6V5QuOJ+3siJ5FSWRSazojogZqtjc3/au1U9079nIkk1SDodFEv5VjHeJwE7jIJVPPMAKGSmVsxHRBJqDZ5lU0I7uyX58E7qp3V3Ovjav28SKOE9tA+OkQuOkF1dIUayEMUZegZvaI368l6sd6tj2nrglXMVNAfWZ8/EBiUlg==</latexit><latexit sha1_base64="NObGvmWABSZ32wGeR2A9Fgynlt0=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXJVEBHVX1IXLKsYW2hAm09t26GQSZyZiCPVV3LhQceuLuPNtnLZZaOuBgY9z7+XeOWHCmdKO820tLC4tr6yW1srrG5tb2/bO7p2KU0nBozGPZSskCjgT4GmmObQSCSQKOTTD4cW43nwAqVgsbnWWgB+RvmA9Rok2VmBXHoPcC25GHQH32PCl4cCuOjVnIjwPbgFVVKgR2F+dbkzTCISmnCjVdp1E+zmRmlEOo3InVZAQOiR9aBsUJALl55PjR/jAOF3ci6V5QuOJ+3siJ5FSWRSazojogZqtjc3/au1U9079nIkk1SDodFEv5VjHeJwE7jIJVPPMAKGSmVsxHRBJqDZ5lU0I7uyX58E7qp3V3Ovjav28SKOE9tA+OkQuOkF1dIUayEMUZegZvaI368l6sd6tj2nrglXMVNAfWZ8/EBiUlg==</latexit><latexit sha1_base64="NObGvmWABSZ32wGeR2A9Fgynlt0=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXJVEBHVX1IXLKsYW2hAm09t26GQSZyZiCPVV3LhQceuLuPNtnLZZaOuBgY9z7+XeOWHCmdKO820tLC4tr6yW1srrG5tb2/bO7p2KU0nBozGPZSskCjgT4GmmObQSCSQKOTTD4cW43nwAqVgsbnWWgB+RvmA9Rok2VmBXHoPcC25GHQH32PCl4cCuOjVnIjwPbgFVVKgR2F+dbkzTCISmnCjVdp1E+zmRmlEOo3InVZAQOiR9aBsUJALl55PjR/jAOF3ci6V5QuOJ+3siJ5FSWRSazojogZqtjc3/au1U9079nIkk1SDodFEv5VjHeJwE7jIJVPPMAKGSmVsxHRBJqDZ5lU0I7uyX58E7qp3V3Ovjav28SKOE9tA+OkQuOkF1dIUayEMUZegZvaI368l6sd6tj2nrglXMVNAfWZ8/EBiUlg==</latexit><latexit sha1_base64="NObGvmWABSZ32wGeR2A9Fgynlt0=">AAAB+3icbZDNSsNAFIUn/tb6F+3SzWARXJVEBHVX1IXLKsYW2hAm09t26GQSZyZiCPVV3LhQceuLuPNtnLZZaOuBgY9z7+XeOWHCmdKO820tLC4tr6yW1srrG5tb2/bO7p2KU0nBozGPZSskCjgT4GmmObQSCSQKOTTD4cW43nwAqVgsbnWWgB+RvmA9Rok2VmBXHoPcC25GHQH32PCl4cCuOjVnIjwPbgFVVKgR2F+dbkzTCISmnCjVdp1E+zmRmlEOo3InVZAQOiR9aBsUJALl55PjR/jAOF3ci6V5QuOJ+3siJ5FSWRSazojogZqtjc3/au1U9079nIkk1SDodFEv5VjHeJwE7jIJVPPMAKGSmVsxHRBJqDZ5lU0I7uyX58E7qp3V3Ovjav28SKOE9tA+OkQuOkF1dIUayEMUZegZvaI368l6sd6tj2nrglXMVNAfWZ8/EBiUlg==</latexit>

The AXION arises as a combina4on of the GBs in           and       !�1
<latexit sha1_base64="ZaYdx3C6ATxvHo9k9PfTMpOIjSk=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knNbmPIekGvUvVr/gxomQQFqUKBRq/y1e0rkgkqLeHYmE7gpzbKsbaMcDopdzNDU0xGeEA7jkosqIny2bUTdOqUPkqUdiUtmqm/J3IsjBmL2HUKbIdm0ZuK/3mdzCZXUc5kmlkqyXxRknFkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq7EILFl5dJeF67rgX3F9X6TZFGCY7hBM4ggEuowx00IAQCj/AMr/DmKe/Fe/c+5q0rXjFzBH/gff4AdwOOlw==</latexit><latexit sha1_base64="ZaYdx3C6ATxvHo9k9PfTMpOIjSk=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knNbmPIekGvUvVr/gxomQQFqUKBRq/y1e0rkgkqLeHYmE7gpzbKsbaMcDopdzNDU0xGeEA7jkosqIny2bUTdOqUPkqUdiUtmqm/J3IsjBmL2HUKbIdm0ZuK/3mdzCZXUc5kmlkqyXxRknFkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq7EILFl5dJeF67rgX3F9X6TZFGCY7hBM4ggEuowx00IAQCj/AMr/DmKe/Fe/c+5q0rXjFzBH/gff4AdwOOlw==</latexit><latexit sha1_base64="ZaYdx3C6ATxvHo9k9PfTMpOIjSk=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knNbmPIekGvUvVr/gxomQQFqUKBRq/y1e0rkgkqLeHYmE7gpzbKsbaMcDopdzNDU0xGeEA7jkosqIny2bUTdOqUPkqUdiUtmqm/J3IsjBmL2HUKbIdm0ZuK/3mdzCZXUc5kmlkqyXxRknFkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq7EILFl5dJeF67rgX3F9X6TZFGCY7hBM4ggEuowx00IAQCj/AMr/DmKe/Fe/c+5q0rXjFzBH/gff4AdwOOlw==</latexit><latexit sha1_base64="ZaYdx3C6ATxvHo9k9PfTMpOIjSk=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIljA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odY0M5kzS0zHLaTjXFIua0FY9up37riWrDlHyw45RGAg8kSxjB1knNbmPIekGvUvVr/gxomQQFqUKBRq/y1e0rkgkqLeHYmE7gpzbKsbaMcDopdzNDU0xGeEA7jkosqIny2bUTdOqUPkqUdiUtmqm/J3IsjBmL2HUKbIdm0ZuK/3mdzCZXUc5kmlkqyXxRknFkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq7EILFl5dJeF67rgX3F9X6TZFGCY7hBM4ggEuowx00IAQCj/AMr/DmKe/Fe/c+5q0rXjFzBH/gff4AdwOOlw==</latexit>

�2
<latexit sha1_base64="zddiCCXy8d/fH0Uo9hC6/UoOO5k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMG2hDWWz3bRrN7thdyOE0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gkntzO/80SVZlI8mCyhQYxHgkWMYGOldr81ZoPGoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdBXkTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/bru3V/UmjdFGmU4gVM4Bw8uoQl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXiGjpg=</latexit><latexit sha1_base64="zddiCCXy8d/fH0Uo9hC6/UoOO5k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMG2hDWWz3bRrN7thdyOE0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gkntzO/80SVZlI8mCyhQYxHgkWMYGOldr81ZoPGoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdBXkTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/bru3V/UmjdFGmU4gVM4Bw8uoQl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXiGjpg=</latexit><latexit sha1_base64="zddiCCXy8d/fH0Uo9hC6/UoOO5k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMG2hDWWz3bRrN7thdyOE0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gkntzO/80SVZlI8mCyhQYxHgkWMYGOldr81ZoPGoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdBXkTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/bru3V/UmjdFGmU4gVM4Bw8uoQl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXiGjpg=</latexit><latexit sha1_base64="zddiCCXy8d/fH0Uo9hC6/UoOO5k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMG2hDWWz3bRrN7thdyOE0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tUEeoTyaXqhlhTzgT1DTOcdhNFcRxy2gkntzO/80SVZlI8mCyhQYxHgkWMYGOldr81ZoPGoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsdY9z01MkGNlGOF0WumnmiaYTPCI9iwVOKY6yOfXTtGZVYYoksqWMGiu/p7Icax1Foe2M8ZmrJe9mfif10tNdBXkTCSpoYIsFkUpR0ai2etoyBQlhmeWYKKYvRWRMVaYGBtQxYbgLb+8SvxG/bru3V/UmjdFGmU4gVM4Bw8uoQl30AIfCDzCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AXiGjpg=</latexit>

<latexit sha1_base64="tpbT7m8xf3RnmwJ/BwpD88a26+U="></latexit>

✓̄ +
a

va
(2xQL � xUR � xDR)

2HDM has enough new dofs

�LY = Q̄L YD �1 DR + Q̄L YU �2 UR
<latexit sha1_base64="8oiC4xxK3XpQQcmkq/fi7cNdxFI="></latexit><latexit sha1_base64="8oiC4xxK3XpQQcmkq/fi7cNdxFI="></latexit><latexit sha1_base64="8oiC4xxK3XpQQcmkq/fi7cNdxFI="></latexit><latexit sha1_base64="8oiC4xxK3XpQQcmkq/fi7cNdxFI="></latexit>

Peccei & Quinn, PRL38 (1977) 
Weinberg, PRL40 (1978) 
Wilczek, PRL40 (1978)

SoluBons: PQWW Axion

3Luca Merlo, Mass Genera4on for ALPs, Lomonosov 2025



IF the axion acquires a vanishing VEV, then the 
Strong CP Problem is solved!

LQCD ⇢ ↵s

8⇡

a

fa
Gµ⌫

eGµ⌫

<latexit sha1_base64="ju1X0AqoqeCiXNS4vb/SgBHxsYU="></latexit><latexit sha1_base64="ju1X0AqoqeCiXNS4vb/SgBHxsYU="></latexit><latexit sha1_base64="ju1X0AqoqeCiXNS4vb/SgBHxsYU="></latexit><latexit sha1_base64="ju1X0AqoqeCiXNS4vb/SgBHxsYU="></latexit>

By using the chiral perturba4on theory, it is possible to derive the effec4ve 
scalar poten4al of the axion:

V (a) = �m2
⇡f

2
⇡

s

1� 4mumd

(mu +md)2
sin2

✓
a

2fa

◆

<latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="3hTsIWB/RkDg+bw8VHsGhJZH78g="></latexit><latexit sha1_base64="3hTsIWB/RkDg+bw8VHsGhJZH78g="></latexit><latexit sha1_base64="5F/es9kvjEzKIOfA39YMBpvXZlc="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit><latexit sha1_base64="BoT3apJmZeUzvw1QbBZNCL4NQHE="></latexit>

See Grilli, Hardy, Pardo & Villadoro, 1511.02867

As       is a GB, shid symmetry can be used to absorb <latexit sha1_base64="pwSRtqesExwSYf7sWZ7pVUawZ+A=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gt5nffuLaiFg94iThfkSHSoSCUbTSAy31yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9KdUomOSzUi81PKFsTIe8a6miETf+dH7pjJxZZUDCWNtSSObq74kpjYyZRIHtjCiOzLKXif953RTDa38qVJIiV2yxKEwlwZhkb5OB0JyhnFhCmRb2VsJGVFOGNpwsBG/55VXSuqh6tWrt/rJSv8njKMIJnMI5eHAFdbiDBjSBQQjP8Apvzth5cd6dj0VrwclnjuEPnM8f+1yNBA==</latexit>a ✓̄
<latexit sha1_base64="4J43P84OLjTVlCkgNfPYY39ev2o=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtsQplst+3SzSbsToQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluR2C4FIr7KFDydqo5xJHkrWh0M/VbT1wbkah7HKc8jGGgRF8wQCs9BhHoAIccoVutuXV3BrpMvILUSIFmt/oV9BKWxVwhk2BMx3NTDHPQKJjkk0qQGZ4CG8GAdyxVEHMT5rOLJ/TEKj3aT7QthXSm/p7IITZmHEe2MwYcmkVvKv7ndTLsX4a5UGmGXLH5on4mKSZ0+j7tCc0ZyrElwLSwt1I2BA0MbUgVG4K3+PIy8c/qV3Xv7rzWuC7SKJMjckxOiUcuSIPckibxCSOKPJNX8uYY58V5dz7mrSWnmDkkf+B8/gAOHZC1</latexit><latexit sha1_base64="4J43P84OLjTVlCkgNfPYY39ev2o=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtsQplst+3SzSbsToQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluR2C4FIr7KFDydqo5xJHkrWh0M/VbT1wbkah7HKc8jGGgRF8wQCs9BhHoAIccoVutuXV3BrpMvILUSIFmt/oV9BKWxVwhk2BMx3NTDHPQKJjkk0qQGZ4CG8GAdyxVEHMT5rOLJ/TEKj3aT7QthXSm/p7IITZmHEe2MwYcmkVvKv7ndTLsX4a5UGmGXLH5on4mKSZ0+j7tCc0ZyrElwLSwt1I2BA0MbUgVG4K3+PIy8c/qV3Xv7rzWuC7SKJMjckxOiUcuSIPckibxCSOKPJNX8uYY58V5dz7mrSWnmDkkf+B8/gAOHZC1</latexit><latexit sha1_base64="4J43P84OLjTVlCkgNfPYY39ev2o=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtsQplst+3SzSbsToQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluR2C4FIr7KFDydqo5xJHkrWh0M/VbT1wbkah7HKc8jGGgRF8wQCs9BhHoAIccoVutuXV3BrpMvILUSIFmt/oV9BKWxVwhk2BMx3NTDHPQKJjkk0qQGZ4CG8GAdyxVEHMT5rOLJ/TEKj3aT7QthXSm/p7IITZmHEe2MwYcmkVvKv7ndTLsX4a5UGmGXLH5on4mKSZ0+j7tCc0ZyrElwLSwt1I2BA0MbUgVG4K3+PIy8c/qV3Xv7rzWuC7SKJMjckxOiUcuSIPckibxCSOKPJNX8uYY58V5dz7mrSWnmDkkf+B8/gAOHZC1</latexit><latexit sha1_base64="4J43P84OLjTVlCkgNfPYY39ev2o=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtsQplst+3SzSbsToQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvSqUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluR2C4FIr7KFDydqo5xJHkrWh0M/VbT1wbkah7HKc8jGGgRF8wQCs9BhHoAIccoVutuXV3BrpMvILUSIFmt/oV9BKWxVwhk2BMx3NTDHPQKJjkk0qQGZ4CG8GAdyxVEHMT5rOLJ/TEKj3aT7QthXSm/p7IITZmHEe2MwYcmkVvKv7ndTLsX4a5UGmGXLH5on4mKSZ0+j7tCc0ZyrElwLSwt1I2BA0MbUgVG4K3+PIy8c/qV3Xv7rzWuC7SKJMjckxOiUcuSIPckibxCSOKPJNX8uYY58V5dz7mrSWnmDkkf+B8/gAOHZC1</latexit>

<latexit sha1_base64="tpbT7m8xf3RnmwJ/BwpD88a26+U="></latexit>

✓̄ +
a

va
(2xQL � xUR � xDR)

Minimum indeed in                          and  hai = 0
<latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="cHWCmPQ8Mff+EwxFEjcnE7CRBuk=">AAAB73icbZBPS8MwGMbfzn9zTq27egkOwdNovagHQfDicYJ1g62MNHu7haVpSVJxlH0VLx5U/Dbe/DZm3Q66+UDgx/MkvG+eKBNcG8/7diobm1vbO9Xd2l59/+DQPao/6jRXDAOWilR1I6pRcImB4UZgN1NIk0hgJ5rczvPOEyrNU/lgphmGCR1JHnNGjbUGbqMvqBwJJLSvSrj2Bm7Ta3mlyDr4S2jCUu2B+9UfpixPUBomqNY938tMWFBlOBM4q/VzjRllEzrCnkVJE9RhUe4+I6fWGZI4VfZIQ0r394uCJlpPk8jeTKgZ69Vsbv6X9XITX4YFl1luULLFoDgXxKRkXgQZcoXMiKkFyhS3uxI2pooyY+uq2RL81S+vQ3Deumr59x5U4RhO4Ax8uIAbuIM2BMDgGV7gDd6dmfPqfCzaqjjL2hrwR87nD1kLkmA=</latexit><latexit sha1_base64="cHWCmPQ8Mff+EwxFEjcnE7CRBuk=">AAAB73icbZBPS8MwGMbfzn9zTq27egkOwdNovagHQfDicYJ1g62MNHu7haVpSVJxlH0VLx5U/Dbe/DZm3Q66+UDgx/MkvG+eKBNcG8/7diobm1vbO9Xd2l59/+DQPao/6jRXDAOWilR1I6pRcImB4UZgN1NIk0hgJ5rczvPOEyrNU/lgphmGCR1JHnNGjbUGbqMvqBwJJLSvSrj2Bm7Ta3mlyDr4S2jCUu2B+9UfpixPUBomqNY938tMWFBlOBM4q/VzjRllEzrCnkVJE9RhUe4+I6fWGZI4VfZIQ0r394uCJlpPk8jeTKgZ69Vsbv6X9XITX4YFl1luULLFoDgXxKRkXgQZcoXMiKkFyhS3uxI2pooyY+uq2RL81S+vQ3Deumr59x5U4RhO4Ax8uIAbuIM2BMDgGV7gDd6dmfPqfCzaqjjL2hrwR87nD1kLkmA=</latexit><latexit sha1_base64="Fg3t3hDi1iAlrn3EJKtidwcvARk=">AAAB+nicbZBNS8NAEIY39avWr1qPXhaL4KkkXtSDUvDisYLRQhPKZDttl242YXcjltK/4sWDild/iTf/jds0B219YeHhnRlm9o1SwbVx3W+ntLK6tr5R3qxsbe/s7lX3a/c6yRRDnyUiUe0INAou0TfcCGynCiGOBD5Eo+tZ/eERleaJvDPjFMMYBpL3OQNjrW61FgiQA4EUApXDpdut1t2Gm4sug1dAnRRqdatfQS9hWYzSMAFadzw3NeEElOFM4LQSZBpTYCMYYMeihBh1OMlvn9Jj6/RoP1H2SUNz9/fEBGKtx3FkO2MwQ71Ym5n/1TqZ6Z+HEy7TzKBk80X9TFCT0FkQtMcVMiPGFoApbm+lbAgKmLFxVWwI3uKXl8E/bVw0vFu33rwq0iiTQ3JETohHzkiT3JAW8QkjT+SZvJI3Z+q8OO/Ox7y15BQzB+SPnM8fsm6TvQ==</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit><latexit sha1_base64="GKrqu6BGeAbz5kNTjV4lqYIW8cU=">AAAB+nicbZDNSsNAFIVv6l+tf7Eu3QwWwVVJRFAXSsGNywrGFppQJtNJO3QyCTMTsYS+ihsXKm59Ene+jdM0C209MPBx7r3cOydMOVPacb6tysrq2vpGdbO2tb2zu2fv1x9UkklCPZLwRHZDrChngnqaaU67qaQ4DjnthOObWb3zSKViibjXk5QGMR4KFjGCtbH6dt3nWAw5RdiXBVw5fbvhNJ1CaBncEhpQqt23v/xBQrKYCk04VqrnOqkOciw1I5xOa36maIrJGA9pz6DAMVVBXtw+RcfGGaAokeYJjQr390SOY6UmcWg6Y6xHarE2M/+r9TIdXQQ5E2mmqSDzRVHGkU7QLAg0YJISzScGMJHM3IrICEtMtImrZkJwF7+8DN5p87Lp3p01WtdlGlU4hCM4ARfOoQW30AYPCDzBM7zCmzW1Xqx362PeWrHKmQP4I+vzB7Ouk8E=</latexit>

m2
a =

mu md

(mu +md)2
m2

⇡f
2
⇡

f2
a

<latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="UzWI6ktTSR4ZHUP1BEFCq55IKeY=">AAACHXicbZDfSsMwFMZP/Tvn1OqtN8UhTJTR7ka9EAbeeDnBucG6lTRNt7CkLUkqjNLX8cZX8UZBZW9jug3RzQMhP74vh5Pz+QmjUtn21Fhb39jc2i7tlHcre/sH5mHlUcapwKSNYxaLro8kYTQibUUVI91EEMR9Rjr++LbwO09ESBpHD2qSkD5Hw4iGFCOlJc9scg8NGjduEAqEM+6l7gX3gjyraTzXdDZo5D+mm9BBI5xfeRYWnblnVu26PStrFZwFVGFRLc98d4MYp5xECjMkZc+xE9XPkFAUM5KX3VSSBOExGpKexghxIvvZbNPcOtVKYIWx0CdS1kz93ZEhLuWE+/olR2okl71C/M/rpSq86mc0SlJFIjwfFKbMUrFVxGYFVBCs2EQDwoLqv1p4hHQsSodb1iE4yyuvQrtRv6479zaU4BhOoAYOXEIT7qAFbcDwDK/wAZ/Gi/FmfM3TWjMWsR3BnzKm3xT+pUU=</latexit><latexit sha1_base64="UzWI6ktTSR4ZHUP1BEFCq55IKeY=">AAACHXicbZDfSsMwFMZP/Tvn1OqtN8UhTJTR7ka9EAbeeDnBucG6lTRNt7CkLUkqjNLX8cZX8UZBZW9jug3RzQMhP74vh5Pz+QmjUtn21Fhb39jc2i7tlHcre/sH5mHlUcapwKSNYxaLro8kYTQibUUVI91EEMR9Rjr++LbwO09ESBpHD2qSkD5Hw4iGFCOlJc9scg8NGjduEAqEM+6l7gX3gjyraTzXdDZo5D+mm9BBI5xfeRYWnblnVu26PStrFZwFVGFRLc98d4MYp5xECjMkZc+xE9XPkFAUM5KX3VSSBOExGpKexghxIvvZbNPcOtVKYIWx0CdS1kz93ZEhLuWE+/olR2okl71C/M/rpSq86mc0SlJFIjwfFKbMUrFVxGYFVBCs2EQDwoLqv1p4hHQsSodb1iE4yyuvQrtRv6479zaU4BhOoAYOXEIT7qAFbcDwDK/wAZ/Gi/FmfM3TWjMWsR3BnzKm3xT+pUU=</latexit><latexit sha1_base64="AJUiu2ZA2jcP9hpLFYwqmycJ8AI=">AAACKHicbZBPS8MwGMbT+W/Of1WPXopDmCij7UU9KAMvHidYN1i3kqbpFpa0JUmFUfp1vPhVvCio7OonMd2K6PSFkB/P874k7+MnlAhpmlOtsrS8srpWXa9tbG5t7+i7e/ciTjnCDoppzLs+FJiSCDuSSIq7CceQ+RR3/PF14XceMBckju7kJMF9BocRCQmCUkme3mIeHNiXbhByiDLmpe4p84I8ayg8UXQ8sPNv003IwA7nV56FxWTu6XWzac7K+AtWCXVQVtvTX90gRinDkUQUCtGzzET2M8glQRTnNTcVOIFoDIe4pzCCDIt+Nts0N46UEhhhzNWJpDFTf05kkAkxYb7qZFCOxKJXiP95vVSG5/2MREkqcYTmD4UpNWRsFLEZAeEYSTpRABEn6q8GGkEVi1Th1lQI1uLKf8GxmxdN69ast67KNKrgAByCBrDAGWiBG9AGDkDgETyDN/CuPWkv2oc2nbdWtHJmH/wq7fMLN/2m0A==</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit><latexit sha1_base64="RdSsm7iEe6r47+7UPLN52BM3rM4=">AAACKHicbZBdS8MwFIbT+TXnV9VLb4JDmCijLYJ6oQy88XKCc4N1K2mabmFJW5JUGKV/xxv/ijcKKrv1l5h9ILp5IOThfc8hOa+fMCqVZY2MwtLyyupacb20sbm1vWPu7j3IOBWYNHDMYtHykSSMRqShqGKklQiCuM9I0x/cjP3mIxGSxtG9Giakw1EvoiHFSGnJM2vcQ13nyg1CgXDGvdQ95V6QZxWNJ5qOu07+Y7oJ7Trh9MqzcDyZe2bZqlqTgotgz6AMZlX3zDc3iHHKSaQwQ1K2bStRnQwJRTEjeclNJUkQHqAeaWuMECeyk002zeGRVgIYxkKfSMGJ+nsiQ1zKIfd1J0eqL+e9sfif105VeNHJaJSkikR4+lCYMqhiOI4NBlQQrNhQA8KC6r9C3Ec6FqXDLekQ7PmVF6HhVC+r9t1ZuXY9S6MIDsAhqAAbnIMauAV10AAYPIEX8A4+jGfj1fg0RtPWgjGb2Qd/yvj6Bjk9ptQ=</latexit>

<latexit sha1_base64="kI9xjgQ6ndMTwT8r0vCP/EXmz4k="></latexit>

ma ' 5.7µeV

✓
1012 GeV

fa

◆

4Luca Merlo, Mass Genera4on for ALPs, Lomonosov 2025



Everything seems working BUT                                                             and the axion 
coupling to photons is strongly constrained!

fa ⇠
q

v21 + v22 ⇠ 100GeV
<latexit sha1_base64="1Vlifmf7wzwnxC/cqUf1j62TqHs=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIKghN0gqBcJeNCjgpsI2XWZnfTq4OzDmd5gWPIXXvwVLx5UvIo3/8bJ46DGgoaiqpvurjCTQqNtf1kTk1PTM7Nz86WFxaXllfLqWkOnueLg8lSm6jJkGqRIwEWBEi4zBSwOJTTD2+O+3+yA0iJNLrCbgR+z60REgjM0UlCuRgHztIipp+8UFp3AuartdILaVa03kB3b9nY9hHssTqDRC8oVu2oPQMeJMyIVMsJZUP702inPY0iQS6Z1y7Ez9AumUHAJvZKXa8gYv2XX0DI0YTFovxj81aNbRmnTKFWmEqQD9edEwWKtu3FoOmOGN/qv1xf/81o5Rgd+IZIsR0j4cFGUS4op7YdE20IBR9k1hHElzK2U3zDFOJooSyYE5+/L48StVQ+rzvlepX40SmOObJBNsk0csk/q5JScEZdw8kCeyAt5tR6tZ+vNeh+2TlijmXXyC9bHN8sVnqE=</latexit><latexit sha1_base64="1Vlifmf7wzwnxC/cqUf1j62TqHs=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIKghN0gqBcJeNCjgpsI2XWZnfTq4OzDmd5gWPIXXvwVLx5UvIo3/8bJ46DGgoaiqpvurjCTQqNtf1kTk1PTM7Nz86WFxaXllfLqWkOnueLg8lSm6jJkGqRIwEWBEi4zBSwOJTTD2+O+3+yA0iJNLrCbgR+z60REgjM0UlCuRgHztIipp+8UFp3AuartdILaVa03kB3b9nY9hHssTqDRC8oVu2oPQMeJMyIVMsJZUP702inPY0iQS6Z1y7Ez9AumUHAJvZKXa8gYv2XX0DI0YTFovxj81aNbRmnTKFWmEqQD9edEwWKtu3FoOmOGN/qv1xf/81o5Rgd+IZIsR0j4cFGUS4op7YdE20IBR9k1hHElzK2U3zDFOJooSyYE5+/L48StVQ+rzvlepX40SmOObJBNsk0csk/q5JScEZdw8kCeyAt5tR6tZ+vNeh+2TlijmXXyC9bHN8sVnqE=</latexit><latexit sha1_base64="1Vlifmf7wzwnxC/cqUf1j62TqHs=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIKghN0gqBcJeNCjgpsI2XWZnfTq4OzDmd5gWPIXXvwVLx5UvIo3/8bJ46DGgoaiqpvurjCTQqNtf1kTk1PTM7Nz86WFxaXllfLqWkOnueLg8lSm6jJkGqRIwEWBEi4zBSwOJTTD2+O+3+yA0iJNLrCbgR+z60REgjM0UlCuRgHztIipp+8UFp3AuartdILaVa03kB3b9nY9hHssTqDRC8oVu2oPQMeJMyIVMsJZUP702inPY0iQS6Z1y7Ez9AumUHAJvZKXa8gYv2XX0DI0YTFovxj81aNbRmnTKFWmEqQD9edEwWKtu3FoOmOGN/qv1xf/81o5Rgd+IZIsR0j4cFGUS4op7YdE20IBR9k1hHElzK2U3zDFOJooSyYE5+/L48StVQ+rzvlepX40SmOObJBNsk0csk/q5JScEZdw8kCeyAt5tR6tZ+vNeh+2TlijmXXyC9bHN8sVnqE=</latexit><latexit sha1_base64="1Vlifmf7wzwnxC/cqUf1j62TqHs=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIKghN0gqBcJeNCjgpsI2XWZnfTq4OzDmd5gWPIXXvwVLx5UvIo3/8bJ46DGgoaiqpvurjCTQqNtf1kTk1PTM7Nz86WFxaXllfLqWkOnueLg8lSm6jJkGqRIwEWBEi4zBSwOJTTD2+O+3+yA0iJNLrCbgR+z60REgjM0UlCuRgHztIipp+8UFp3AuartdILaVa03kB3b9nY9hHssTqDRC8oVu2oPQMeJMyIVMsJZUP702inPY0iQS6Z1y7Ez9AumUHAJvZKXa8gYv2XX0DI0YTFovxj81aNbRmnTKFWmEqQD9edEwWKtu3FoOmOGN/qv1xf/81o5Rgd+IZIsR0j4cFGUS4op7YdE20IBR9k1hHElzK2U3zDFOJooSyYE5+/L48StVQ+rzvlepX40SmOObJBNsk0csk/q5JScEZdw8kCeyAt5tR6tZ+vNeh+2TlijmXXyC9bHN8sVnqE=</latexit>

PQWW model  
excluded!!                

mafa = const

QCD axion:

fa > 109 GeV
<latexit sha1_base64="t/w0e574C9z/e8hqM3d3PmsWZBk=">AAAB/HicbVDJSgNBEO1xjXGLy83LYBA8SJgRQXORoAc9RnCSQGYMPZ2apEnPQneNGIfgr3jxoOLVD/Hm39hZDpr4oODxXhVV9fxEcIWW9W3MzS8sLi3nVvKra+sbm4Wt7ZqKU8nAYbGIZcOnCgSPwEGOAhqJBBr6Aup+73Lo1+9BKh5Ht9hPwAtpJ+IBZxS11CrsBi16blt3ZffIRXjA7Apqg1ahaJWsEcxZYk9IkUxQbRW+3H bM0hAiZIIq1bStBL2MSuRMwCDvpgoSynq0A01NIxqC8rLR9QPzQCttM4ilrgjNkfp7IqOhUv3Q150hxa6a9obif14zxeDMy3iUpAgRGy8KUmFibA6jMNtcAkPR14QyyfWtJutSSRnqwPI6BHv65VniHJfKJfvmpFi5mKSRI3tknxwSm5ySCrkmVeIQRh7JM3klb8aT8WK8Gx/j1jljMrND/sD4/AGnmZRG</latexit><latexit sha1_base64="t/w0e574C9z/e8hqM3d3PmsWZBk=">AAAB/HicbVDJSgNBEO1xjXGLy83LYBA8SJgRQXORoAc9RnCSQGYMPZ2apEnPQneNGIfgr3jxoOLVD/Hm39hZDpr4oODxXhVV9fxEcIWW9W3MzS8sLi3nVvKra+sbm4Wt7ZqKU8nAYbGIZcOnCgSPwEGOAhqJBBr6Aup+73Lo1+9BKh5Ht9hPwAtpJ+IBZxS11CrsBi16blt3ZffIRXjA7Apqg1ahaJWsEcxZYk9IkUxQbRW+3H bM0hAiZIIq1bStBL2MSuRMwCDvpgoSynq0A01NIxqC8rLR9QPzQCttM4ilrgjNkfp7IqOhUv3Q150hxa6a9obif14zxeDMy3iUpAgRGy8KUmFibA6jMNtcAkPR14QyyfWtJutSSRnqwPI6BHv65VniHJfKJfvmpFi5mKSRI3tknxwSm5ySCrkmVeIQRh7JM3klb8aT8WK8Gx/j1jljMrND/sD4/AGnmZRG</latexit><latexit sha1_base64="t/w0e574C9z/e8hqM3d3PmsWZBk=">AAAB/HicbVDJSgNBEO1xjXGLy83LYBA8SJgRQXORoAc9RnCSQGYMPZ2apEnPQneNGIfgr3jxoOLVD/Hm39hZDpr4oODxXhVV9fxEcIWW9W3MzS8sLi3nVvKra+sbm4Wt7ZqKU8nAYbGIZcOnCgSPwEGOAhqJBBr6Aup+73Lo1+9BKh5Ht9hPwAtpJ+IBZxS11CrsBi16blt3ZffIRXjA7Apqg1ahaJWsEcxZYk9IkUxQbRW+3H bM0hAiZIIq1bStBL2MSuRMwCDvpgoSynq0A01NIxqC8rLR9QPzQCttM4ilrgjNkfp7IqOhUv3Q150hxa6a9obif14zxeDMy3iUpAgRGy8KUmFibA6jMNtcAkPR14QyyfWtJutSSRnqwPI6BHv65VniHJfKJfvmpFi5mKSRI3tknxwSm5ySCrkmVeIQRh7JM3klb8aT8WK8Gx/j1jljMrND/sD4/AGnmZRG</latexit><latexit sha1_base64="t/w0e574C9z/e8hqM3d3PmsWZBk=">AAAB/HicbVDJSgNBEO1xjXGLy83LYBA8SJgRQXORoAc9RnCSQGYMPZ2apEnPQneNGIfgr3jxoOLVD/Hm39hZDpr4oODxXhVV9fxEcIWW9W3MzS8sLi3nVvKra+sbm4Wt7ZqKU8nAYbGIZcOnCgSPwEGOAhqJBBr6Aup+73Lo1+9BKh5Ht9hPwAtpJ+IBZxS11CrsBi16blt3ZffIRXjA7Apqg1ahaJWsEcxZYk9IkUxQbRW+3H bM0hAiZIIq1bStBL2MSuRMwCDvpgoSynq0A01NIxqC8rLR9QPzQCttM4ilrgjNkfp7IqOhUv3Q150hxa6a9obif14zxeDMy3iUpAgRGy8KUmFibA6jMNtcAkPR14QyyfWtJutSSRnqwPI6BHv65VniHJfKJfvmpFi5mKSRI3tknxwSm5ySCrkmVeIQRh7JM3klb8aT8WK8Gx/j1jljMrND/sD4/AGnmZRG</latexit>
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<latexit sha1_base64="TOsa9x4VCxIjNuJxZkZGj3PQYtk=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiRpTeuu6MZlBfuAppTJdNIOnUzCzEQIof6KGxeKuPVD3Pk3TtoKKnrgwuGce7n3Hj9mVCrL+jAKa+sbm1vF7dLO7t7+gXl41JVRIjDp4IhFou8jSRjlpKOoYqQfC4JCn5GeP7vK/d4dEZJG/FalMRmGaMJpQDFSWhqZZU/SEHrjQCCc2fMsGKH5yKxY1Yum65w70KpaVsOpuTlxGnWnBm2t5KiAFdoj890bRzgJCVeYISkHthWrYYaEopiReclLJIkRnqEJGWjKUUjkMFscP4enWhnDIBK6uIIL9ftEhkIp09DXnSFSU/nby8W/vEGiguYwozxOFOF4uShIGFQRzJOAYyoIVizVBGFB9a0QT5HOQem8SjqEr0/h/6TrVG236t7UK63LVRxFcAxOwBmwQQO0wDVogw7AIAUP4Ak8G/fGo/FivC5bC8Zqpgx+wHj7BCNylSA=</latexit>

⇠ 1

fa
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SoluBons: Invisible Axions
Add addi4onal NP such that

DFSZ Models
Zhitnitsky 1980 
Dine, Fescler, Sredniki 1981 

SM fermions 
2 EW scalar doublet 
1 EW scalar singlet 

KSVZ Models
Kim 1979,  
Shifman, Vainshtein, Zakharov 1980 

SM + Exo4c quarks 
1 EW scalar doublet 
1 EW scalar singlet 

Idea: the VEV of the new singlet is the axion scale!

<latexit sha1_base64="b9RF7meA8SJRPQ7AbMYYeDrdWkY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1ZUURHBZwT6gCWEynaRDJw9mbkpL6K+4caGIW3/EnX/jtM1CWw9cOJxzL/fe46eCK7Csb6O0sbm1vVPereztHxwemcfVjkoySVmbJiKRPZ8oJnjM2sBBsF4qGYl8wbr+6G7ud8dMKp7ETzBNmRuRMOYBpwS05JnVwCNOGOKx5wCbQH7fnXlmzapbC+B1Yhekhgq0PPPLGSQ0i1gMVBCl+raVgpsTCZwKNqs4mWIpoSMSsr6mMYmYcvPF7TN8rpUBDhKpKwa8UH9P5CRSahr5ujMiMFSr3lz8z+tnENy4OY/TDFhMl4uCTGBI8DwIPOCSURBTTQiVXN+K6ZBIQkHHVdEh2Ksvr5POZd1u1BuPV7XmbRFHGZ2iM3SBbHSNmugBtVAbUTRBz+gVvRkz48V4Nz6WrSWjmDlBf2B8/gDsW5Rg</latexit>

fa � vEW
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Other SoluBons (ExoBcs/Baroques)

 Models with mul4ple axions [many papers]

 Models with DARK QCD sector and kine4c mixing with SM QCD [many papers]

 Axions from CHM LM, Pobbe & Rigolin,  EPJC78 (2018) 
Brivio et al., Chin. J. Phys. 61 (2019) 

Gherghega & Nguyen, JHEP12 (2020)

Flaxion: U(1)PQ ⌘ U(1)FN
<latexit sha1_base64="NqEXy3yFCdZAhvrxZ1PIqwVVmoc=">AAACAXicbVDLSsNAFL3xWesr6krcDBahbkoigrorCuJKWjC20IYwmU7boZOHM5NCCcGNv+LGhYpb/8Kdf+O0zUJbD1w4c869zL3HjzmTyrK+jYXFpeWV1cJacX1jc2vb3Nm9l1EiCHVIxCPR9LGknIXUUUxx2owFxYHPacMfXI39xpAKyaLwTo1i6ga4F7IuI1hpyTP3nbJ97KW1etamDwkboun7+jbzzJJVsSZA88TOSQly1Dzzq92JSBLQUBGOpWzZVqzcFAvFCKdZsZ1IGmMywD3a0jTEAZVuOjkhQ0da6aBuJHSFCk3U3xMpDqQcBb7uDLDqy1lvLP7ntRLVPXdTFsaJoiGZftRNOFIRGueBOkxQovhIE0wE07si0scCE6VTK+oQ7NmT54lzUrmo2PXTUvUyT6MAB3AIZbDhDKpwAzVwgMAjPMMrvBlPxovxbnxMWxeMfGYP/sD4/AFb5ZWw</latexit><latexit sha1_base64="NqEXy3yFCdZAhvrxZ1PIqwVVmoc=">AAACAXicbVDLSsNAFL3xWesr6krcDBahbkoigrorCuJKWjC20IYwmU7boZOHM5NCCcGNv+LGhYpb/8Kdf+O0zUJbD1w4c869zL3HjzmTyrK+jYXFpeWV1cJacX1jc2vb3Nm9l1EiCHVIxCPR9LGknIXUUUxx2owFxYHPacMfXI39xpAKyaLwTo1i6ga4F7IuI1hpyTP3nbJ97KW1etamDwkboun7+jbzzJJVsSZA88TOSQly1Dzzq92JSBLQUBGOpWzZVqzcFAvFCKdZsZ1IGmMywD3a0jTEAZVuOjkhQ0da6aBuJHSFCk3U3xMpDqQcBb7uDLDqy1lvLP7ntRLVPXdTFsaJoiGZftRNOFIRGueBOkxQovhIE0wE07si0scCE6VTK+oQ7NmT54lzUrmo2PXTUvUyT6MAB3AIZbDhDKpwAzVwgMAjPMMrvBlPxovxbnxMWxeMfGYP/sD4/AFb5ZWw</latexit><latexit sha1_base64="NqEXy3yFCdZAhvrxZ1PIqwVVmoc=">AAACAXicbVDLSsNAFL3xWesr6krcDBahbkoigrorCuJKWjC20IYwmU7boZOHM5NCCcGNv+LGhYpb/8Kdf+O0zUJbD1w4c869zL3HjzmTyrK+jYXFpeWV1cJacX1jc2vb3Nm9l1EiCHVIxCPR9LGknIXUUUxx2owFxYHPacMfXI39xpAKyaLwTo1i6ga4F7IuI1hpyTP3nbJ97KW1etamDwkboun7+jbzzJJVsSZA88TOSQly1Dzzq92JSBLQUBGOpWzZVqzcFAvFCKdZsZ1IGmMywD3a0jTEAZVuOjkhQ0da6aBuJHSFCk3U3xMpDqQcBb7uDLDqy1lvLP7ntRLVPXdTFsaJoiGZftRNOFIRGueBOkxQovhIE0wE07si0scCE6VTK+oQ7NmT54lzUrmo2PXTUvUyT6MAB3AIZbDhDKpwAzVwgMAjPMMrvBlPxovxbnxMWxeMfGYP/sD4/AFb5ZWw</latexit><latexit sha1_base64="NqEXy3yFCdZAhvrxZ1PIqwVVmoc=">AAACAXicbVDLSsNAFL3xWesr6krcDBahbkoigrorCuJKWjC20IYwmU7boZOHM5NCCcGNv+LGhYpb/8Kdf+O0zUJbD1w4c869zL3HjzmTyrK+jYXFpeWV1cJacX1jc2vb3Nm9l1EiCHVIxCPR9LGknIXUUUxx2owFxYHPacMfXI39xpAKyaLwTo1i6ga4F7IuI1hpyTP3nbJ97KW1etamDwkboun7+jbzzJJVsSZA88TOSQly1Dzzq92JSBLQUBGOpWzZVqzcFAvFCKdZsZ1IGmMywD3a0jTEAZVuOjkhQ0da6aBuJHSFCk3U3xMpDqQcBb7uDLDqy1lvLP7ntRLVPXdTFsaJoiGZftRNOFIRGueBOkxQovhIE0wE07si0scCE6VTK+oQ7NmT54lzUrmo2PXTUvUyT6MAB3AIZbDhDKpwAzVwgMAjPMMrvBlPxovxbnxMWxeMfGYP/sD4/AFb5ZWw</latexit>

Ema, Hamaguchi, Moroi & Nakayama, JHEP 1701 (2017) 
Calibbi,  Goertz, Redigolo, Ziegler & Zupan, PR D95 (2017) 

MFV Axion:
<latexit sha1_base64="EHV39uDyS1glXVGi/4i6nJ5JXSU=">AAACAHicbVDLTsJAFJ3iC/FVdeHCzURiAhvS+kCXRDcuIbFAArWZDlOYMJ02M1MT0nTjr7hxoTFu/Qx3/o0DdKHgSW5ycs69ufceP2ZUKsv6Ngorq2vrG8XN0tb2zu6euX/QllEiMHFwxCLR9ZEkjHLiKKoY6caCoNBnpOOPb6d+55EISSN+ryYxcUM05DSgGCkteeaRU7GrXtpsZX2Z+JIo6FTOqw+Xnlm2atYMcJnYOSmDHE3P/OoPIpyEhCvMkJQ924qVmyKhKGYkK/UTSWKEx2hIeppyFBLpprMHMniqlQEMIqGLKzhTf0+kKJRyEvq6M0RqJBe9qfif10tUcO2mlMeJIhzPFwUJgyqC0zTggAqCFZtogrCg+laIR0ggrHRmJR2CvfjyMmmf1ex6rd66KDdu8jiK4BicgAqwwRVogDvQBA7AIAPP4BW8GU/Gi/FufMxbC0Y+cwj+wPj8AT4SlOk=</latexit>

U(1)PQ ⇢ U(3)5
Arias-Aragón & LM, JHEP 1710 (2017) 168

Extended Majoron:
<latexit sha1_base64="wB1uhK3qT6EkbC4RMxXOBOEZelg=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCKkuVIFQYK1gYGFqJtJXaKHJcp7XqOMF2KlWhA7/CwgBCrPwGG3+Dm2aAliNd6fice+V7jx8zKpVlfRuFldW19Y3iZmlre2d3z9w/aMkoEZg4OGKR6PhIEkY5cRRVjHRiQVDoM9L2Rzczvz0mQtKI36tJTNwQDTgNKEZKS5555FTsMy9tNKc98pDQMczed55ZtqpWBrhM7JyUQY6GZ371+hFOQsIVZkjKrm3Fyk2RUBQzMi31EklihEdoQLqachQS6abZ/lN4qpU+DCKhiyuYqb8nUhRKOQl93RkiNZSL3kz8z+smKrhyU8rjRBGO5x8FCYMqgrMwYJ8KghWbaIKwoHpXiIdIIKx0ZCUdgr148jJpnVftWrXWvCjXr/M4iuAYnIAKsMElqINb0AAOwOARPINX8GY8GS/Gu/Exby0Y+cwh+APj8weOEJSJ</latexit>

U(1)PQ ⌘ U(1)L
Majoron: Y. Chikashige et al, PRL45 (1980), PRL98 (1981) 

Gelmini & Roncadelli, PRL99 (1981) 
Extended:  de Giorgi, LM, Ponce & Rigolin, JHEP03 (2024)

 Models with axion arising in the flavour sector
Wilczek, 1982
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In the presence of NP:          outside this range and ma / 1/fama
Credit to Ciaran O’Hare, hgps://cajohare.github.io/AxionLimits/

Axion-Like-ParBcles (ALPs)
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Axion-Like-ParBcles (ALPs)
Pseudo scalar field

Deriva4ve couplings with fermions

Anomalous terms

Generic mass term with 
<latexit sha1_base64="hB5b+4RY+TbyX0ImTu5m1vKoL4Y=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2IUy2m3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYp82McSB5xisZKj3GAPSFIFGBQrrhVdw6ySrycVCBHIyh/9foJzWImDRWodddzU+NPUBlOBZuWeplmKdIRDljXUokx0/5kfvGUnFmlT6JE2ZKGzNXfExOMtR7Hoe2M0Qz1sjcT//O6mYmu/QmXaWaYpItFUSaIScjsfdLnilEjxpYgVdzeSugQFVJjQyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEChKe4RXeHO28OO/Ox6K14OQzx/AHzucPGq+QkA==</latexit>

ma → fa

Not necessarily solves the Strong CP problem, but…
de Giorgi & Ramos,  PRD111(2025)

The QCD axion could 
have a much larger mass 
than tradi4onally 
believed! 
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Either UV model or EFT

Running  
+  

matching

Exp. observables

In general, FV couplings are always present at low-energy!

Axion-Like-ParBcles (ALPs)

10Luca Merlo, Mass Genera4on for ALPs, Lomonosov 2025



The ALP EFT: high energy

<latexit sha1_base64="bZbOcgRbTrvs6YiJ5Dkk1tFC0VI="></latexit>

L =
1

2
@µa@

µa�
m2

a

2
a2+

+ c eBO eB + cfWOfW + c eGO eG+

+ cQOQ + cLOL + cuOu + cdOd + ceOe

The model independent approach is best described by the EFT
Georgi, Kaplan & Randall, PLB169 (1986) 
Mimasu & Sanz, JHEP06 (2015) 
Brivio, LM, et al., EPJC77 (2017) 
Chala et al., EPJC81 (2021) 
Bonilla et al., JHEP11 (2021)  
Bauer et al., PRL127 (2021)

<latexit sha1_base64="iFyXxvV55i6sxL1/uV4RIxFl1Tk="></latexit>

O eB =
a

fa
Bµ⌫

eBµ⌫

<latexit sha1_base64="hZdYJU7x7duPJT2sEYXgWMHlQU0="></latexit>

OfW =
a

fa
W i

µ⌫
fW iµ⌫

<latexit sha1_base64="ACuqbyOBxGCTIePX+JjqCebyEd8="></latexit>

O eG =
a

fa
G↵

µ⌫
eG↵µ⌫

<latexit sha1_base64="pyhp9aNJBohFBoPPZOgm/tl48I4="></latexit>

Of,ij =
@µa

fa
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fi�

µfj
�

<latexit sha1_base64="VUXUW+7vvVOFQJAXKGcDmYOOy48=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAZBEMKuSPQY9OIxgnlAEkLvZJIMmZ1ZZnqVsAT8FS8eFPHqd3jzb5w8DppY0FBUddPdFcZSWPT9b29peWV1bT2zkd3c2t7Zze3tV61ODOMVpqU29RAsl0LxCgqUvB4bDlEoeS0c3Iz92gM3Vmh1j8OYtyLoKdEVDNBJ7dwhNI3o9RGM0Y8UzphWFgvtXN4v+BPQRRLMSJ7MUG7nvpodzZKIK2QSrG0EfoytFAwKJvko20wsj4ENoMcbjiqIuG2lk/NH9MQpHdrVxpVCOlF/T6QQWTuMQtcZAfbtvDcW//MaCXavWqlQcYJcsemibiIpajrOgnaE4Qzl0BFgRrhbKeuDAYYusawLIZh/eZFUzwtBsVC8u8iXrmdxZMgROSanJCCXpERuSZlUCCMpeSav5M178l68d+9j2rrkzWYOyB94nz8OH5WP</latexit>

a → a+ const.

Anomalous terms

Shid invariant terms
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ALP-automated compuBng algorithm

Jorge Alda, Marta Fuentes Zamoro, LM, Xavier Ponce Diaz, Stefano Rigolin, arXiv: 2508.08354.
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Global Result: 1 op. at a Bme at UV
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<latexit sha1_base64="A4xVDxr59HWQuqNw38mZ123y3wo=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBtAq7ItEyxEawiWAekA1xdjKbDJmdXWbuimHZxl+xsVDE1s+w82+cPApNPDBwOOde7pzjx4JrcJxvK7e0vLK6ll8vbGxube/Yu3sNHSWKsjqNRKRaPtFMcMnqwEGwVqwYCX3Bmv7wauw3H5jSPJJ3MIpZJyR9yQNOCRipax9UPYjwDfaAPUJ6PyA9FUl9knXtolNyJsCLxJ2RIpqh1rW/vF5Ek5BJoIJo3XadGDopUcCpYFnBSzSLCR2SPmsbKknIdCedBMjwsVF6OIiUeRLwRP29kZJQ61Hom8mQwEDPe2PxP6+dQHDZSbmME2CSTg8FicAm87gN3OOKURAjQwhV3PwV0wFRhILprGBKcOcjL5LGWcktl8q358VKdVZHHh2iI3SKXHSBKuga1VAdUZShZ/SK3qwn68V6tz6mozlrtrOP/sD6/AE/3JY3</latexit>

B → K‘hadrons’BaBar:                                        , <latexit sha1_base64="IBHZymT3YllqeKq3P01v/snyesw=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURqS5L3bisYB/QhDKZTtqhk0mYh1BDv8SNC0Xc+inu/BunbRbaepiBwzn3cu89YcqZ0q777RQ2Nre2d4q7pb39g8Ny5ei4oxIjCW2ThCeyF2JFORO0rZnmtJdKiuOQ0244uZ373UcqFUvEg56mNIjxSLCIEaytNKiUm75OkJ8y5MfGvkGl6tbcBdA68XJShRytQeXLHybExFRowrFSfc9NdZBhqRnhdFbyjaIpJhM8on1LBY6pCrLF4jN0bpUhihJpv9Boof7uyHCs1DQObWWM9VitenPxP69vdHQTZEykRlNBloMiw5G9dZ4CGjJJieZTSzCRzO6KyBhLTLTNqmRD8FZPXiedy5pXr9Xvr6qNZh5HEU7hDC7Ag2towB20oA0EDDzDK7w5T86L8+58LEsLTt5zAn/gfP4AFleSvg==</latexit>

B → ωµµ

CMS & LHCb: 
<latexit sha1_base64="UoyPwEqmIT0uSZgHevki9R0muHI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelblxWsA/oDCWTZtrQJDMmmUIZ+h1uXCji1o9x59+YtrPQ1kMCh3Pu5d57woQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7udyZUaRbLRzNNaCDwULKIEWysFDT62jcx8kVqX79ccavuAmideDmpQI5mv/zlD2KSCioN4VjrnucmJsiwMoxwOiv5qaYJJmM8pD1LJRZUB9li6Rm6sMoARbGyXxq0UH93ZFhoPRWhrRTYjPSqNxf/83qpiW6DjMkkNVSS5aAo5cjeOU8ADZiixPCpJZgoZndFZIQVJsbmVLIheKsnr5P2VdWrVWsP15V6I4+jCGdwDpfgwQ3U4R6a0AICT/AMr/DmTJwX5935WJYWnLznFP7A+fwBhjaR9g==</latexit>

Bs → µµ

SHIP: future 
<latexit sha1_base64="gT8looKdzcLhv8CueNjexdGALmc=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelbgQ3FawtdIaSSTNtaJIZ8hBK6W+4caGIW3/GnX9j2s5CWw8JHM65l3vviTPOtPH9b6+wtr6xuVXcLu3s7u0flA+PHnVqFaEtkvJUdWKsKWeStgwznHYyRbGIOW3Ho5uZ336iSrNUPphxRiOBB5IljGDjpLARmhTdhcK61ytX/Ko/B1olQU4qkKPZK3+F/ZRYQaUhHGvdDfzMRBOsDCOcTkuh1TTDZIQHtOuoxILqaDLfeYrOnNJHSarclwbN1d8dEyy0HovYVQpshnrZm4n/eV1rkutowmRmDZVkMSixHLlDZwGgPlOUGD52BBPF3K6IDLHCxLiYSi6EYPnkVfJ4UQ1q1dr9ZaXeyOMowgmcwjkEcAV1uIUmtIBABs/wCm+e9V68d+9jUVrw8p5j+APv8weO3ZFl</latexit>

B → Kµµ

HL-LHCb: future 
<latexit sha1_base64="UoyPwEqmIT0uSZgHevki9R0muHI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelblxWsA/oDCWTZtrQJDMmmUIZ+h1uXCji1o9x59+YtrPQ1kMCh3Pu5d57woQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7udyZUaRbLRzNNaCDwULKIEWysFDT62jcx8kVqX79ccavuAmideDmpQI5mv/zlD2KSCioN4VjrnucmJsiwMoxwOiv5qaYJJmM8pD1LJRZUB9li6Rm6sMoARbGyXxq0UH93ZFhoPRWhrRTYjPSqNxf/83qpiW6DjMkkNVSS5aAo5cjeOU8ADZiixPCpJZgoZndFZIQVJsbmVLIheKsnr5P2VdWrVWsP15V6I4+jCGdwDpfgwQ3U4R6a0AICT/AMr/DmTJwX5935WJYWnLznFP7A+fwBhjaR9g==</latexit>

Bs → µµ

Jorge Alda, Marta Fuentes Zamoro, LM, Xavier Ponce Diaz, Stefano Rigolin, arXiv: 2507.19578.
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Example: Belle II Anomaly

<latexit sha1_base64="Thz8gBJFHeevbqkC7WR+iag5QuI="></latexit>

L =
@µa

fa

�
cVsbs�

µb+ cAsbs�
µ�5b

�
<latexit sha1_base64="aIa9jq1MDllHcOOcYx/CSULnVLk=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGaCRC9C0IMeI5gFkjD0dGqSJj0L3TXBMORPvHhQxKt/4s2/sbMcNPFBweO9Kqrq+YkUGh3n28qtrW9sbuW3Czu7e/sH9uFRQ8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3h7dRvjkBpEUePOE6gG7J+JALBGRrJs+3QY9flDsITZvQOGhPPLjolZwa6StwFKZIFap791enFPA0hQi6Z1m3XSbCbMYWCS5gUOqmGhPEh60Pb0IiFoLvZ7PIJPTNKjwaxMhUhnam/JzIWaj0OfdMZMhzoZW8q/ue1UwyuupmIkhQh4vNFQSopxnQaA+0JBRzl2BDGlTC3Uj5ginE0YRVMCO7yy6ukUS65lVLl4aJYvVnEkScn5JScE5dckiq5JzVSJ5yMyDN5JW9WZr1Y79bHvDVnLWaOyR9Ynz/bopMt</latexit>

ma = 2 GeV

<latexit sha1_base64="8L0v9x8qE7oGHIqDsxhtYTvfj6o=">AAACGHicbVDLSgMxFM3UV62vUZdugkUQlDpTpHZZ6kZwU8E+oFNLJk3b0EwyJBmxDP0MN/6KGxeKuO3OvzHTzkJbD1xyOOfeJPf4IaNKO863lVlZXVvfyG7mtrZ3dvfs/YOGEpHEpI4FE7LlI0UY5aSuqWakFUqCAp+Rpj+6TvzmI5GKCn6vxyHpBGjAaZ9ipI3UtS+qD2eeFvDWHMI0JvfEHo8mpqCHwlCKJ1gslL1zT9FBgLp23ik4M8Bl4qYkD1LUuvbU6wkcBYRrzJBSbdcJdSdGUlPMyCTnRYqECI/QgLQN5SggqhPPFpvAE6P0YF9IU1zDmfp7IkaBUuPAN50B0kO16CXif1470v1yJ6Y8jDTheP5QP2LQJJGkBHtUEqzZ2BCEJTV/hXiIJMLaZJkzIbiLKy+TRrHglgqlu8t8pZrGkQVH4BicAhdcgQq4ATVQBxg8g1fwDj6sF+vN+rS+5q0ZK505BH9gTX8AlXOfgw==</latexit>

B+ ! K+⌫⌫ ⇡ 2.8�

Atmannshofer et al., PRD109 (2024)
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Specific coupling 
setup:  
ALP needs to be 
long lived!



ALP Mass GeneraBon

We are looking for:

SB that leads to ALP:                     SSB
<latexit sha1_base64="Fg/40eOUGzvgn1nX0ZoS3z59Ccg=">AAAB9XicbVBNT8JAEN36ifiFevTSSEzwQlpj0CPRi0dILJBAJdtlgA3bbbM7VUnD//DiQWO8+l+8+W9coAcFXzLJy3szmZkXxIJrdJxva2V1bX1jM7eV397Z3dsvHBw2dJQoBh6LRKRaAdUguAQPOQpoxQpoGAhoBqObqd98AKV5JO9wHIMf0oHkfc4oGuneK7ln3Q7CE6a1+qRbKDplZwZ7mbgZKZIMtW7hq9OLWBKCRCao1m3XidFPqULOBEzynURDTNmIDqBtqKQhaD+dXT2xT43Ss/uRMiXRnqm/J1Iaaj0OA9MZUhzqRW8q/ue1E+xf+SmXcYIg2XxRPxE2RvY0ArvHFTAUY0MoU9zcarMhVZShCSpvQnAXX14mjfOyWylX6hfF6nUWR44ckxNSIi65JFVyS2rEI4wo8kxeyZv1aL1Y79bHvHXFymaOyB9Ynz+sk5IB</latexit>

U(1)PQ

SB that provides a mass to the ALP: breaking of the shid symmetry

Connec4on to other physics, otherwise equivalent to add 
<latexit sha1_base64="NUCj/9Uu8Hcx+D8Am21z1ir1GHs=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSgx6JXjxi4gIGVtItXWhou5u2a0I2/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38z89hNVmsXy3kwSGgg8lCxiBBsrPYg+fqwhW/1yxa26c6BV4uWkAjma/fJXbxCTVFBpCMdadz03MUGGlWGE02mpl2qaYDLGQ9q1VGJBdZDND56iM6sMUBQrW9Kgufp7IsNC64kIbafAZqSXvZn4n9dNTXQVZEwmqaGSLBZFKUcmRrPv0YApSgyfWIKJYvZWREZYYWJsRiUbgrf88ipp1apevVq/u6g0rvM4inACp3AOHlxCA26hCT4QEPAMr/DmKOfFeXc+Fq0FJ585hj9wPn8AqCuPrQ==</latexit>

m2
aa

2

Minimal Massive Majoron Model

Connects the genera4on of the ac4ve neutrino 
masses with the ALP and provides a mass <latexit sha1_base64="Z0MuDyuo/1qAxnBAPZUe/1FBwE8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9iD7ulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNj91is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKzv9GAaUosnziCiWbuVkRGWGNiXTolF0Kw/PIqaV1Ug1q1dn9Zqd/kcRThBE7hHAK4gjrcQQOaQGAIz/AKbx73Xrx372PRWvDymWP4A+/zB0dAjdA=</latexit>ma

De Giorgi, LM, Ponce, Rigolin, JHEP03 (2024) 
(De Giorgi, Fuentes, LM, FP73 (2025))
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Is there a mechanism to give (this) mass to the ALP?



The Majoron

<latexit sha1_base64="cRghDt2ZwpMO9tCEOEWxcjQDXTA=">AAACFnicbVC7TsMwFHXKq5RXgJElokJiaZVUqDBWsDAgVKS+UNNGjuO0Vm0n2E6lKupXsPArLAwgxIrY+BvcxwAtR7J0fM69177HjymRyra/jczK6tr6RnYzt7W9s7tn7h80ZJQIhOsoopFo+VBiSjiuK6IobsUCQ+ZT3PQHVxO/OcRCkojX1CjGHQZ7nIQEQaUlzywwz+WJKwnDD24QCojSYbc0Tkvje+/WvdGDAthNC87k2q15Zt4u2lNYy8SZkzyYo+qZX24QoYRhrhCFUrYdO1adFApFEMXjnJtIHEM0gD3c1pRDhmUnna41tk60ElhhJPThypqqvztSyKQcMV9XMqj6ctGbiP957USFF52U8DhRmKPZQ2FCLRVZk4ysgAiMFB1pApEg+q8W6kOdjdJJ5nQIzuLKy6RRKjrlYvnuLF+5nMeRBUfgGJwCB5yDCrgGVVAHCDyCZ/AK3own48V4Nz5mpRlj3nMI/sD4/AF/05+R</latexit>

m⌫ ' v2

2
YN⇤�1Y T

N

<latexit sha1_base64="VuzoTOFZyXQuJunVJBiD5ejUlC8=">AAACEHicbVC5TgMxFPSGK4QrQEljESFoiHYRBMoICigogkRCpGyIvM5LYuE9sN8iotV+Ag2/QkMBQrSUdPwNzlEAYSTLo5l5st94kRQabfvLykxNz8zOZedzC4tLyyv51bWaDmPFocpDGaq6xzRIEUAVBUqoRwqY70m48m5OBv7VHSgtwuAS+xE0fdYNREdwhkZq5bfdcxNuM1cLH26pY18nzn66O7wPUhfhHpNTqKWtfMEu2kPQSeKMSYGMUWnlP912yGMfAuSSad1w7AibCVMouIQ058YaIsZvWBcahgbMB91MhguldMsobdoJlTkB0qH6cyJhvtZ93zNJn2FP//UG4n9eI8bOUTMRQRQjBHz0UCeWFEM6aIe2hQKOsm8I40qYv1LeY4pxNB3mTAnO35UnSW2v6JSKpYv9Qvl4XEeWbJBNskMcckjK5IxUSJVw8kCeyAt5tR6tZ+vNeh9FM9Z4Zp38gvXxDfyUm/U=</latexit>

⇤ ' 1014 � 1015GeV

<latexit sha1_base64="/ShDbPtHY3kSya9BFVkNPz+D8qg=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSIKQk2KVDdC0Y3LCvYBTQyTyaQdOsnEmYlQQj7Bjb/ixoUibl2682+ctFlo64ELh3Pu5d57vJgSIU3zWystLC4tr5RXK2vrG5tb+vZOR7CEI9xGjDLe86DAlES4LYmkuBdzDEOP4q43usr97gPmgrDoVo5j7IRwEJGAICiV5OqHdjwkF7YfcIhSmw/ZceDCLLXFPZf1DN+lBJ7kiqtXzZo5gTFPrIJUQYGWq3/ZPkNJiCOJKBSib5mxdFLIJUEUZxU7ETiGaAQHuK9oBEMsnHTyUGYcKMU3AsZVRdKYqL8nUhgKMQ491RlCORSzXi7+5/UTGZw7KYniROIITRcFCTUkM/J0DJ9wjCQdKwIRJ+pWAw2hykaqDCsqBGv25XnSqdesRq1xc1ptXhZxlMEe2AdHwAJnoAmuQQu0AQKP4Bm8gjftSXvR3rWPaWtJK2Z2wR9onz+Dp52K</latexit>

� =
⇢+ fap

2
eia/fa

<latexit sha1_base64="6FDzrb96/g1UOMTtae4z+gwRV+I=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVZIi1Y1QdONCSgX7kCaEyWTSDp1M4sxEKCEf4MZfceNCEbd+gDv/xmmbhbYeGDiccy537vFiRqUyzW+jsLS8srpWXC9tbG5t75R39zoySgQmbRyxSPQ8JAmjnLQVVYz0YkFQ6DHS9UaXE7/7QISkEb9V45g4IRpwGlCMlJbccsW+1mEfwXN456bNZmb7gUA4DVyUpba8F6qW6ZRZNaeAi8TKSQXkaLnlL9uPcBISrjBDUvYtM1ZOioSimJGsZCeSxAiP0ID0NeUoJNJJp8dk8EgrPgwioR9XcKr+nkhRKOU49HQyRGoo572J+J/XT1Rw5qSUx4kiHM8WBQmDKoKTZqBPBcGKjTVBWFD9V4iHSJehdH8lXYI1f/Ii6dSqVr1avzmpNC7yOorgAByCY2CBU9AAV6AF2gCDR/AMXsGb8WS8GO/GxyxaMPKZffAHxucPa02bRA==</latexit>

⇤ = YNN
fap
2

<latexit sha1_base64="QlUpZxU24Y0jbQCY9zAcdTj9r4E=">AAACDHicbVDLSgMxFM34rPVVdekmWAQ3lhmp1WXRhS4V7APaWjLpnTaYeZjcEcswH+DGX3HjQhG3foA7/8Z07EJbD4QczjmX5B43kkKjbX9ZM7Nz8wuLuaX88srq2nphY7Ouw1hxqPFQhqrpMg1SBFBDgRKakQLmuxIa7s3pyG/cgdIiDK5wGEHHZ/1AeIIzNFK3UPS6rK2FD7fUsa8Tp5zuZ/dh2ka4x+QM6qlJ2SU7A50mzpgUyRgX3cJnuxfy2IcAuWRatxw7wk7CFAouIc23Yw0R4zesDy1DA+aD7iTZMindNUqPeqEyJ0Caqb8nEuZrPfRdk/QZDvSkNxL/81oxesedRARRjBDwn4e8WFIM6agZ2hMKOMqhIYwrYf5K+YApxtH0lzclOJMrT5P6QcmplCqX5WL1ZFxHjmyTHbJHHHJEquScXJAa4eSBPJEX8mo9Ws/Wm/X+E52xxjNb5A+sj2/5l5pW</latexit>

fa ' 1014 � 1015GeV

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{
Dynamical 
neutrino mass 
genera4on!

<latexit sha1_base64="dkBFeNVJFCczJ6t2dU62xoM0I/Q="></latexit>

Ltype-I = `LHYNNR +
1

2
NR⇤NR + h.c.

C

<latexit sha1_base64="qB1zQCfJb/eNhVf2liZzRPZAw+g="></latexit>

Lmajoron = `LHYNNR +
1

2
NRYNN�NR + h.c.

C
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The Majoron
<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a

<latexit sha1_base64="/ShDbPtHY3kSya9BFVkNPz+D8qg=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSIKQk2KVDdC0Y3LCvYBTQyTyaQdOsnEmYlQQj7Bjb/ixoUibl2682+ctFlo64ELh3Pu5d57vJgSIU3zWystLC4tr5RXK2vrG5tb+vZOR7CEI9xGjDLe86DAlES4LYmkuBdzDEOP4q43usr97gPmgrDoVo5j7IRwEJGAICiV5OqHdjwkF7YfcIhSmw/ZceDCLLXFPZf1DN+lBJ7kiqtXzZo5gTFPrIJUQYGWq3/ZPkNJiCOJKBSib5mxdFLIJUEUZxU7ETiGaAQHuK9oBEMsnHTyUGYcKMU3AsZVRdKYqL8nUhgKMQ491RlCORSzXi7+5/UTGZw7KYniROIITRcFCTUkM/J0DJ9wjCQdKwIRJ+pWAw2hykaqDCsqBGv25XnSqdesRq1xc1ptXhZxlMEe2AdHwAJnoAmuQQu0AQKP4Bm8gjftSXvR3rWPaWtJK2Z2wR9onz+Dp52K</latexit>

� =
⇢+ fap

2
eia/fa Majoron: GB of LN SSB

Akhmedov et al., PLB299 (1993) 
Babu et al., NPB403 (1993) 
Alonso & Urbano, JHEP02 (2019)

<latexit sha1_base64="5Jrbu+adgHI0RglZMAB94dM34O8=">AAACG3icbVBNS8NAEN34WetX1aOXxSJ4MSRSqhdB9OJFqGCr0NSy2W7Sxc0m7E7EEvI/vPhXvHhQxJPgwX/jts1BWx8MPN6bYWaenwiuwXG+rZnZufmFxdJSeXlldW29srHZ0nGqKGvSWMTqxieaCS5ZEzgIdpMoRiJfsGv/7mzoX98zpXksr2CQsE5EQskDTgkYqVs5aHU9YA+QhYrc2/lxiL1eoAjNvKTPb2WeXRR+Q+S3mdyv5Xm3UnVsZwQ8TdyCVFGBRrfy6fVimkZMAhVE67brJNDJiAJOBcvLXqpZQugdCVnbUEkipjvZ6Lcc7xqlh4NYmZKAR+rviYxEWg8i33RGBPp60huK/3ntFIKjTsZlkgKTdLwoSAWGGA+Dwj2uGAUxMIRQxc2tmPaJiQZMnGUTgjv58jRpHdhu3a5f1qonp0UcJbSNdtAectEhOkHnqIGaiKJH9Ixe0Zv1ZL1Y79bHuHXGKma20B9YXz+sdKJ1</latexit>

Vgrav. = g
�n

Mn�4
Pl

not precise - free coefficients

Within this minimal setup, a Majoron mass could be generated by gravity: 

Majoron mass independent from other parameters, but expected to be 
4ny due to Planck mass. 

Non minimal Seesaw mechanisms provide an alterna4ve, where gravity does 
not play any role!
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Low-Scale Seesaws
Generic neutral lepton mass Lagrangian:

<latexit sha1_base64="nJ+KfxBBbW7JR/38eHQMeEOmo6g="></latexit>

Mtype-I
� =

✓
0 mD

mT
D ⇤

◆
<latexit sha1_base64="wY3+9baCPt6g8hQ1DMQHAYba0L0=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIVDdC0Y2LIvXRB7RDyaSZNjSTGZNMoQz9DjcuFHHrx7jzb0zbWWjrgcs9nHMvuTlexJnStv1tLS2vrK6tZzaym1vbO7u5vf26CmNJaI2EPJRNDyvKmaA1zTSnzUhSHHicNrzB9cRvDKlULBSPehRRN8A9wXxGsDaSWyncdu5PLiuFB9M6ubxdtKdAi8RJSR5SVDu5r3Y3JHFAhSYcK9Vy7Ei7CZaaEU7H2XasaITJAPdoy1CBA6rcZHr0GB0bpYv8UJoSGk3V3xsJDpQaBZ6ZDLDuq3lvIv7ntWLtX7gJE1GsqSCzh/yYIx2iSQKoyyQlmo8MwUQycysifSwx0SanrAnBmf/yIqmfFp1SsXR3li9fpXFk4BCOoAAOnEMZbqAKNSDwBM/wCm/W0Hqx3q2P2eiSle4cwB9Ynz9JXZCB</latexit>

L(NR) = L(SR)

<latexit sha1_base64="3Gwhwr003oF3iXSAxj/mmEV5RLU=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJioUoQKowVMDAwFKkvqUkrx3Vaq7YTbAepirqy8FdYGECIlX/Axr/BbTNAy0mWznffyf4uiBlV2nG+rdzS8srqWn69sLG5tb1j7+41VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gyGVxO/+UCkopGo6VFMfI76goYUI22krg151xOJpygn94Zfe7cm20Od9MQdm2un1rWLTsmZAi4SNyNFkKHatb+8XoQTToTGDCnVdp1Y+ymSmmJGxgUvUSRGeIj6pG2oQJwoP51uMoZHRunBMJLmCA2n6u9EirhSIx6YSY70QM17E/E/r53o8MJPqYgTTQSePRQmDOoITmqBPSoJ1mxkCMKSmr9CPEASYW3KK5gS3PmVF0njtOSWS+W7s2LlMqsjDw7AITgGLjgHFXADqqAOMHgEz+AVvFlP1ov1bn3MRnNWltkHf2B9/gDDZJm/</latexit>

m⌫ ' mD⇤�1mT
D

<latexit sha1_base64="2+ZkACDraoXiWHkWcGtyzveAJdw="></latexit>

�L⌫N � 1

2
�LM��

c
L

<latexit sha1_base64="7FCbh3uA081yszDMo5mehRufdOk="></latexit>

�T
L =

�
⌫L N c

R Sc
R

�

<latexit sha1_base64="9ispA3pD+Xkk2/8j2pe0v3Kfkm4=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgeAq7ItFj0IsniZgXJCHMTjrJkJndZaZXDGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7vIjKQy67reTWlpeWV1Lr2c2Nre2d7K7e1UTxppDhYcy1HWfGZAigAoKlFCPNDDlS6j5g6uxX7sHbUQYlHEYQUuxXiC6gjO0Ujt7oNrJzd2oaYSiXhPhAZMyVEftbM7NuxPQReLNSI7MUGpnv5qdkMcKAuSSGdPw3AhbCdMouIRRphkbiBgfsB40LA2YAtNKJveP6LFVOrQbalsB0on6eyJhypih8m2nYtg3895Y/M9rxNi9aCUiiGKEgE8XdWNJMaTjMGhHaOAoh5YwroW9lfI+04yjjSxjQ/DmX14k1dO8V8gXbs9yxctZHGlySI7ICfHIOSmSa1IiFcLJI3kmr+TNeXJenHfnY9qacmYz++QPnM8f9L6WFQ==</latexit>

mNS ⇠ 1TeV

<latexit sha1_base64="ooBQK65aYReDO7OC8Sr93cshWMY=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8Ei1E2ZEakui25cFKmXXqAdSiY9bUMzmTHJKGXso7hxoYhbn8Sdb2N6WWjrD4GP/5zDOfn9iDOlHefbSi0tr6yupdczG5tb2zt2dremwlhSqNKQh7LhEwWcCahqpjk0Igkk8DnU/cHFuF5/AKlYKO70MAIvID3BuowSbay2nS3nr9o3Ry0B97icvzXYtnNOwZkIL4I7gxyaqdK2v1qdkMYBCE05UarpOpH2EiI1oxxGmVasICJ0QHrQNChIAMpLJqeP8KFxOrgbSvOExhP390RCAqWGgW86A6L7ar42Nv+rNWPdPfMSJqJYg6DTRd2YYx3icQ64wyRQzYcGCJXM3Ippn0hCtUkrY0Jw57+8CLXjglssFK9PcqXzWRxptI8OUB656BSV0CWqoCqi6BE9o1f0Zj1ZL9a79TFtTVmzmT30R9bnD7N8kl0=</latexit>

L(NR) 6= L(SR)

<latexit sha1_base64="rliIEH/j/x15YZ9FdiDhh+j3qTI="></latexit>

MLSS
� =

0

@
0 mN ✏mS

mT
N 0 mNS

✏mT
S mNS 0

1

A

<latexit sha1_base64="3jnUNbVGowUI/KnqM8uFK5wkhAg="></latexit>

mLSS
⌫ ' ✏

mSmT
N +mNmT

S

mNS
<latexit sha1_base64="3cA6CwfXM05zP7MCuP21gvRhAiw=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4Crsi0WPQi8eIJgrZJcxOOjo4M7vM9Iph2ZsXf8WLB0W8+gve/Bsnj4OvgoaiqpvurjiVwqLvf3pT0zOzc/OlhfLi0vLKamVtvW2TzHBo8UQm5jJmFqTQ0EKBEi5TA0zFEi7im+Ohf3ELxopEn+MghUixKy36gjN0UreyFUJqhUw0Vd38rAitUDTwQ4Q7zKFddCtVv+aPQP+SYEKqZIJmt/IR9hKeKdDIJbO2E/gpRjkzKLiEohxmFlLGb9gVdBzVTIGN8tEfBd1xSo/2E+NKIx2p3ydypqwdqNh1KobX9rc3FP/zOhn2D6Nc6DRD0Hy8qJ9JigkdhkJ7wgBHOXCEcSPcrZRfM8M4uujKLoTg98t/SXuvFtRr9dP9auNoEkeJbJJtsksCckAa5IQ0SYtwck8eyTN58R68J+/Vexu3TnmTmQ3yA977F/+BmWk=</latexit>

✏mS ⇠ 10eV

Mohapatra, PRL56 (1986) 
Mohapatra & Valle, PRD34 (1986)
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BlaLow-Scale Seesaws

<latexit sha1_base64="9ispA3pD+Xkk2/8j2pe0v3Kfkm4=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgeAq7ItFj0IsniZgXJCHMTjrJkJndZaZXDGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7vIjKQy67reTWlpeWV1Lr2c2Nre2d7K7e1UTxppDhYcy1HWfGZAigAoKlFCPNDDlS6j5g6uxX7sHbUQYlHEYQUuxXiC6gjO0Ujt7oNrJzd2oaYSiXhPhAZMyVEftbM7NuxPQReLNSI7MUGpnv5qdkMcKAuSSGdPw3AhbCdMouIRRphkbiBgfsB40LA2YAtNKJveP6LFVOrQbalsB0on6eyJhypih8m2nYtg3895Y/M9rxNi9aCUiiGKEgE8XdWNJMaTjMGhHaOAoh5YwroW9lfI+04yjjSxjQ/DmX14k1dO8V8gXbs9yxctZHGlySI7ICfHIOSmSa1IiFcLJI3kmr+TNeXJenHfnY9qacmYz++QPnM8f9L6WFQ==</latexit>

mNS ⇠ 1TeV

<latexit sha1_base64="5uuUDIDRCJvOmnWlyL+oaCVIicQ="></latexit>

MISS
� =

0

@
0 mN 0

mT
N 0 mNS

0 mNS ✏mSS

1

A

<latexit sha1_base64="lZf26Bl0lJxMGkEskZVRqjET6EQ="></latexit>

mISS
⌫ ' ✏mSS

mNmT
N

m2
NS

<latexit sha1_base64="3IzfPeWd6OOqhAk2SJ3g/uNtdH0=">AAACCHicbVA9SwNBEN3z2/gVtbRwMQhW4U4kWgZtLBXNB+RC2NtMkiW7e8funBiOlDb+FRsLRWz9CXb+GzcxhSY+GHi8N8PMvCiRwqLvf3lz8wuLS8srq7m19Y3Nrfz2TtXGqeFQ4bGMTT1iFqTQUEGBEuqJAaYiCbWofzHya3dgrIj1LQ4SaCrW1aIjOEMntfL7ISRWyFhT1cpuboahFYoGIcI9Zn2oDlv5gl/0x6CzJJiQApngqpX/DNsxTxVo5JJZ2wj8BJsZMyi4hGEuTC0kjPdZFxqOaqbANrPxI0N66JQ27cTGlUY6Vn9PZExZO1CR61QMe3baG4n/eY0UO2fNTOgkRdD8Z1EnlRRjOkqFtoUBjnLgCONGuFsp7zHDOLrsci6EYPrlWVI9LgalYun6pFA+n8SxQvbIATkiATklZXJJrkiFcPJAnsgLefUevWfvzXv/aZ3zJjO75A+8j28I1JoB</latexit>

✏mSS ⇠ 1keV

Akhmedov et al., PLB368 (1996) 
Malinsky et al., PRL95 (2005)

Low-scale HNLs, but at 
the price of a small 
explicit breaking!
(     could also be a SSB)<latexit sha1_base64="w9hvxVEtH0CwHtdl/UDboK03PwY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBQY5Ar</latexit>✏

De Romeri et al., JHEP10 (2017)

<latexit sha1_base64="9ispA3pD+Xkk2/8j2pe0v3Kfkm4=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8EgeAq7ItFj0IsniZgXJCHMTjrJkJndZaZXDGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7vIjKQy67reTWlpeWV1Lr2c2Nre2d7K7e1UTxppDhYcy1HWfGZAigAoKlFCPNDDlS6j5g6uxX7sHbUQYlHEYQUuxXiC6gjO0Ujt7oNrJzd2oaYSiXhPhAZMyVEftbM7NuxPQReLNSI7MUGpnv5qdkMcKAuSSGdPw3AhbCdMouIRRphkbiBgfsB40LA2YAtNKJveP6LFVOrQbalsB0on6eyJhypih8m2nYtg3895Y/M9rxNi9aCUiiGKEgE8XdWNJMaTjMGhHaOAoh5YwroW9lfI+04yjjSxjQ/DmX14k1dO8V8gXbs9yxctZHGlySI7ICfHIOSmSa1IiFcLJI3kmr+TNeXJenHfnY9qacmYz++QPnM8f9L6WFQ==</latexit>

mNS ⇠ 1TeV

<latexit sha1_base64="ooBQK65aYReDO7OC8Sr93cshWMY=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8Ei1E2ZEakui25cFKmXXqAdSiY9bUMzmTHJKGXso7hxoYhbn8Sdb2N6WWjrD4GP/5zDOfn9iDOlHefbSi0tr6yupdczG5tb2zt2dremwlhSqNKQh7LhEwWcCahqpjk0Igkk8DnU/cHFuF5/AKlYKO70MAIvID3BuowSbay2nS3nr9o3Ry0B97icvzXYtnNOwZkIL4I7gxyaqdK2v1qdkMYBCE05UarpOpH2EiI1oxxGmVasICJ0QHrQNChIAMpLJqeP8KFxOrgbSvOExhP390RCAqWGgW86A6L7ar42Nv+rNWPdPfMSJqJYg6DTRd2YYx3icQ64wyRQzYcGCJXM3Ippn0hCtUkrY0Jw57+8CLXjglssFK9PcqXzWRxptI8OUB656BSV0CWqoCqi6BE9o1f0Zj1ZL9a79TFtTVmzmT30R9bnD7N8kl0=</latexit>

L(NR) 6= L(SR)

<latexit sha1_base64="rliIEH/j/x15YZ9FdiDhh+j3qTI="></latexit>

MLSS
� =

0

@
0 mN ✏mS

mT
N 0 mNS

✏mT
S mNS 0

1

A

<latexit sha1_base64="3jnUNbVGowUI/KnqM8uFK5wkhAg="></latexit>

mLSS
⌫ ' ✏

mSmT
N +mNmT

S

mNS
<latexit sha1_base64="3cA6CwfXM05zP7MCuP21gvRhAiw=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4Crsi0WPQi8eIJgrZJcxOOjo4M7vM9Iph2ZsXf8WLB0W8+gve/Bsnj4OvgoaiqpvurjiVwqLvf3pT0zOzc/OlhfLi0vLKamVtvW2TzHBo8UQm5jJmFqTQ0EKBEi5TA0zFEi7im+Ohf3ELxopEn+MghUixKy36gjN0UreyFUJqhUw0Vd38rAitUDTwQ4Q7zKFddCtVv+aPQP+SYEKqZIJmt/IR9hKeKdDIJbO2E/gpRjkzKLiEohxmFlLGb9gVdBzVTIGN8tEfBd1xSo/2E+NKIx2p3ydypqwdqNh1KobX9rc3FP/zOhn2D6Nc6DRD0Hy8qJ9JigkdhkJ7wgBHOXCEcSPcrZRfM8M4uujKLoTg98t/SXuvFtRr9dP9auNoEkeJbJJtsksCckAa5IQ0SYtwck8eyTN58R68J+/Vexu3TnmTmQ3yA977F/+BmWk=</latexit>

✏mS ⇠ 10eV
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The MMM Model
The strategy is:

Iden4fy LN and PQ symmetries

Promote the LN conserving terms to                     SSB terms
<latexit sha1_base64="Fg/40eOUGzvgn1nX0ZoS3z59Ccg=">AAAB9XicbVBNT8JAEN36ifiFevTSSEzwQlpj0CPRi0dILJBAJdtlgA3bbbM7VUnD//DiQWO8+l+8+W9coAcFXzLJy3szmZkXxIJrdJxva2V1bX1jM7eV397Z3dsvHBw2dJQoBh6LRKRaAdUguAQPOQpoxQpoGAhoBqObqd98AKV5JO9wHIMf0oHkfc4oGuneK7ln3Q7CE6a1+qRbKDplZwZ7mbgZKZIMtW7hq9OLWBKCRCao1m3XidFPqULOBEzynURDTNmIDqBtqKQhaD+dXT2xT43Ss/uRMiXRnqm/J1Iaaj0OA9MZUhzqRW8q/ue1E+xf+SmXcYIg2XxRPxE2RvY0ArvHFTAUY0MoU9zcarMhVZShCSpvQnAXX14mjfOyWylX6hfF6nUWR44ckxNSIi65JFVyS2rEI4wo8kxeyZv1aL1Y79bHvHXFymaOyB9Ynz+sk5IB</latexit>

U(1)PQ
<latexit sha1_base64="nNRe0JwXFgqGzWKvkd7T+++mlco=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCUIFcYKFqaqtPQhtSFyXKe16sSR7SBVUQYWfoWFAYRY+Qg2/ganzQCFI1k6OuceXd/jRYxKZVlfRmFldW19o7hZ2tre2d0z9w+6kscCkw7mjIu+hyRhNCQdRRUj/UgQFHiM9LzpVeb37omQlIe3ahYRJ0DjkPoUI6Ul1ywPubazdNJwWykM3KTRTmH7Drst16xYVWsO+JfYOamAHE3X/ByOOI4DEirMkJQD24qUkyChKGYkLQ1jSSKEp2hMBpqGKCDSSeZHpPBYKyPoc6FfqOBc/ZlIUCDlLPD0ZIDURC57mfifN4iVf+EkNIxiRUK8WOTHDCoOs0bgiAqCFZtpgrCg+q8QT5BAWOneSroEe/nkv6R7WrVr1drNWaV+mddRBGVwBE6ADc5BHVyDJugADB7AE3gBr8aj8Wy8Ge+L0YKRZw7BLxgf31Pfl+U=</latexit>

NRmNSS
c
R

<latexit sha1_base64="6aWV/9cVdTomxn4ykTGlRUwz+24=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKECmMFC1NVWvpATYgc12mtOnFkO0hV1JWFX2FhACFW/oCNv8EpGaDlSJaOzrlH1/f4MaNSWdaXUVhaXlldK66XNja3tnfM3b2O5InApI0546LnI0kYjUhbUcVILxYEhT4jXX98mfndeyIk5dGNmsTEDdEwogHFSGnJM6HDtZ2l07rXnMJbL623prB1h70mdOIR9cyyVbFmgIvEzkkZ5Gh45qcz4DgJSaQwQ1L2bStWboqEopiRaclJJIkRHqMh6WsaoZBIN51dMoVHWhnAgAv9IgVn6u9EikIpJ6GvJ0OkRnLey8T/vH6ignM3pVGcKBLhn0VBwqDiMKsFDqggWLGJJggLqv8K8QgJhJUur6RLsOdPXiSdk4pdrVSvT8u1i7yOIjgAh+AY2OAM1MAVaIA2wOABPIEX8Go8Gs/Gm/H+M1ow8sw++APj4xvGmJnA</latexit>

NRYNSS
c
R�

Use the LN explicit breaking terms to also explicitly break 
<latexit sha1_base64="Fg/40eOUGzvgn1nX0ZoS3z59Ccg=">AAAB9XicbVBNT8JAEN36ifiFevTSSEzwQlpj0CPRi0dILJBAJdtlgA3bbbM7VUnD//DiQWO8+l+8+W9coAcFXzLJy3szmZkXxIJrdJxva2V1bX1jM7eV397Z3dsvHBw2dJQoBh6LRKRaAdUguAQPOQpoxQpoGAhoBqObqd98AKV5JO9wHIMf0oHkfc4oGuneK7ln3Q7CE6a1+qRbKDplZwZ7mbgZKZIMtW7hq9OLWBKCRCao1m3XidFPqULOBEzynURDTNmIDqBtqKQhaD+dXT2xT43Ss/uRMiXRnqm/J1Iaaj0OA9MZUhzqRW8q/ue1E+xf+SmXcYIg2XxRPxE2RvY0ArvHFTAUY0MoU9zcarMhVZShCSpvQnAXX14mjfOyWylX6hfF6nUWR44ckxNSIi65JFVyS2rEI4wo8kxeyZv1aL1Y79bHvHXFymaOyB9Ynz+sk5IB</latexit>

U(1)PQ

<latexit sha1_base64="z5MbG27SwL/4yW4lP9LPVQsVDZk="></latexit>

MMMM
� =
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0 mN ✏mS
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N mNN h�i YNSh�i

✏mT
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NSh�i 0

1

A
All in all:

<latexit sha1_base64="iSwjRO947zQe141FwgnmvoArJZ8="></latexit>

mMMM
⌫ ' ✏

mSmT
N +mNmT

S

YNSh�i
+ ✏2

YNN

YNS

mSmT
S

YNSh�i
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The MMM Model
<latexit sha1_base64="iSwjRO947zQe141FwgnmvoArJZ8="></latexit>

mMMM
⌫ ' ✏

mSmT
N +mNmT

S

YNSh�i
+ ✏2

YNN

YNS

mSmT
S

YNSh�i

<latexit sha1_base64="mzXOw+3pw7AA7AYcV/2Dd7Z3Au8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWVGpLosunEhUtE+pFNKJr1tQzOZMckUytCfcOOvuHGhiFvBnX9jOu1CWw8EDuecm+QeP+JMacf5tjILi0vLK9nV3Nr6xuaWvb1TVWEsKVRoyENZ94kCzgRUNNMc6pEEEvgcan7/YuzXBiAVC8WdHkbQDEhXsA6jRBupZR/dt5Lr25HHiehy8KIe82RKsQcPMRtg78pc1iZpqmXnnYKTAs8Td0ryaIpyy/7y2iGNAxCacqJUw3Ui3UyI1IxyGOW8WEFEaJ90oWGoIAGoZpJuNcIHRmnjTijNERqn6u+JhARKDQPfJAOie2rWG4v/eY1Yd86aCRNRrEHQyUOdmGMd4nFFuM0kUM2HhhAqmfkrpj0iCdWmyJwpwZ1deZ5UjwtusVC8OcmXzqd1ZNEe2keHyEWnqIQuURlVEEWP6Bm9ojfryXqx3q2PSTRjTWd20R9Ynz8A3J9b</latexit>

YNSh�i ⌘ ⇤NS
<latexit sha1_base64="mzXOw+3pw7AA7AYcV/2Dd7Z3Au8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWVGpLosunEhUtE+pFNKJr1tQzOZMckUytCfcOOvuHGhiFvBnX9jOu1CWw8EDuecm+QeP+JMacf5tjILi0vLK9nV3Nr6xuaWvb1TVWEsKVRoyENZ94kCzgRUNNMc6pEEEvgcan7/YuzXBiAVC8WdHkbQDEhXsA6jRBupZR/dt5Lr25HHiehy8KIe82RKsQcPMRtg78pc1iZpqmXnnYKTAs8Td0ryaIpyy/7y2iGNAxCacqJUw3Ui3UyI1IxyGOW8WEFEaJ90oWGoIAGoZpJuNcIHRmnjTijNERqn6u+JhARKDQPfJAOie2rWG4v/eY1Yd86aCRNRrEHQyUOdmGMd4nFFuM0kUM2HhhAqmfkrpj0iCdWmyJwpwZ1deZ5UjwtusVC8OcmXzqd1ZNEe2keHyEWnqIQuURlVEEWP6Bm9ojfryXqx3q2PSTRjTWd20R9Ynz8A3J9b</latexit>

YNSh�i ⌘ ⇤NS
<latexit sha1_base64="mzXOw+3pw7AA7AYcV/2Dd7Z3Au8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWVGpLosunEhUtE+pFNKJr1tQzOZMckUytCfcOOvuHGhiFvBnX9jOu1CWw8EDuecm+QeP+JMacf5tjILi0vLK9nV3Nr6xuaWvb1TVWEsKVRoyENZ94kCzgRUNNMc6pEEEvgcan7/YuzXBiAVC8WdHkbQDEhXsA6jRBupZR/dt5Lr25HHiehy8KIe82RKsQcPMRtg78pc1iZpqmXnnYKTAs8Td0ryaIpyy/7y2iGNAxCacqJUw3Ui3UyI1IxyGOW8WEFEaJ90oWGoIAGoZpJuNcIHRmnjTijNERqn6u+JhARKDQPfJAOie2rWG4v/eY1Yd86aCRNRrEHQyUOdmGMd4nFFuM0kUM2HhhAqmfkrpj0iCdWmyJwpwZ1deZ5UjwtusVC8OcmXzqd1ZNEe2keHyEWnqIQuURlVEEWP6Bm9ojfryXqx3q2PSTRjTWd20R9Ynz8A3J9b</latexit>

YNSh�i ⌘ ⇤NS

<latexit sha1_base64="BkWahizbkVGScscxFtoE7zKd7gc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVROR6rLoxmVF+4A2hMl00g6dR5iZFEraP3HjQhG3/ok7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLa+sbmVnG7tLO7t3/gHh41tUwVJg0smVTtCGnCqCANQw0j7UQRxCNGWtHwbua3RkRpKsWTGSck4KgvaEwxMlYKXXfSJYmmTArIw8fJxSh0y17FmwOuEj8nZZCjHrpf3Z7EKSfCYIa07vheYoIMKUMxI9NSN9UkQXiI+qRjqUCc6CCbXz6FZ1bpwVgqW8LAufp7IkNc6zGPbCdHZqCXvZn4n9dJTXwTZFQkqSECLxbFKYNGwlkMsEcVwYaNLUFYUXsrxAOkEDY2rJINwV9+eZU0Lyt+tVJ9uCrXbvM4iuAEnIJz4INrUAP3oA4aAIMReAav4M3JnBfn3flYtBacfOYY/IHz+QNq5JOI</latexit> |✏m
S
|/
v

<latexit sha1_base64="IeIjljrn/msI159Ar8bMfte6L4Y=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BD3qMYB6YLGF20kmGzM4uM71iWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQ9jmPwQzZQoi84Qys9dBCeML2BxqRbLLlldwa6TLyMlEiGWrf41elFPAlBIZfMmLbnxuinTKPgEiaFTmIgZnzEBtC2VLEQjJ/OLp7QE6v0aD/SthTSmfp7ImWhMeMwsJ0hw6FZ9Kbif147wf6lnwoVJwiKzxf1E0kxotP3aU9o4CjHljCuhb2V8iHTjKMNqWBD8BZfXiaNs7JXKVfuzkvVqyyOPDkix+SUeOSCVMktqZE64USRZ/JK3hzjvDjvzse8NedkM4fkD5zPH8wgkQQ=</latexit>

GeV

Shaded region agrees with ac4ve neutrino oscilla4on data.
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The MMM Model
The Majaron mass is given by

<latexit sha1_base64="pqIizF9fQhH8ABVaLivgUTa15rI=">AAACF3icbVDLSgMxFM34rPVVdekmWARXw8wg1WXRjcsK9gGddsikmTY0jyHJFMrQv3Djr7hxoYhb3fk3po+Fth643MM595LcE6eMauN5387a+sbm1nZhp7i7t39wWDo6bmiZKUzqWDKpWjHShFFB6oYaRlqpIojHjDTj4e3Ub46I0lSKBzNOSYejvqAJxchYKSq5PELdINSUw5CkmjIpYNhLFML5qBtM8jCltoWMwaQbRCgqlT3XmwGuEn9BymCBWlT6CnsSZ5wIgxnSuu17qenkSBmKGZkUw0yTFOEh6pO2pQJxojv57K4JPLdKDyZS2RIGztTfGzniWo95bCc5MgO97E3F/7x2ZpLrTk5Fmhki8PyhJGPQSDgNCfaoItiwsSUIK2r/CvEA2VCMjbJoQ/CXT14ljcD1K27l/rJcvVnEUQCn4AxcAB9cgSq4AzVQBxg8gmfwCt6cJ+fFeXc+5qNrzmLnBPyB8/kDo1Wfmw==</latexit>

m2
a ⇠ ✏

v2

⇡2
⌧ f2

a

<latexit sha1_base64="WXMrfGPbxnDROFwxMLsnhFQsmiY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF48VbC20IWy2k3bp5oPdSbGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvSKXQ6DjfVmltfWNzq7xd2dnd2z+wD4/aOskUhxZPZKI6AdMgRQwtFCihkypgUSDhMRjdzvzHMSgtkvgBJyl4ERvEIhScoZF82458Rrs9hCfMR9Ceer5ddWrOHHSVuAWpkgJN3/7q9ROeRRAjl0zrruuk6OVMoeASppVepiFlfMQG0DU0ZhFoL59fPqVnRunTMFGmYqRz9fdEziKtJ1FgOiOGQ73szcT/vG6G4bWXizjNEGK+WBRmkmJCZzHQvlDAUU4MYVwJcyvlQ6YYRxNWxYTgLr+8StoXNbdeq99fVhs3RRxlckJOyTlxyRVpkDvSJC3CyZg8k1fyZuXWi/VufSxaS1Yxc0z+wPr8AYLbk5o=</latexit> m
a
[k
eV

]

<latexit sha1_base64="GPvQOIbMf47/86pkjePwWF7I2ms=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gViR6DHvQYwTwgWcLspDcZMvtgpjcYlvyJFw+KePVPvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnG7tLO7t39gHx41dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzvzWGJQWcfSIkwS8kA0iEQjO0Eg92w56jHa6CE+Y3UFz6vXsslNx5qCrxM1JmeSo9+yvbj/maQgRcsm07rhOgl7GFAouYVrqphoSxkdsAB1DIxaC9rL55VN6ZpQ+DWJlKkI6V39PZCzUehL6pjNkONTL3kz8z+ukGFx7mYiSFCHii0VBKinGdBYD7QsFHOXEEMaVMLdSPmSKcTRhlUwI7vLLq6R5UXGrlerDZbl2k8dRJCfklJwTl1yRGrknddIgnIzJM3klb1ZmvVjv1seitWDlM8fkD6zPH0C2k28=</latexit>

fa[GeV]

<latexit sha1_base64="Slrid2iTIUapvQL36hDxicXOYms=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGZEosegB70IEcwCyTD0dGqSJj0L3TXBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRVWVtfWN4qbpa3tnd09e/+gqZNMcWjwRCaqHTANUsTQQIES2qkCFgUSWsHweuq3RqC0SOIHHKfgRawfi1BwhkbybfvOd2mni/CI+Q00J55vl52KMwP9S9wFKZMF6r792e0lPIsgRi6Z1h3XSdHLmULBJUxK3UxDyviQ9aFjaMwi0F4+u3xCT4zSo2GiTMVIZ+rPiZxFWo+jwHRGDAd62ZuK/3mdDMNLLxdxmiHEfL4ozCTFhE5joD2hgKMcG8K4EuZWygdMMY4mrJIJwV1++S9pnlXcaqV6f16uXS3iKJIjckxOiUsuSI3ckjppEE5G5Im8kFcrt56tN+t93lqwFjOH5Besj2/OHJMm</latexit>

M1[GeV]

<latexit sha1_base64="TddH3l5NjI2USAuRefZNEY0cGqc=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZEapdFF7qsYB/QGUsmvaPBzIPkjliGfoAbf8WNC0Xc+gHu/BvTdhbaeiDkcM69N7nHT6TQaNvf1tz8wuLScmGluLq2vrFZ2tpu6ThVHJo8lrHq+EyDFBE0UaCETqKAhb6Etn93NvLb96C0iKMrHCTghewmEoHgDI3UK5WDHnO1CGnXsa9rh+6huTLHGXouwgNm9BxaQ1NlV+wx6CxxclImORq90pfbj3kaQoRcMq3N7AS9jCkUXMKw6KYaEsbv2A10DY1YCNrLxssM6b5R+jSIlTkR0rH6uyNjodaD0DeVIcNbPe2NxP+8bopBzctElKQIEZ88FKSSYkxHydC+UMBRDgxhXAnzV8pvmWIcTX5FE4IzvfIsaR1VnGqlenlcrp/mcRTILtkjB8QhJ6ROLkiDNAknj+SZvJI368l6sd6tj0npnJX37JA/sD5/APuXmbY=</latexit>

fa ⇠ [108, 1011] GeV
<latexit sha1_base64="1O4VBlesp43Fh5BLKNT/FhPRPrg=">AAACD3icbVC7SgNBFJ31bXxFLW0Gg2IRwq5ItBRtbIQI5gHZJcxObuKQmd1l5q4YlvyBjb9iY6GIra2df+Mk2cLXgYFzz7mXO/eEiRQGXffTmZmdm19YXFourKyurW8UN7caJk41hzqPZaxbITMgRQR1FCihlWhgKpTQDAfnY795C9qIOLrGYQKBYv1I9ARnaKVOcV91mG+Eom3PR7jDjA6gMSr7Zc/N60tbB51iya24E9C/xMtJieSodYoffjfmqYIIuWTGtD03wSBjGgWXMCr4qYGE8QHrQ9vSiCkwQTa5Z0T3rNKlvVjbFyGdqN8nMqaMGarQdiqGN+a3Nxb/89op9k6CTERJihDx6aJeKinGdBwO7QoNHOXQEsa1sH+l/IZpxtFGWLAheL9P/ksahxWvWqleHZVOz/I4lsgO2SUHxCPH5JRckBqpE07uySN5Ji/Og/PkvDpv09YZJ5/ZJj/gvH8BlUabwg==</latexit>

ma ⇠ [1 keV, 10 MeV]

<latexit sha1_base64="sunoQv17T8A6sOaxxXmSoxc/HIs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Mv65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6qXq1au7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB58WjXA=</latexit>

{

The suppression is due to 
neutrino mass dependence!
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Coupling <latexit sha1_base64="94zVf4uVe23xXz6Xn+GxS63qJzc=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXjcTEE9k1Bj0SvXjERJAENmS2dKGh7a5tl4Rs+B1ePGiMV3+MN/+NBfag4Etm8vLeTDp9YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rdoiaciZp0zDDaTtRFEXI6WM4up35j2OqNIvlg5kkNBA4kCxiBI2VAuwOUIi898oVr+rN4a4SPycVyNHolb+6/ZikgkpDOGrd8b3EBBkqwwin01I31TRBMsIB7VgqUVAdZPOjp+6ZVfpuFCtb0rhz9fdGhkLriQjtpEAz1MveTPzP66Qmug4yJpPUUEkWD0Upd03szhJw+0xRYvjEEiSK2VtdMkSFxNicSjYEf/nLq6R1UfVr1dr9ZaV+k8dRhBM4hXPw4QrqcAcNaAKBJ3iGV3hzxs6L8+58LEYLTr5zDH/gfP4A0QySJg==</latexit>a��

The MMM Model
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DM Candidate?
<latexit sha1_base64="J3VS1wQl5yjEi26FDA0ncRLjvno=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXisYD+gXUo2zbah2eySzApl6Y/w4kERr/4eb/4b03YP2vpI4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVI04T7kd0pEQoGEUrdWhfpfYNyhW36i5A1omXkwrkaA7KX/1hzNKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W6w7IxdWGZIw1vYrJAv1d0dGI2OmUWArI4pjs+rNxf+8XorhjZ8JlaTIFVsOClNJMCbz28lQaM5QTi2hTAu7K2FjqilDm1DJhuCtnrxO2ldVr1atPVxXGrd5HEU4g3O4BA/q0IB7aEILGEzgGV7hzUmcF+fd+ViWFpy85xT+wPn8AXP3j6o=</latexit>a⌫⌫Coupling

Possible DM 
Candidate!
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Conclusions
Axion and ALP physics is a very ac4ve research topic at the moment

Great results from the experimental collabora4ons

Theore4cians advanced a lot in model building and effec4ve descrip4on

The ALP mass genera4on is a long standing open problem: the MMM is an 
example, but it is just the 4p of the iceberg: 

MMM could be testable soon and it is a possible DM candidate 
MMM does not help with the Belle II excess (too light) 
Other textures may work

ALPs can help understanding the Belle II excess, but 
<latexit sha1_base64="aIa9jq1MDllHcOOcYx/CSULnVLk=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGaCRC9C0IMeI5gFkjD0dGqSJj0L3TXBMORPvHhQxKt/4s2/sbMcNPFBweO9Kqrq+YkUGh3n28qtrW9sbuW3Czu7e/sH9uFRQ8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3h7dRvjkBpEUePOE6gG7J+JALBGRrJs+3QY9flDsITZvQOGhPPLjolZwa6StwFKZIFap791enFPA0hQi6Z1m3XSbCbMYWCS5gUOqmGhPEh60Pb0IiFoLvZ7PIJPTNKjwaxMhUhnam/JzIWaj0OfdMZMhzoZW8q/ue1UwyuupmIkhQh4vNFQSopxnQaA+0JBRzl2BDGlTC3Uj5ginE0YRVMCO7yy6ukUS65lVLl4aJYvVnEkScn5JScE5dckiq5JzVSJ5yMyDN5JW9WZr1Y79bHvDVnLWaOyR9Ynz/bopMt</latexit>

ma = 2 GeVALP mass  
specific UV realisa4ons to guarantee a long lived ALP
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Thanks
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