
GRAVITATIONAL WAVES AT PARTICLE 
STORAGE RINGS

Raffaele Tito D’Agnolo — IPhT Saclay



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="q0xi+g9HpToHzua7CRa8tTSBCF0=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHcWDIi6rLopssK9gHtWDJppg1NMkOSUeo4n+LGhSJu/RJ3/o1pOwttPXDhcM693HtPEHOmDULfztLyyuraemGjuLm1vbPrlvaaOkoUoQ0S8Ui1A6wpZ5I2DDOctmNFsQg4bQWj64nfuqdKs0jemnFMfYEHkoWMYGOlnlvy0F164qEs7SoBZe0x67llVEFTwEXi5aQMctR77le3H5FEUGkIx1p3PBQbP8XKMMJpVuwmmsaYjPCAdiyVWFDtp9PTM3hklT4MI2VLGjhVf0+kWGg9FoHtFNgM9bw3Ef/zOokJL/2UyTgxVJLZojDh0ERwkgPsM0WJ4WNLMFHM3grJECtMjE2raEPw5l9eJM3TindeQTdn5epVHkcBHIBDcAw8cAGqoAbqoAEIeADP4BW8OU/Oi/PufMxal5x8Zh/8gfP5A+ajkyI=</latexit>

10
�10

nHz

<latexit sha1_base64="UndL0c0gFDrKUtISFzgkOhN4uXA=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLopssK9gHtUDJppg3NY0juCHXoZ7hxoYhbv8adf2PazkJbDwQO59x7c++JEsEt+P63V1hb39jcKm6Xdnb39g/Kh0ctq1NDWZNqoU0nIpYJrlgTOAjWSQwjMhKsHY3vZn77kRnLtXqAScJCSYaKx5wScFI38LOekXhcf5r2yxW/6s+BV0mQkwrK0eiXv3oDTVPJFFBBrHXDEggzYoBTwaalXmpZQuiYDFnXUUUks2E2X3mKz5wywLE27inAc/V3R0aktRMZuUpJYGSXvZn4n9dNIb4JM66SFJiii4/iVGDQeHY/HnDDKIiJI4Qa7nbFdEQMoeBSKrkQguWTV0nrohpcVf37y0rtNo+jiE7QKTpHAbpGNVRHDdREFGn0jF7Rmwfei/fufSxKC17ec4z+wPv8AZY8kM4=</latexit>

10kHz

Size of the Universe Largest from Astrophysics

…



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="0UCHJqT8bdWqbDbpKxzyIMp7PFw=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjI6agc3RTddVrAP6Awlk2ba0ExmSDJCHfobblwo4tafceffmD4EFT1wuYdz7iU3J0w5UxqhD6uwtLyyulZcL21sbm3vlHf3WirJJKFNkvBEdkKsKGeCNjXTnHZSSXEcctoOR9dTv31HpWKJuNXjlAYxHggWMYK1kXwH+Ze5L2NYv5/0yhVku8jgDCK7arrrGuJ5Ve/Ug46NZqiABRq98rvfT0gWU6EJx0p1HZTqIMdSM8LppORniqaYjPCAdg0VOKYqyGc3T+CRUfowSqQpoeFM/b6R41ipcRyayRjrofrtTcW/vG6mo2qQM5FmmgoyfyjKONQJnAYA+0xSovnYEEwkM7dCMsQSE21iKpkQvn4K/yetE9s5t9GNW6ldLeIoggNwCI6BAy5ADdRBAzQBASl4AE/g2cqsR+vFep2PFqzFzj74AevtE2c5kUw=</latexit>

10 Hz
<latexit sha1_base64="0BdbRBXMX/d7MR2p8Ap4w3P+btI=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjI6arsruumygn1IO5RMmmlDk8yQZIQ69CvcuFDErZ/jzr8xfQgqeiDkcM693HtPmHCmDUIfTm5peWV1Lb9e2Njc2t4p7u41dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dUeVZrG8MeOEBgIPJIsYwcZKt1lXCTiq3U96xRJyfWRxBpFbtr/vW1KplCunFei5aIYSWKDeK753+zFJBZWGcKx1x0OJCTKsDCOcTgrdVNMEkxEe0I6lEguqg2y28AQeWaUPo1jZJw2cqd87Miy0HovQVgpshvq3NxX/8jqpicpBxmSSGirJfFCUcmhiOL0e9pmixPCxJZgoZneFZIgVJsZmVLAhfF0K/yfNE9c7d9G1X6peLuLIgwNwCI6BBy5AFdRAHTQAAQI8gCfw7Cjn0XlxXuelOWfRsw9+wHn7BByckKE=</latexit>

kHz

LIGO-VIRGO



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="0UCHJqT8bdWqbDbpKxzyIMp7PFw=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjI6agc3RTddVrAP6Awlk2ba0ExmSDJCHfobblwo4tafceffmD4EFT1wuYdz7iU3J0w5UxqhD6uwtLyyulZcL21sbm3vlHf3WirJJKFNkvBEdkKsKGeCNjXTnHZSSXEcctoOR9dTv31HpWKJuNXjlAYxHggWMYK1kXwH+Ze5L2NYv5/0yhVku8jgDCK7arrrGuJ5Ve/Ug46NZqiABRq98rvfT0gWU6EJx0p1HZTqIMdSM8LppORniqaYjPCAdg0VOKYqyGc3T+CRUfowSqQpoeFM/b6R41ipcRyayRjrofrtTcW/vG6mo2qQM5FmmgoyfyjKONQJnAYA+0xSovnYEEwkM7dCMsQSE21iKpkQvn4K/yetE9s5t9GNW6ldLeIoggNwCI6BAy5ADdRBAzQBASl4AE/g2cqsR+vFep2PFqzFzj74AevtE2c5kUw=</latexit>

10 Hz
<latexit sha1_base64="0BdbRBXMX/d7MR2p8Ap4w3P+btI=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjI6arsruumygn1IO5RMmmlDk8yQZIQ69CvcuFDErZ/jzr8xfQgqeiDkcM693HtPmHCmDUIfTm5peWV1Lb9e2Njc2t4p7u41dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dUeVZrG8MeOEBgIPJIsYwcZKt1lXCTiq3U96xRJyfWRxBpFbtr/vW1KplCunFei5aIYSWKDeK753+zFJBZWGcKx1x0OJCTKsDCOcTgrdVNMEkxEe0I6lEguqg2y28AQeWaUPo1jZJw2cqd87Miy0HovQVgpshvq3NxX/8jqpicpBxmSSGirJfFCUcmhiOL0e9pmixPCxJZgoZneFZIgVJsZmVLAhfF0K/yfNE9c7d9G1X6peLuLIgwNwCI6BBy5AFdRAHTQAAQI8gCfw7Cjn0XlxXuelOWfRsw9+wHn7BByckKE=</latexit>

kHz

LIGO-VIRGO

<latexit sha1_base64="eVJ8SE//cF6VJsGSgc2b86W13z8=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjKl1nZXdNNlBfuAzlAyadqGJpkhyQh16G+4caGIW3/GnX9jpq2gogcuHM65l3vvCWPOtEHow8mtrW9sbuW3Czu7e/sHxcOjjo4SRWibRDxSvRBrypmkbcMMp71YUSxCTrvh9Drzu3dUaRbJWzOLaSDwWLIRI9hYyU99JaAvEti8nw+KJeTWa1VUKUPkIlQro6olF8ire3XoWSVDCazQGhTf/WFEEkGlIRxr3fdQbIIUK8MIp/OCn2gaYzLFY9q3VGJBdZAubp7DM6sM4ShStqSBC/X7RIqF1jMR2k6BzUT/9jLxL6+fmFEtSJmME0MlWS4aJRyaCGYBwCFTlBg+swQTxeytkEywwsTYmAo2hK9P4f+kU3a9qotuKqXG1SqOPDgBp+AceOASNEATtEAbEBCDB/AEnp3EeXRenNdla85ZzRyDH3DePgEFMJGw</latexit>

µHz

PULSAR TIMING

<latexit sha1_base64="5sGK7R1WN+wRKwjvNRxR7kMLGO4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6bU2u6KbrqsYB/SDiWTZtrQJDMkGaEO/Qo3LhRx6+e482/MtBVU9MCFwzn3cu89QcyZNgh9OCura+sbm7mt/PbO7t5+4eCwraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wucr8zh1VmkXyxkxj6gs8kixkBBsr3aZ9JaBs3M8GhSJya9UKKpcgchGqllDFknPk1bwa9KySoQiWaA4K7/1hRBJBpSEca93zUGz8FCvDCKezfD/RNMZkgke0Z6nEgmo/nR88g6dWGcIwUrakgXP1+0SKhdZTEdhOgc1Y//Yy8S+vl5iw6qdMxomhkiwWhQmHJoLZ93DIFCWGTy3BRDF7KyRjrDAxNqO8DeHrU/g/aZdcr+Ki63KxfrmMIweOwQk4Ax64AHXQAE3QAgQI8ACewLOjnEfnxXldtK44y5kj8APO2ycfu5Ci</latexit>

nHz



Any new idea for detection is 
interesting, even the most 

“ambitious” ones



https://indico.cern.ch/event/982987/

ARIES WP6 Workshop: Storage Rings and Gravitational Waves — SRGW2021

https://arxiv.org/pdf/2105.00992.pdf



LIGO

LHC
<latexit sha1_base64="iRCIp3G6XHIMjJaxnmQz8WyfAlQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSpApuim5cVrAPaGKZTCft0JlJmJkINQR/xY0LRdz6H+78G6dtFtp64MLhnHu5954gZlRpx/m2CkvLK6trxfXSxubW9o69u9dSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdT/z2A5GKRuJOj2PiczQQNKQYaSP17APoOvfpqVvLvEuYepJDzrOeXXYqzhRwkbg5KYMcjZ795fUjnHAiNGZIqa7rxNpPkdQUM5KVvESRGOERGpCuoQJxovx0en0Gj43Sh2EkTQkNp+rviRRxpcY8MJ0c6aGa9ybif1430eGFn1IRJ5oIPFsUJgzqCE6igH0qCdZsbAjCkppbIR4iibA2gZVMCO78y4ukVa24tUr19qxcv8rjKIJDcAROgAvOQR3cgAZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+wPn8ALmqTyQ==</latexit>

10�16 mm

Sensitivity to Deformations

<latexit sha1_base64="H66S4JTxuNhs0JMDmL5yE9huiQs=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSTFF7gpunFZwT6giWUynbZDZ5IwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feE8ScKe0439bS8srq2npho7i5tb2za++VmipKJKENEvFItgOsKGchbWimOW3HkmIRcNoKRjcTv/VIpWJReK/HMfUFHoSszwjWRuraJdd5SE/cs8y7Sj0pkBBZ1y47FWcKtEjcnJQhR71rf3m9iCSChppwrFTHdWLtp1hqRjjNil6iaIzJCA9ox9AQC6r8dHp7ho6M0kP9SJoKNZqqvydSLJQai8B0CqyHat6biP95nUT3L/2UhXGiaUhmi/oJRzpCkyBQj0lKNB8bgolk5lZEhlhiok1cRROCO//yImlWK+55pXp3Wq5d53EU4AAO4RhcuIAa3EIdGkDgCZ7hFd6szHqx3q2PWeuSlc/swx9Ynz97PpN0</latexit>

10�15 mm



LIGO

LHC
<latexit sha1_base64="iRCIp3G6XHIMjJaxnmQz8WyfAlQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSpApuim5cVrAPaGKZTCft0JlJmJkINQR/xY0LRdz6H+78G6dtFtp64MLhnHu5954gZlRpx/m2CkvLK6trxfXSxubW9o69u9dSUSIxaeKIRbITIEUYFaSpqWakE0uCeMBIOxhdT/z2A5GKRuJOj2PiczQQNKQYaSP17APoOvfpqVvLvEuYepJDzrOeXXYqzhRwkbg5KYMcjZ795fUjnHAiNGZIqa7rxNpPkdQUM5KVvESRGOERGpCuoQJxovx0en0Gj43Sh2EkTQkNp+rviRRxpcY8MJ0c6aGa9ybif1430eGFn1IRJ5oIPFsUJgzqCE6igH0qCdZsbAjCkppbIR4iibA2gZVMCO78y4ukVa24tUr19qxcv8rjKIJDcAROgAvOQR3cgAZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+wPn8ALmqTyQ==</latexit>

10�16 mm

Sensitivity to Deformations Effective Size

<latexit sha1_base64="H66S4JTxuNhs0JMDmL5yE9huiQs=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSTFF7gpunFZwT6giWUynbZDZ5IwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/feE8ScKe0439bS8srq2npho7i5tb2za++VmipKJKENEvFItgOsKGchbWimOW3HkmIRcNoKRjcTv/VIpWJReK/HMfUFHoSszwjWRuraJdd5SE/cs8y7Sj0pkBBZ1y47FWcKtEjcnJQhR71rf3m9iCSChppwrFTHdWLtp1hqRjjNil6iaIzJCA9ox9AQC6r8dHp7ho6M0kP9SJoKNZqqvydSLJQai8B0CqyHat6biP95nUT3L/2UhXGiaUhmi/oJRzpCkyBQj0lKNB8bgolk5lZEhlhiok1cRROCO//yImlWK+55pXp3Wq5d53EU4AAO4RhcuIAa3EIdGkDgCZ7hFd6szHqx3q2PWeuSlc/swx9Ynz97PpN0</latexit>

10�15 mm
<latexit sha1_base64="dLaIr+yYEiLf6xFXPBWDFeh04b4=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqUUFN0U3LivYBzShTKaTdujMJMxMhBKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCWJGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8e3U7zwSqWgkHvQkJj5HQ0FDipE2Ut8+qtS969STHI55duZpyomC547Tt8tO1ZkBLhM3J2WQo9m3v7xBhBNOhMYMKdVznVj7KZKaYkaykpcoEiM8RkPSM1Qgs8hPZw9k8NQoAxhG0pTQcKb+nkgRV2rCA9PJkR6pRW8q/uf1Eh1e+SkVcaKJwPNFYcKgjuA0DTigkmDNJoYgLKm5FeIRkghrk1nJhOAuvrxM2rWqe1Gt3dfLjZs8jiI4BiegAlxwCRrgDjRBC2CQgWfwCt6sJ+vFerc+5q0FK585BH9gff4Af0mVEA==</latexit>

(4 km)⇥ 300

<latexit sha1_base64="jpLlXv2fa6jGFC0/zIWpTi7XCW8=">AAACGXicbVBNS8NAEN34bf2KevSyWIR6KYn4BV5ELx4VbCt0Y9lsN+3S3STsToQS8je8+Fe8eFDEo578N25rDlp9MPB4b4aZeWEqhQHP+3Smpmdm5+YXFitLyyura+76RtMkmWa8wRKZ6JuQGi5FzBsgQPKbVHOqQslb4eB85LfuuDYiia9hmPJA0V4sIsEoWKnjer53e0BOcE60wgNVkBMieQQ1EmnKcgI0K8aWKYgWvT7sdtyqV/fGwH+JX5IqKnHZcd9JN2GZ4jEwSY1p+14KQU41CCZ5USGZ4SllA9rjbUtjqrgJ8vFnBd6xShdHibYVAx6rPydyqowZqtB2Kgp9M+mNxP+8dgbRcZCLOM2Ax+x7UZRJDAkexYS7QnMGcmgJZVrYWzHrU5sJ2DArNgR/8uW/pLlX9w/re1f71dOzMo4FtIW2UQ356Aidogt0iRqIoXv0iJ7Ri/PgPDmvztt365RTzmyiX3A+vgC0l6At</latexit>

105 km
⇣⌧
s

⌘

<latexit sha1_base64="3HuTs5+Jz8xLcB3T8x6W5tWexIs=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtooKXohePFewHdNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6nfvORKs0i+WDGMe0IPJAsZAQbK3U9t3vmX6e+EmgkJr1iyS27M6Bl4mWkBBlqveKX349IIqg0hGOt254bm06KlWGE00nBTzSNMRnhAW1bKrGgupPOrp6gE6v0URgpW9Kgmfp7IsVC67EIbKfAZqgXvan4n9dOTHjVSZmME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJS9i3Ll/rxUvcniyMMRHMMpeHAJVbiDGtSBgIJneIU358l5cd6dj3lrzslmDuEPnM8fTxmRwQ==</latexit>

103 km



Everything interacts with the gravitational wave: magnets, tunnel, 
protons, EM fields, us observers, …



CAVEAT: large gauge symmetry of GR (i.e. rigid objects in flat 
space can move a lot in certain coordinate systems)

<latexit sha1_base64="rDXGbytTJGDKV8QQaNM0K61490c=">AAACBnicbVDLSgMxFM34rPU16lKEYBHqpsyIqMuiG5cV7AM6bcmkmTY0yQxJRlqGrtz4K25cKOLWb3Dn35iZzkJbDwQO59zLzTl+xKjSjvNtLS2vrK6tFzaKm1vbO7v23n5DhbHEpI5DFsqWjxRhVJC6ppqRViQJ4j4jTX90k/rNByIVDcW9nkSkw9FA0IBipI3Us4/GXY/Hng7huJukLJKUk2k5k097dsmpOBngInFzUgI5aj37y+uHOOZEaMyQUm3XiXQnQVJTzMi06MWKRAiP0IC0DRWIE9VJshhTeGKUPgxCaZ7QMFN/bySIKzXhvpnkSA/VvJeK/3ntWAdXnYSKKNZE4NmhIGbQpE47gX0qCdZsYgjCkpq/QjxEEmFtmiuaEtz5yIukcVZxLyrO3Xmpep3XUQCH4BiUgQsuQRXcghqoAwwewTN4BW/Wk/VivVsfs9ElK985AH9gff4AlA2ZLw==</latexit>

xµ ! xµ0(xµ)

Any change of coordinates still describes the same physics



We can use this symmetry to our advantage: choose a frame 
where our Newtonian intuition applies (proper detector frame) at 

least for small distances compared to the wavelength 

<latexit sha1_base64="bt1njr3TWbxaeTV3DSDLi2bCNQ4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJiLosunHhooJ9QBPCZDJph04ezEyEEuLGX3HjQhG3/oU7/8Zpm4W2Hhg4nHMPd+7xU86ksqxvo7K0vLK6Vl2vbWxube+Yu3sdmWSC0DZJeCJ6PpaUs5i2FVOc9lJBceRz2vVH1xO/+0CFZEl8r8YpdSM8iFnICFZa8swDJxSY5LdF7nCdCrA3KBzOke2ZdathTYEWiV2SOpRoeeaXEyQki2isCMdS9m0rVW6OhWKE06LmZJKmmIzwgPY1jXFEpZtPLyjQsVYCFCZCv1ihqfo7keNIynHk68kIq6Gc9ybif14/U+Glm7M4zRSNyWxRmHGkEjSpAwVMUKL4WBNMBNN/RWSIdSVKl1bTJdjzJy+SzmnDPm9Yd2f15lVZRxUO4QhOwIYLaMINtKANBB7hGV7hzXgyXox342M2WjHKzD78gfH5A2yEltw=</latexit>

L

�g
⌧ 1

This is the frame of an observer standing still next to the LHC and 
watching the protons fly by, i.e. exactly what we want



Everything interacts with the gravitational wave: magnets, tunnel, 
protons, EM fields, us observers, …

However if we focus on a small frequency range, the majority of 
potential detectors are rigid 



Any system in equilibrium if displaced by a small amount 

<latexit sha1_base64="SAJdlQm56GIombX/7NWd9LhqfWw="></latexit>

�̈(t) +
�̇(t)

⌧s
+ !2

s�(t) = !2
gf(!g, t)

<latexit sha1_base64="UxyQYRYg1711/flzIrghagmKNCE=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/rHn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkzKPIQ==</latexit>

�
responds as a harmonic oscillator



Everything interacts with the gravitational wave: magnets, tunnel, 
protons, EM fields, us observers, …

<latexit sha1_base64="SAJdlQm56GIombX/7NWd9LhqfWw="></latexit>

�̈(t) +
�̇(t)

⌧s
+ !2

s�(t) = !2
gf(!g, t)



Everything interacts with the gravitational wave: magnets, tunnel, 
protons, EM fields, us observers, …

<latexit sha1_base64="AiovQS2xNjsPQ4GCFrP5Cwq7AuM="></latexit>

�̃(!) = f̃(!g,!)
!2
g

(!2
s � !2) + i⌧s!



Everything with 

<latexit sha1_base64="QBkSOvlQFR/41BPj9Ys+8rBYijU="></latexit>

�̃(!g) '
!2
g f̃(!g,!g)

!2
s

⌧ f̃(!g,!g)

<latexit sha1_base64="9GhEMX4LLkIglkRXgMjZTdKkbkM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZdFNy4r2Ac0IUymk3ToPMLMRCih4K+4caGIW7/DnX/jtM1CWw9cOHPOvcy9J84Y1cbzvp3Kyura+kZ1s7a1vbO75+4fdLTMFSZtLJlUvRhpwqggbUMNI71MEcRjRrrx6Hbqdx+J0lSKBzPOSMhRKmhCMTJWityjQHKSokjDIE1h+Ugjt+41vBngMvFLUgclWpH7FQwkzjkRBjOkdd/3MhMWSBmKGZnUglyTDOERSknfUoE40WExW38CT60ygIlUtoSBM/X3RIG41mMe206OzFAvelPxP6+fm+Q6LKjIckMEnn+U5AwaCadZwAFVBBs2tgRhRe2uEA+RQtjYxGo2BH/x5GXSOW/4lw3v/qLevCnjqIJjcALOgA+uQBPcgRZoAwwK8AxewZvz5Lw4787HvLXilDOH4A+czx+uAZVO</latexit>

!s � !g

Has a very suppressed response



This is useful also if the wave is not at all monochromatic, i.e. we 
can always ignore objects with characteristic frequencies much 

larger than our readout frequency

<latexit sha1_base64="/++nFTNOEMadiiUexx9WWidaodg="></latexit>

�̃(!r) '
!2
r f̃(!g,!r)

!2
s

<latexit sha1_base64="l4kwdIX/Dd4usgNf2KGKdkyOXiQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZdFNy4r2Ac0IUymk3ToPMLMRCih4K+4caGIW7/DnX/jtM1CWw9cOHPOvcy9J84Y1cbzvp3Kyura+kZ1s7a1vbO75+4fdLTMFSZtLJlUvRhpwqggbUMNI71MEcRjRrrx6Hbqdx+J0lSKBzPOSMhRKmhCMTJWityjQHKSokjDIE1h+VCRW/ca3gxwmfglqYMSrcj9CgYS55wIgxnSuu97mQkLpAzFjExqQa5JhvAIpaRvqUCc6LCYrT+Bp1YZwEQqW8LAmfp7okBc6zGPbSdHZqgXvan4n9fPTXIdFlRkuSECzz9KcgaNhNMs4IAqgg0bW4KwonZXiIdIIWxsYjUbgr948jLpnDf8y4Z3f1Fv3pRxVMExOAFnwAdXoAnuQAu0AQYFeAav4M15cl6cd+dj3lpxyplD8AfO5w++rZVZ</latexit>

!s � !r

CAVEAT: large gauge symmetry of GR (i.e. rigid objects in flat 
space can move a lot in certain coordinate systems)



In the proper detector frame rigid objects don’t move (magnets, 
tunnel, measuring devices, …) so focus on protons and EM fields

• EM fields 
• Radial 
• Vertical  
• Longitudinal



SRGW2021, March 11 2021
Sebastian A. R. Ellis — Revisiting Gravitational Wave Detection in SRF Cavity

1

B(x, t)

<latexit sha1_base64="q3jfWMuQ8IjtENa+BgqoL21/f+o=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhApSEqnostSNywr2Am0ok+mkHTq5MHMillA3voobF4q49S3c+TZO2gja+sPAx3/OYc753UhwBZb1ZeSWlldW1/LrhY3Nre0dc3evqcJYUtagoQhl2yWKCR6wBnAQrB1JRnxXsJY7ukrrrTsmFQ+DWxhHzPHJIOAepwS01TMPuj6BoesltUnpB+8np3DSM4tW2ZoKL4KdQRFlqvfMz24/pLHPAqCCKNWxrQichEjgVLBJoRsrFhE6IgPW0RgQnyknmV4wwcfa6WMvlPoFgKfu74mE+EqNfVd3pkuq+Vpq/lfrxOBdOgkPohhYQGcfebHAEOI0DtznklEQYw2ESq53xXRIJKGgQyvoEOz5kxeheVa2K+Xzm0qxWsviyKNDdIRKyEYXqIquUR01EEUP6Am9oFfj0Xg23oz3WWvOyGb20R8ZH99iy5ba</latexit>

g

<latexit sha1_base64="hoJVNR2oo7bR89qxqRaYnZrrFOo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2XDaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6terlfa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kD5fyREw==</latexit>

�

<latexit sha1_base64="sPQL8yqu43205fRK9uKEP1QfFtg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiYOPHQ==</latexit>

Braginskii & Menskii, 1971

EM fields



A. Berlin, D. Blas, RTD, S. Ellis, R. Harzig, Y. Kahn, J. Schuette-Engel 

Pegoraro, Picasso & Radicati, 1978 

Pegoraro, Radicati, Bernard & Picasso, 1978 and MAGO collaboration

<latexit sha1_base64="o+dI64FVmOYbrzIWy6zejOnC0zs=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJWkiHoserDHCvYDmlA222m7dDeJuxuhhuLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFMWdKO863lVtaXlldy68XNja3tnfs3b2GihJJoU4jHslWQBRwFkJdM82hFUsgIuDQDIZXE795D1KxKLzVoxh8Qfoh6zFKtJE69oEXCeiTjoM9xQTc4dSTAl9XH8Ydu+iUnCnwInEzUkQZah37y+tGNBEQasqJUm3XibWfEqkZ5TAueImCmNAh6UPb0JAIUH46fWGMj43Sxb1Imgo1nqq/J1IilBqJwHQKogdq3puI/3ntRPcu/JSFcaIhpLNFvYRjHeFJHrjLJFDNR4YQKpm5FdMBkYRqk1rBhODOv7xIGuWSe1Yq35wWK5dZHHl0iI7QCXLROaqgKqqhOqLoET2jV/RmPVkv1rv1MWvNWdnMPvoD6/MHRbWWtw==</latexit>

!0 ' GHz

Superconducting RF Cavity 

~ Proton Acceleration

<latexit sha1_base64="7JskLvcFLWpQIGWOlGKC1rqsU/o=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgNopZBi6SMYB6QXZbZyU0yZGZ3nZkNxCX/YOOv2FgoYmtj5984eRSaeGDg3HPu5c49QcyZ0rb9bWVWVtfWN7Kbua3tnd29/P5BQ0WJpFCnEY9kKyAKOAuhrpnm0IolEBFwaAaDm4nfHIJULArv9CgGT5BeyLqMEm0kP3/mRgJ6xE8rY+wqJuAep64UeFB9MEKHDWdlxZR+vmAX7SnwMnHmpIDmqPn5L7cT0URAqCknSrUdO9ZeSqRmlMM45yYKYkIHpAdtQ0MiQHnp9KYxPjFKB3cjaV6o8VT9PZESodRIBKZTEN1Xi95E/M9rJ7p75aUsjBMNIZ0t6iYc6whPAsIdJoFqPjKEUMnMXzHtE0moNjHmTAjO4snLpFEqOhfF0u15oXw9jyOLjtAxOkUOukRlVEU1VEcUPaJn9IrerCfrxXq3PmatGWs+c4j+wPr8AVRYnc8=</latexit>

!G ' kHz÷GHz



A. Berlin, D. Blas, RTD, S. Ellis, R. Harzig, Y. Kahn, J. Schuette-Engel 

Ultra-preliminary

Many other ideas in this range: See F. Muia’s talk

and 2011.12414



In the proper detector frame rigid objects don’t move (magnets, 
tunnel, measuring devices, …) so focus on protons and EM fields

See talk by K.Oide, 

• EM fields 
• Radial

https://indico.cern.ch/event/982987/

https://inspirehep.net/literature/470998
https://inspirehep.net/literature/529085
https://inspirehep.net/literature/533999

First record of the idea  
that I could find: D. Zer Zion 

(n.b. very optimistic damping time)
<latexit sha1_base64="ZX7GpAKEbQE9Cel/xth+zK5tA7Q=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGX2ATtEkZwTwgu4bZyU0yZGZ3nZkV4pLGxl+xsVDE1n+w82+cPApNPHDhcM693HtPEHOmtON8W5mFxaXllexqbm19Y3PL3t6pqSiRFKo04pFsBEQBZyFUNdMcGrEEIgIO9aB/NfLr9yAVi8IbPYjBF6Qbsg6jRBupZe97kYAuwZ5iAu6w69yeeBepJwUuPwxbdt4pOGPgeeJOSR5NUWnZX147oomAUFNOlGq6Tqz9lEjNKIdhzksUxIT2SReahoZEgPLT8RdDfGiUNu5E0lSo8Vj9PZESodRABKZTEN1Ts95I/M9rJrpz7qcsjBMNIZ0s6iQc6wiPIsFtJoFqPjCEUMnMrZj2iCRUm+ByJgR39uV5UisW3NNC8fo4X7qcxpFFe+gAHSEXnaESKqMKqiKKHtEzekVv1pP1Yr1bH5PWjDWd2UV/YH3+AN/xl4o=</latexit>

! ' 10
5
Hz

LHC

https://inspirehep.net/literature/470998
https://inspirehep.net/literature/529085
https://inspirehep.net/literature/533999


In the proper detector frame rigid objects don’t move (magnets, 
tunnel, measuring devices, …) so focus on protons and EM fields

<latexit sha1_base64="zz4O/Tjjfd2y6dm8H6ShSK917rU=">AAACK3icbZDLSsNAFIYnXmu9RV26GSyCq5KIqMtSXbisYC/QhDKZTtqhM0mcORFq6Pu48VVc6MILbn0Pp20WtfWHgY//nMOZ8weJ4Boc59NaWl5ZXVsvbBQ3t7Z3du29/YaOU0VZncYiVq2AaCZ4xOrAQbBWohiRgWDNYHA1rjcfmNI8ju5gmDBfkl7EQ04JGKtjV71rJoDgR+xpLtk97s+iBwY0zjwlMZUj7Akx5w7kqGOXnLIzEV4EN4cSylXr2K9eN6apZBFQQbRuu04CfkYUcCrYqOilmiWEDkiPtQ1GxGzzs8mtI3xsnC4OY2VeBHjizk5kRGo9lIHplAT6er42Nv+rtVMIL/2MR0kKLKLTRWEqMMR4HBzucsUoiKEBQhU3f8W0TxShYOItmhDc+ZMXoXFads/Lzu1ZqVLN4yigQ3SETpCLLlAF3aAaqiOKntALekcf1rP1Zn1Z39PWJSufOUB/ZP38AoYRpqo=</latexit>

�z ' hz ' h⇥ cm ⌧ h⇥ km

• EM fields 
• Radial 
• Vertical 



In the proper detector frame rigid objects don’t move (magnets, 
tunnel, measuring devices, …) so focus on protons and EM fields

• EM fields 
• Radial 
• Vertical  
• Longitudinal



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

LHC

<latexit sha1_base64="goy8ycL8rBOhcSOy+TyPXKyE5Sc="></latexit>

!l ⇡ !0

s
h̃↵CqVRF

R
⇡ 2⇡ ⇥ 10 Hz



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

LHC

Compute



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

DIMENSIONAL ANALYSIS

<latexit sha1_base64="o02vG8uT04AICV7UkAoT0zSSyLA=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAILUqZEVHBTdGNCxcV7AU6pWTSTBuamYzJGaGUPowbX8WNCy+4cOOzmLajaOsPgY//nMPJ+b1IcA22/WGl5uYXFpfSy5mV1bX1jezmVlXLWFFWoVJIVfeIZoKHrAIcBKtHipHAE6zm9S5G9dodU5rL8Ab6EWsGpBNyn1MCxmplz/y8KwPWIa3OAYaCq3nAbnEXu2BA46tvcKnUP52w70ZdXmhlc3bRHgvPgpNADiUqt7KvblvSOGAhUEG0bjh2BM0BUcCpYMOMG2sWEdojHdYwGBKzuTkYHznEe8ZpY18q80LAY/f3xIAEWvcDz3QGBLp6ujYy/6s1YvBPmwMeRjGwkE4W+bHAIPEoMdzmilEQfQOEKm7+immXKELB5JoxITjTJ89C9bDoHBft66Nc6TyJI4120C7KIwedoBK6RGVUQRTdo0f0jF6sB+vJerPeJ60pK5nZRn9kfX4B6nmjxA==</latexit>

f(!g, t) ' h⇥ L⇥ cos(!gt+ �)



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

DIMENSIONAL ANALYSIS

<latexit sha1_base64="o02vG8uT04AICV7UkAoT0zSSyLA=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAILUqZEVHBTdGNCxcV7AU6pWTSTBuamYzJGaGUPowbX8WNCy+4cOOzmLajaOsPgY//nMPJ+b1IcA22/WGl5uYXFpfSy5mV1bX1jezmVlXLWFFWoVJIVfeIZoKHrAIcBKtHipHAE6zm9S5G9dodU5rL8Ab6EWsGpBNyn1MCxmplz/y8KwPWIa3OAYaCq3nAbnEXu2BA46tvcKnUP52w70ZdXmhlc3bRHgvPgpNADiUqt7KvblvSOGAhUEG0bjh2BM0BUcCpYMOMG2sWEdojHdYwGBKzuTkYHznEe8ZpY18q80LAY/f3xIAEWvcDz3QGBLp6ujYy/6s1YvBPmwMeRjGwkE4W+bHAIPEoMdzmilEQfQOEKm7+immXKELB5JoxITjTJ89C9bDoHBft66Nc6TyJI4120C7KIwedoBK6RGVUQRTdo0f0jF6sB+vJerPeJ60pK5nZRn9kfX4B6nmjxA==</latexit>

f(!g, t) ' h⇥ L⇥ cos(!gt+ �)

Dimensionless strength of the wave



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

DIMENSIONAL ANALYSIS

<latexit sha1_base64="o02vG8uT04AICV7UkAoT0zSSyLA=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAILUqZEVHBTdGNCxcV7AU6pWTSTBuamYzJGaGUPowbX8WNCy+4cOOzmLajaOsPgY//nMPJ+b1IcA22/WGl5uYXFpfSy5mV1bX1jezmVlXLWFFWoVJIVfeIZoKHrAIcBKtHipHAE6zm9S5G9dodU5rL8Ab6EWsGpBNyn1MCxmplz/y8KwPWIa3OAYaCq3nAbnEXu2BA46tvcKnUP52w70ZdXmhlc3bRHgvPgpNADiUqt7KvblvSOGAhUEG0bjh2BM0BUcCpYMOMG2sWEdojHdYwGBKzuTkYHznEe8ZpY18q80LAY/f3xIAEWvcDz3QGBLp6ujYy/6s1YvBPmwMeRjGwkE4W+bHAIPEoMdzmilEQfQOEKm7+immXKELB5JoxITjTJ89C9bDoHBft66Nc6TyJI4120C7KIwedoBK6RGVUQRTdo0f0jF6sB+vJerPeJ60pK5nZRn9kfX4B6nmjxA==</latexit>

f(!g, t) ' h⇥ L⇥ cos(!gt+ �)

Length of the ring



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

DIMENSIONAL ANALYSIS

<latexit sha1_base64="o02vG8uT04AICV7UkAoT0zSSyLA=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAILUqZEVHBTdGNCxcV7AU6pWTSTBuamYzJGaGUPowbX8WNCy+4cOOzmLajaOsPgY//nMPJ+b1IcA22/WGl5uYXFpfSy5mV1bX1jezmVlXLWFFWoVJIVfeIZoKHrAIcBKtHipHAE6zm9S5G9dodU5rL8Ab6EWsGpBNyn1MCxmplz/y8KwPWIa3OAYaCq3nAbnEXu2BA46tvcKnUP52w70ZdXmhlc3bRHgvPgpNADiUqt7KvblvSOGAhUEG0bjh2BM0BUcCpYMOMG2sWEdojHdYwGBKzuTkYHznEe8ZpY18q80LAY/f3xIAEWvcDz3QGBLp6ujYy/6s1YvBPmwMeRjGwkE4W+bHAIPEoMdzmilEQfQOEKm7+immXKELB5JoxITjTJ89C9bDoHBft66Nc6TyJI4120C7KIwedoBK6RGVUQRTdo0f0jF6sB+vJerPeJ60pK5nZRn9kfX4B6nmjxA==</latexit>

f(!g, t) ' h⇥ L⇥ cos(!gt+ �)

For simplicity: perfectly monochromatic



<latexit sha1_base64="aN9HrjWrGHrmWy3XYGbMNrRlKEI="></latexit>

�̈l +
�̇l
⌧l

+ !2
l �l = !2

gf(!g, t)

<latexit sha1_base64="o02vG8uT04AICV7UkAoT0zSSyLA=">AAACJHicbZDLSgMxFIYz9VbrrerSTbAILUqZEVHBTdGNCxcV7AU6pWTSTBuamYzJGaGUPowbX8WNCy+4cOOzmLajaOsPgY//nMPJ+b1IcA22/WGl5uYXFpfSy5mV1bX1jezmVlXLWFFWoVJIVfeIZoKHrAIcBKtHipHAE6zm9S5G9dodU5rL8Ab6EWsGpBNyn1MCxmplz/y8KwPWIa3OAYaCq3nAbnEXu2BA46tvcKnUP52w70ZdXmhlc3bRHgvPgpNADiUqt7KvblvSOGAhUEG0bjh2BM0BUcCpYMOMG2sWEdojHdYwGBKzuTkYHznEe8ZpY18q80LAY/f3xIAEWvcDz3QGBLp6ujYy/6s1YvBPmwMeRjGwkE4W+bHAIPEoMdzmilEQfQOEKm7+immXKELB5JoxITjTJ89C9bDoHBft66Nc6TyJI4120C7KIwedoBK6RGVUQRTdo0f0jF6sB+vJerPeJ60pK5nZRn9kfX4B6nmjxA==</latexit>

f(!g, t) ' h⇥ L⇥ cos(!gt+ �)

<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

ON RESONANCE



<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="ZwydQHXnDZ9C2wqk0lV3TJbiUHw="></latexit>✓
�T

T

◆

exp

' 10�7

PHASE MEASUREMENT IN THE RF CAVITY



<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="ZwydQHXnDZ9C2wqk0lV3TJbiUHw="></latexit>✓
�T

T

◆

exp

' 10�7

<latexit sha1_base64="xOyg+1HdMRkaoDg23DM6RuGNaIk=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozRVRwU3TTZQV7gWYYMmmmDU1mxiQj1KGv4MZXceNCEbfu3Pk2pu0stPWHwMd/zuHk/EHCmdKO820VVlbX1jeKm6Wt7Z3dPXv/oK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHQ9rXfuqVQsjm71OKGewIOIhYxgbSzfrqBY0AH2OUSKCXoHayhhEGnDCroOusyQFLDxMPHtslN1ZoLL4OZQBrmavv2F+jFJBY004Vipnusk2suw1IxwOimhVNEEkxEe0J7BCJuNXja7aAJPjNOHYSzNizScub8nMiyUGovAdAqsh2qxNjX/q/VSHV54GYuSVNOIzBeFKYc6htN4YJ9JSjQfG8BEMvNXSIZYYqJNiCUTgrt48jK0a1X3rFq7OS3Xr/I4iuAIHIMKcME5qIMGaIIWIOARPINX8GY9WS/Wu/Uxby1Y+cwh+CPr8wfPrZxf</latexit>

!l ' 2⇡ ⇥ 10 Hz



<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="ZwydQHXnDZ9C2wqk0lV3TJbiUHw="></latexit>✓
�T

T

◆

exp

' 10�7

<latexit sha1_base64="1DU34hvzWGPkPLq3A0yqLhzBQ84=">AAACB3icbVBNS8NAEJ3Ur1q/oh4FWSyCp5IUUcFL0YvHCvYDmlA22027dDeJuxuhhN68+Fe8eFDEq3/Bm//GbZuDtj4YeLw3w8y8IOFMacf5tgpLyyura8X10sbm1vaOvbvXVHEqCW2QmMeyHWBFOYtoQzPNaTuRFIuA01YwvJ74rQcqFYujOz1KqC9wP2IhI1gbqWsfehqnXY48xQS9R67jXaLMkwINzAY17tplp+JMgRaJm5My5Kh37S+vF5NU0EgTjpXquE6i/QxLzQin45KXKppgMsR92jE0woIqP5v+MUbHRumhMJamIo2m6u+JDAulRiIwnQLrgZr3JuJ/XifV4YWfsShJNY3IbFGYcqRjNAkF9ZikRPORIZhIZm5FZIAlJtpEVzIhuPMvL5JmteKeVaq3p+XaVR5HEQ7gCE7AhXOowQ3UoQEEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHz1+Ypg==</latexit>

⌧l ' 10 hours

<latexit sha1_base64="xOyg+1HdMRkaoDg23DM6RuGNaIk=">AAACEXicbZDLSgMxFIYz9VbrbdSlm2ARuiozRVRwU3TTZQV7gWYYMmmmDU1mxiQj1KGv4MZXceNCEbfu3Pk2pu0stPWHwMd/zuHk/EHCmdKO820VVlbX1jeKm6Wt7Z3dPXv/oK3iVBLaIjGPZTfAinIW0ZZmmtNuIikWAaedYHQ9rXfuqVQsjm71OKGewIOIhYxgbSzfrqBY0AH2OUSKCXoHayhhEGnDCroOusyQFLDxMPHtslN1ZoLL4OZQBrmavv2F+jFJBY004Vipnusk2suw1IxwOimhVNEEkxEe0J7BCJuNXja7aAJPjNOHYSzNizScub8nMiyUGovAdAqsh2qxNjX/q/VSHV54GYuSVNOIzBeFKYc6htN4YJ9JSjQfG8BEMvNXSIZYYqJNiCUTgrt48jK0a1X3rFq7OS3Xr/I4iuAIHIMKcME5qIMGaIIWIOARPINX8GY9WS/Wu/Uxby1Y+cwh+CPr8wfPrZxf</latexit>

!l ' 2⇡ ⇥ 10 Hz



<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="ZwydQHXnDZ9C2wqk0lV3TJbiUHw="></latexit>✓
�T

T

◆

exp

' 10�7 0.2 deg @ 400 MHz

<latexit sha1_base64="o3Pp+Uamh6eIp/SFOhocIUszQlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSRT0WvXisYD+gjWWz3bRLN5uwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79n65paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDP1249UKhaJez2JqRfioWABI1gbqW+XR6g31MYPkes8pKfuWda3K07VmQEtEzcnFcjR6NtfvUFEkpAKTThWqus6sfZSLDUjnGalXqJojMkYD2nXUIFDqrx0dnuGjo0yQEEkTQmNZurviRSHSk1C33SGWI/UojcV//O6iQ6uvJSJONFUkPmiIOFIR2gaBBowSYnmE0MwkczcisgIS0y0iatkQnAXX14mrVrVvajW7s4r9es8jiIcwhGcgAuXUIdbaEATCDzBM7zCm5VZL9a79TFvLVj5zAH8gfX5Az6Ek0g=</latexit>

h & 10�13



• AT LEAST 7 ORDERS OF MAGNITUDE ABOVE 
KNOWN SOURCES 

• BUT THERE IS A WAY FORWARD

<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="o3Pp+Uamh6eIp/SFOhocIUszQlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSRT0WvXisYD+gjWWz3bRLN5uwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79n65paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDP1249UKhaJez2JqRfioWABI1gbqW+XR6g31MYPkes8pKfuWda3K07VmQEtEzcnFcjR6NtfvUFEkpAKTThWqus6sfZSLDUjnGalXqJojMkYD2nXUIFDqrx0dnuGjo0yQEEkTQmNZurviRSHSk1C33SGWI/UojcV//O6iQ6uvJSJONFUkPmiIOFIR2gaBBowSYnmE0MwkczcisgIS0y0iatkQnAXX14mrVrVvajW7s4r9es8jiIcwhGcgAuXUIdbaEATCDzBM7zCm5VZL9a79TFvLVj5zAH8gfX5Az6Ek0g=</latexit>

h & 10�13



• WAY FORWARD 

• (MUCH) SLOWER PROTONS. Saturation:

<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="WAV/bjdULatzU0QV6d7sf+oxzxQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuSiKiboSiG5cV+oKmhMn0Jh06k8SZiVBCfsONv+LGhSIudeXfOH0stPXAhcM593LvPUHKmdKO820tLa+srq2XNsqbW9s7u/befkslmaTQpAlPZCcgCjiLoamZ5tBJJRARcGgHw5ux334AqVgSN/QohZ4gUcxCRok2km87DewpJuAee6EkNHeL3EsERMSPCny1IPLCtytO1ZkALxJ3Ripohrpvf3r9hGYCYk05UarrOqnu5URqRjkUZS9TkBI6JBF0DY2JANXLJ58V+NgofRwm0lSs8UT9PZETodRIBKZTED1Q895Y/M/rZjq87OUsTjMNMZ0uCjOOdYLHMeE+k0A1HxlCqGTmVkwHxIShTZhlE4I7//IiaZ1W3fOqc3dWqV3P4iihQ3SETpCLLlAN3aI6aiKKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr6AYsFoKk=</latexit>

T ' 1

!g
=

1

!l

<latexit sha1_base64="o3Pp+Uamh6eIp/SFOhocIUszQlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSRT0WvXisYD+gjWWz3bRLN5uwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79n65paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDP1249UKhaJez2JqRfioWABI1gbqW+XR6g31MYPkes8pKfuWda3K07VmQEtEzcnFcjR6NtfvUFEkpAKTThWqus6sfZSLDUjnGalXqJojMkYD2nXUIFDqrx0dnuGjo0yQEEkTQmNZurviRSHSk1C33SGWI/UojcV//O6iQ6uvJSJONFUkPmiIOFIR2gaBBowSYnmE0MwkczcisgIS0y0iatkQnAXX14mrVrVvajW7s4r9es8jiIcwhGcgAuXUIdbaEATCDzBM7zCm5VZL9a79TFvLVj5zAH8gfX5Az6Ek0g=</latexit>

h & 10�13



• WAY FORWARD 

• (MUCH) SLOWER PROTONS [3 orders of 
magnitude better ?] 

• IMPROVE TIME RESOLUTION (Electro-Optical 
Sampling))

<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="0Yw/HafA0+rnlOpnSTEW7O74cAA="></latexit>✓
�T

T

◆

exp

' 10�8

<latexit sha1_base64="o3Pp+Uamh6eIp/SFOhocIUszQlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSRT0WvXisYD+gjWWz3bRLN5uwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79n65paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDP1249UKhaJez2JqRfioWABI1gbqW+XR6g31MYPkes8pKfuWda3K07VmQEtEzcnFcjR6NtfvUFEkpAKTThWqus6sfZSLDUjnGalXqJojMkYD2nXUIFDqrx0dnuGjo0yQEEkTQmNZurviRSHSk1C33SGWI/UojcV//O6iQ6uvJSJONFUkPmiIOFIR2gaBBowSYnmE0MwkczcisgIS0y0iatkQnAXX14mrVrVvajW7s4r9es8jiIcwhGcgAuXUIdbaEATCDzBM7zCm5VZL9a79TFvLVj5zAH8gfX5Az6Ek0g=</latexit>

h & 10�13



• WAY FORWARD 

• (MUCH) SLOWER PROTONS [3 OM] 

• IMPROVE TIME RESOLUTION [1 OM] 

• IMPROVE BEAM STABILITY  

• THE BEAM INTENSITY CAN BE CONSIDERABLY REDUCED 

• THE LOWER THE ENERGY THE BETTER 

• A SMALLER RING WITH SLOWER PROTONS CAN HAVE 
THE SAME SENSITIVITY

<latexit sha1_base64="xQisC37N2Bkk2nfX8Ld/Gn4tzLs=">AAACI3icbVBNS8NAEN34WetX1aOXxSLUS0lEVASh6MWjgtVCU8JmO2kXd5O4OxFK6H/x4l/x4kEpXjz4X9zWHLT6YODx3gwz88JUCoOu++HMzM7NLyyWlsrLK6tr65WNzRuTZJpDkycy0a2QGZAihiYKlNBKNTAVSrgN787H/u0DaCOS+BoHKXQU68UiEpyhlYLKid8FiSxAekr9SDOeF4Ic5nzoG6Hgntb69Hqv5icKetagPrIskHtBperW3QnoX+IVpEoKXAaVkd9NeKYgRi6ZMW3PTbGTM42CSxiW/cxAyvgd60Hb0pgpMJ188uOQ7lqlS6NE24qRTtSfEzlTxgxUaDsVw76Z9sbif147w+i4k4s4zRBi/r0oyiTFhI4Do12hgaMcWMK4FvZWyvvMJoU21rINwZt++S+52a97h3X36qDaOCviKJFtskNqxCNHpEEuyCVpEk4eyTN5JW/Ok/PijJz379YZp5jZIr/gfH4BPh2kAA==</latexit>

�t =
�l
c
' (hT )(!l⌧l)

<latexit sha1_base64="o3Pp+Uamh6eIp/SFOhocIUszQlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSRT0WvXisYD+gjWWz3bRLN5uwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ3S1vbO7t79n65paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDP1249UKhaJez2JqRfioWABI1gbqW+XR6g31MYPkes8pKfuWda3K07VmQEtEzcnFcjR6NtfvUFEkpAKTThWqus6sfZSLDUjnGalXqJojMkYD2nXUIFDqrx0dnuGjo0yQEEkTQmNZurviRSHSk1C33SGWI/UojcV//O6iQ6uvJSJONFUkPmiIOFIR2gaBBowSYnmE0MwkczcisgIS0y0iatkQnAXX14mrVrVvajW7s4r9es8jiIcwhGcgAuXUIdbaEATCDzBM7zCm5VZL9a79TFvLVj5zAH8gfX5Az6Ek0g=</latexit>

h & 10�13



Rao, Bruggen, Liske	 	 	  
Phys.Rev.D 102 (2020) 12, 122006 2012.00529
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• MORE RADICAL WAY FORWARD: 

TURN OFF THE RF (coasting beam)
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• MORE RADICAL WAY FORWARD: 

TURN OFF THE RF (coasting beam)

Potential Problem: TIDES 
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• MEASURING GRAVITATIONAL WAVES USING STORAGE RINGS 
MIGHT BE HOPELESS 

• HOWEVER MEASURING GRAVITATIONAL WAVES WAS 
CONSIDERED ALTOGETHER HOPELESS FOR DECADES AND 
WE WERE WRONG 

• THE PRESENCE OF A POTENTIAL PATH TOWARDS GW-LEVEL 
SENSITIVITY FOR LONGITUDINAL DEFORMATIONS IS 
INTERESTING AND MIGHT DESERVE FURTHER STUDY


