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• Coherent Colliders 

• Is it easier to detect GUT-scale GWs or to build a GUT-scale collider? 

• A new use of existing colliders (if time permits)



COHERENT “COLLIDERS”



Conceptually, colliders are a terrible way to explore high energies



LHC

<latexit sha1_base64="kFv5zhUTY/JXafELzWxSVNvJon4=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqkxEqsuiG1dSwT6gHYdMmmlDk8yYZMQyzK+4caGIW3/EnX9j+lho64ELh3Pu5d57woQzbTzv2ymsrK6tbxQ3S1vbO7t77n65peNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4upr47UeqNIvlnRkn1Bd4IFnECDZWCtzyTZDAnmaCPkDk3WcI5YFb8areFHCZoDmpgDkagfvV68ckFVQawrHWXeQlxs+wMoxwmpd6qaYJJiM8oF1LJRZU+9n09hweW6UPo1jZkgZO1d8TGRZaj0VoOwU2Q73oTcT/vG5qogs/YzJJDZVktihKOTQxnAQB+0xRYvjYEkwUs7dCMsQKE2PjKtkQ0OLLy6R1WkW1au32rFK/nMdRBIfgCJwABM5BHVyDBmgCAp7AM3gFb07uvDjvzsesteDMZw7AHzifP1Xzk1s=</latexit>

Np ' 1011
<latexit sha1_base64="U1ddPulDZvNPWUKRpwDbRuObZtg=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksgqeSiLSCl6IIHiv0C5oQNttpu3Q3ibsboYRe/CtePCji1Z/hzX/jts1BWx8MPN6bYWZeEHOmtG1/W7mV1bX1jfxmYWt7Z3evuH/QUlEiKTRpxCPZCYgCzkJoaqY5dGIJRAQc2sHoZuq3H0EqFoUNPY7BE2QQsj6jRBvJLx7d+jF2FRPwgKvuVepKgRvQmvjFkl22Z8DLxMlICWWo+8UvtxfRRECoKSdKdR071l5KpGaUw6TgJgpiQkdkAF1DQyJAeensgQk+NUoP9yNpKtR4pv6eSIlQaiwC0ymIHqpFbyr+53UT3b/0UhbGiYaQzhf1E451hKdp4B6TQDUfG0KoZOZWTIdEEqpNZgUTgrP48jJpnZedSrlyf1GqXWdx5NExOkFnyEFVVEN3qI6aiKIJekav6M16sl6sd+tj3pqzsplD9AfW5w9P4ZWb</latexit>

Ep ' 7 TeV

In each collision we use less than               of the total energy
<latexit sha1_base64="AVblLbyiybXJIW9+uKxtnyeBfmg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2UjUj0WvXisYD+gXUs2zbah2eyaZIWy9E948aCIV/+ON/+N6XYP2vpg4PHeDDPz/FhwbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98c3Mbz8xpXkk780kZl5IhpIHnBJjpQ52H9IzjKf9csWtuhnQMsE5qUCORr/81RtENAmZNFQQrbvYjY2XEmU4FWxa6iWaxYSOyZB1LZUkZNpLs3un6MQqAxREypY0KFN/T6Qk1HoS+rYzJGakF72Z+J/XTUxw5aVcxolhks4XBYlAJkKz59GAK0aNmFhCqOL2VkRHRBFqbEQlGwJefHmZtM6ruFat3V1U6td5HEU4gmM4BQyXUIdbaEATKAh4hld4cx6dF+fd+Zi3Fpx85hD+wPn8Aa/4jxs=</latexit>

10�11

<latexit sha1_base64="MahCR9iJtm5Osk7hk9XDmVAFrwc=">AAACDXicbVDLSgMxFM3UV62vqks3wSq4KjOi1WVRRJcV7AM6tWTS2zY0mRmTjFCG8QPc+CtuXCji1r07/8a0nYW2HggczrmXm3O8kDOlbfvbyszNLywuZZdzK6tr6xv5za2aCiJJoUoDHsiGRxRw5kNVM82hEUogwuNQ9wbnI79+D1KxwL/RwxBagvR81mWUaCO183sX7diVAutAJ9hVTMAdduzb2DlOHsbGJdSSdr5gF+0x8CxxUlJAKSrt/JfbCWgkwNeUE6Wajh3qVkykZpRDknMjBSGhA9KDpqE+EaBa8ThNgveN0sHdQJrnazxWf2/ERCg1FJ6ZFET31bQ3Ev/zmpHunrZi5oeRBp9ODnUjbrLjUTW4wyRQzYeGECqZ+SumfSIJ1abAnCnBmY48S2qHRadULF0fFcpnaR1ZtIN20QFy0AkqoytUQVVE0SN6Rq/ozXqyXqx362MymrHSnW30B9bnD02Bmxc=</latexit>

Etot ' 1015 GeV



TOY MODEL

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>�

Colliding Particles

Heavy Particles  
that we want to produce



TOY MODEL

<latexit sha1_base64="IlaMe7PPV3BVkpeDpXIVXirMGjI=">AAACOHicbZDLSsNAFIYn9VbrLerSzWARBKEkRaoboejGjVjBXqCJZTKdtEMnkzAzEUrIY7nxMdyJGxeKuPUJnDZZ2NYDAz/ffw5nzu9FjEplWa9GYWl5ZXWtuF7a2Nza3jF391oyjAUmTRyyUHQ8JAmjnDQVVYx0IkFQ4DHS9kZXE7/9SISkIb9X44i4ARpw6lOMlEY987YFL6DjC4SToOdEQ/pQTZNqmil4kls3OcUzdDBDs5GeWbYq1rTgorBzUQZ5NXrmi9MPcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0IB0teQoINJNpoen8EiTPvRDoR9XcEr/TiQokHIceLozQGoo570J/M/rxso/dxPKo1gRjrNFfsygCuEkRdingmDFxlogLKj+K8RDpENROuuSDsGeP3lRtKoVu1ap3Z2W65d5HEVwAA7BMbDBGaiDa9AATYDBE3gDH+DTeDbejS/jO2stGPnMPpgp4+cX5darSg==</latexit>
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EXPERIMENT

<latexit sha1_base64="pfSDpJv3Na9zQAzObdaIi1HCcmk=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQFyVRqW6EohuXFewDmhAm00kzdDIJMxOhtP0QN/6KGxeKuHEh+DdO0wi29cDlHs65l5l7/IRRqSzr2ygsLa+srhXXSxubW9s75u5eU8apwKSBYxaLto8kYZSThqKKkXYiCIp8Rlp+/2bitx6IkDTm92qQEDdCPU4DipHSkmeeOSFS0ElCCkdZ806gIxDvMQKvfoXRrOGZZatiZYCLxM5JGeSoe+an041xGhGuMENSdmwrUe4QCUUxI+OSk0qSINxHPdLRlKOISHeYHTeGR1rpwiAWuriCmfp3Y4giKQeRrycjpEI5703E/7xOqoJLd0h5kirC8fShIGVQxXCSFOxSQbBiA00QFlT/FeIQCYSVzrOkQ7DnT14kzdOKXa1U787Ltes8jiI4AIfgGNjgAtTALaiDBsDgETyDV/BmPBkvxrvxMR0tGPnOPpiB8fUDNCGgOw==</latexit>

�̂|�⇤i = �⇤|�⇤i

We prepare our thought experiment in a coherent state



EXPERIMENT

For simplicity I imagine that

<latexit sha1_base64="KdV75k3Cdr1xBGIhr4LLxJspAyI=">AAACEXicbZDLSsNAFIYn9VbrLerSzWARiouSVKkui25cVrAXaNIwmU7SoZMLM5NCCXkFN76KGxeKuHXnzrdx0mahrT8MfPznHM6c340ZFdIwvrXS2vrG5lZ5u7Kzu7d/oB8edUWUcEw6OGIR77tIEEZD0pFUMtKPOUGBy0jPndzm9d6UcEGj8EHOYmIHyA+pRzGSynL0muVxhFMrHlPnfNjI0sDJediA0wVcZNDyfWg6etWoG3PBVTALqIJCbUf/skYRTgISSsyQEAPTiKWdIi4pZiSrWIkgMcIT5JOBwhAFRNjp/KIMnilnBL2IqxdKOHd/T6QoEGIWuKozQHIslmu5+V9tkEjv2k5pGCeShHixyEsYlBHM44EjygmWbKYAYU7VXyEeIxWRVCFWVAjm8smr0G3UzWa9eX9Zbd0UcZTBCTgFNWCCK9ACd6ANOgCDR/AMXsGb9qS9aO/ax6K1pBUzx+CPtM8fM+icmw==</latexit>

�2
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EXPERIMENT

So that a classical description holds

<latexit sha1_base64="vk6NAQFukEZjSnmvmASMrl2vluM=">AAACCXicbZDLSgMxFIYz9VbrrerSTbAIrYsyI1LdCEU3LivYC3SGIZOmbWgmMyRnhFK6deOruHGhiFvfwJ1vY6adhbb+EPjyn3NIzh/Egmuw7W8rt7K6tr6R3yxsbe/s7hX3D1o6ShRlTRqJSHUCopngkjWBg2CdWDESBoK1g9FNWm8/MKV5JO9hHDMvJAPJ+5wSMJZfxG485GWo4KsZ+afYpZHG5dBPrxgqfrFkV+2Z8DI4GZRQpoZf/HJ7EU1CJoEKonXXsWPwJkQBp4JNC26iWUzoiAxY16AkIdPeZLbJFJ8Yp4f7kTJHAp65vycmJNR6HAamMyQw1Iu11Pyv1k2gf+lNuIwTYJLOH+onAkOE01hwjytGQYwNEKq4+SumQ6IIBRNewYTgLK68DK2zqlOr1u7OS/XrLI48OkLHqIwcdIHq6BY1UBNR9Iie0St6s56sF+vd+pi35qxs5hD9kfX5Az61mCo=</latexit>

�(t) = �⇤ cos(m�t)

(Assuming spatial isotropy for simplicity)



EXPERIMENT

<latexit sha1_base64="7Xo0e76VVK8i25hhZxE1TpvhOzY="></latexit>

d2

dz2
�k(z) + [Ak + 2q cos(2z)]�k(z) = 0

<latexit sha1_base64="a0biV+NO8avIEQcl8ncaqXiBFys="></latexit>

z ⌘ m�t , Ak ⌘ k2 +M2

m2
�

, q ⌘ g2�⇤
4m2

�



EXPERIMENT

<latexit sha1_base64="7Xo0e76VVK8i25hhZxE1TpvhOzY="></latexit>

d2

dz2
�k(z) + [Ak + 2q cos(2z)]�k(z) = 0

Mathieu Equation 
(standard in many fields, for us important for preheating after inflation)



EXPERIMENT

<latexit sha1_base64="/JY+B836cM2sTs8TH2b0Or+qq9U=">AAACHHicbZDLSgMxFIYz9VbrbdSlm2ARxEWZqaW6LLpxI1SwF+i0QybNtKFJZkgyQhn6IG58FTcuFHHjQvBtzLRdaOsPgZ/vnMPJ+YOYUaUd59vKrayurW/kNwtb2zu7e/b+QVNFicSkgSMWyXaAFGFUkIammpF2LAniASOtYHSd1VsPRCoaiXs9jkmXo4GgIcVIG+Tb57e9MvQYUUpRDgfQi4fUP4Pczwz0BoaEEuF0BnrlSVqZ+HbRKTlTwWXjzk0RzFX37U+vH+GEE6ExQ0p1XCfW3RRJTTEjk4KXKBIjPEID0jFWIE5UN50eN4EnhvRhGEnzhIZT+nsiRVypMQ9MJ0d6qBZrGfyv1kl0eNlNqYgTTQSeLQoTBnUEs6Rgn0qCNRsbg7Ck5q8QD5EJQ5s8CyYEd/HkZdMsl9xqqXpXKdau5nHkwRE4BqfABRegBm5AHTQABo/gGbyCN+vJerHerY9Za86azxyCP7K+fgA1gKDi</latexit>

M2 . g�⇤m� �
m2

�

4

You produce an exponentially large number of particles up to



<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>�

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>�<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

. 

. 

. 

. 

. 

. 

.

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�



This is well-known for photons (Schwinger effect)
<latexit sha1_base64="FNxB1fAlBrvsHNrPX+mqMoscQow=">AAACC3icbVDLSgNBEJyNrxhfUY9ehgTBi2E3SPQYFNFjBPOAbBJmJ73JkJndZWZWCMvevfgrXjwo4tUf8ObfOHkcNLGgoajqprvLizhT2ra/rczK6tr6RnYzt7W9s7uX3z9oqDCWFOo05KFseUQBZwHUNdMcWpEEIjwOTW90NfGbDyAVC4N7PY6gI8ggYD6jRBuply+4N0QIgl3FBIZucur6ktBEdMs9SBPA12nayxftkj0FXibOnBTRHLVe/svthzQWEGjKiVJtx450JyFSM8ohzbmxgojQERlA29CACFCdZPpLio+N0sd+KE0FGk/V3xMJEUqNhWc6BdFDtehNxP+8dqz9i07CgijWENDZIj/mWId4EgzuMwlU87EhhEpmbsV0SEwY2sSXMyE4iy8vk0a55FRKlbuzYvVyHkcWHaECOkEOOkdVdItqqI4oekTP6BW9WU/Wi/VufcxaM9Z85hD9gfX5Ay9Hmok=</latexit>

� ⇠ e�
m2

e
eE



This is well-known for photons (Schwinger effect)
<latexit sha1_base64="FNxB1fAlBrvsHNrPX+mqMoscQow=">AAACC3icbVDLSgNBEJyNrxhfUY9ehgTBi2E3SPQYFNFjBPOAbBJmJ73JkJndZWZWCMvevfgrXjwo4tUf8ObfOHkcNLGgoajqprvLizhT2ra/rczK6tr6RnYzt7W9s7uX3z9oqDCWFOo05KFseUQBZwHUNdMcWpEEIjwOTW90NfGbDyAVC4N7PY6gI8ggYD6jRBuply+4N0QIgl3FBIZucur6ktBEdMs9SBPA12nayxftkj0FXibOnBTRHLVe/svthzQWEGjKiVJtx450JyFSM8ohzbmxgojQERlA29CACFCdZPpLio+N0sd+KE0FGk/V3xMJEUqNhWc6BdFDtehNxP+8dqz9i07CgijWENDZIj/mWId4EgzuMwlU87EhhEpmbsV0SEwY2sSXMyE4iy8vk0a55FRKlbuzYvVyHkcWHaECOkEOOkdVdItqqI4oekTP6BW9WU/Wi/VufcxaM9Z85hD9gfX5Ay9Hmok=</latexit>

� ⇠ e�
m2

e
eE

<latexit sha1_base64="uB3I6kP2vXKsqoAN+BSMvtnGLrI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0sWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU9tzHzHOn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m5U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2e9kwBUyIyaWUKa4vZWwEVWUGZtQyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QNDjo7j</latexit>

1010 photons to make an electron-positron pair



How do we do it in practice?



Not with colliders

<latexit sha1_base64="cj0p+fa96oCHEVUbUNjpcVahLz4=">AAACGnicbVDLSgMxFM34rPVVdekmWAQVLDMi6lLqQpcVrBY6tWTSOzY0mRmTO2IZ+h1u/BU3LhRxJ278G9PHQqsHAodz7iP3BIkUBl33y5mYnJqemc3N5ecXFpeWCyurlyZONYcqj2WsawEzIEUEVRQooZZoYCqQcBV0Tvr+1R1oI+LoArsJNBS7iUQoOEMrNQuef8qUYls+wj1mdp7daY0e9TGmftIWzZ1t6huh4JbCdbZb7jULRbfkDkD/Em9EimSESrPw4bdiniqIkEtmTN1zE2xkTKPgEnp5PzWQMN5hN1C3NGIKTCMbnNajm1Zp0TDW9kVIB+rPjowpY7oqsJWKYduMe33xP6+eYnjUyESUpAgRHy4KU0nt2f2caEto4Ci7ljCuhf0r5W2mGUebZt6G4I2f/Jdc7pW8g9LB+X7xuDyKI0fWyQbZIh45JMfkjFRIlXDyQJ7IC3l1Hp1n5815H5ZOOKOeNfILzuc3qMWgnw==</latexit>

�(collision ! �⇤) ' e�B

<latexit sha1_base64="BGX2jcnurQnG0P7rDUUZqlpezpM="></latexit>

B ' M4V�t ' 1087
✓

M

1015 GeV

◆4 V

(µm)3
�t

(100 GeV)�1



GRAVITATIONAL WAVES  
VS 

COLLIDERS
[Based on RTD, S. Ellis, arXiv:2412.17897, 	JHEP 04 (2025) 164 ]



<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="IL5ogvxXFwuwvgGOungGtHQ7dYg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahuiiJFHXhouimywp9QRPCZDJph04ezEyEErJ046+4caGIWz/BnX/jNM1CWw8MHM45lzv3uDGjQhrGt1ZaWV1b3yhvVra2d3b39P2DnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7k7uZ338gXNAo7MhpTOwAjULqU4ykkhz92GIq7KFaxzk/gzfQ8jnCqZmlrVzJHL1q1I0ccJmYBamCAm1H/7K8CCcBCSVmSIihacTSThGXFDOSVaxEkBjhCRqRoaIhCoiw0/yQDJ4qxYN+xNULJczV3xMpCoSYBq5KBkiOxaI3E//zhon0r+2UhnEiSYjni/yEQRnBWSvQo5xgyaaKIMyp+ivEY6SqkKq7iirBXDx5mfQu6uZlvXHfqDZvizrK4AicgBowwRVoghZogy7A4BE8g1fwpj1pL9q79jGPlrRi5hD8gfb5A7Tkl+A=</latexit>

�(T⇤) <
1

H(T⇤)
Causality



<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="IL5ogvxXFwuwvgGOungGtHQ7dYg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahuiiJFHXhouimywp9QRPCZDJph04ezEyEErJ046+4caGIWz/BnX/jNM1CWw8MHM45lzv3uDGjQhrGt1ZaWV1b3yhvVra2d3b39P2DnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7k7uZ338gXNAo7MhpTOwAjULqU4ykkhz92GIq7KFaxzk/gzfQ8jnCqZmlrVzJHL1q1I0ccJmYBamCAm1H/7K8CCcBCSVmSIihacTSThGXFDOSVaxEkBjhCRqRoaIhCoiw0/yQDJ4qxYN+xNULJczV3xMpCoSYBq5KBkiOxaI3E//zhon0r+2UhnEiSYjni/yEQRnBWSvQo5xgyaaKIMyp+ivEY6SqkKq7iirBXDx5mfQu6uZlvXHfqDZvizrK4AicgBowwRVoghZogy7A4BE8g1fwpj1pL9q79jGPlrRi5hD8gfb5A7Tkl+A=</latexit>

�(T⇤) <
1

H(T⇤)
Causality

<latexit sha1_base64="04xjNAWQSBTSjKfi3vgqFk7+6BA="></latexit>

!0(T⇤) = !(T⇤)
a(T⇤)

a0
& 100 MHz

✓
T⇤

1015GeV

◆✓
g⇤(T⇤)

100

◆1/6



DETECTORS



DETECTOR I

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0



DETECTOR II

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M
<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="go7yKFPH/evuRJJK2K5IpO/cUfw=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBE8lV2R6rHoxYOHCm5b6C5LNs22oflZkqxQlj6AF1/FiwdFvPoA3nwb03YPtXUgMJmZj+SbOGVUG9f9cVZW19Y3Nktb5e2d3b39ysFhS8tMYeJjyaTqxEgTRgXxDTWMdFJFEI8ZacfDm4nffiRKUykezCglIUd9QROKkbFSVKn6UR4oDqkYw0BTDptzd8lJH0V3NuXW3CngMvEKUgUFmlHlO+hJnHEiDGZI667npibMkTIUMzIuB5kmKcJD1CddSwXiRIf5dJkxPLVKDyZS2SMMnKrzEzniWo94bJMcmYFe9Cbif143M8lVmFORZoYIPHsoyRg0Ek6agT2qCDZsZAnCitq/QjxACmFj+yvbErzFlZdJ67zm1Wv1+4tq47qoowSOwQk4Ax64BA1wC5rABxg8gRfwBt6dZ+fV+XA+Z9EVp5g5An/gfP0C2V+a4A==</latexit>

Uin ⇠ Pin!L

LASER



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1

<latexit sha1_base64="/A9wDf+fVot6SqyqXPzf4nmmCx8=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIKnsCuiHkUvHiMYFbIhzM52ksF5LDO9krDkV7z4K148KJKb+DNO4h58FTTUVHUz3ZVkUjgMw/dgZnZufmFxabmysrq2vlHd3Lp2JrccmtxIY28T5kAKDU0UKOE2s8BUIuEmuTuf+Df3YJ0w+gqHGbQV62nRFZyhlzrVkzhNDcYpSGR00Cliq6gTvRGNnVB0atI+HZRPhAEW3GiHo061FtbDKehfEpWkRko0OtVxnBqeK9DIJXOuFYUZtgtmUXAJo0qcO8gYv2M9aHmqmQLXLqYXjuieV1LaNdaXRjpVv08UTDk3VInvVAz77rc3Ef/zWjl2T9qF0FmOoPnXR91cUjR0EhdNhQWOcugJ41b4XSnvM8s4+lArPoTo98l/yfVBPTqqH10e1k7PyjiWyA7ZJfskIsfklFyQBmkSTh7IE3khr8Fj8By8BeOv1pmgnNkmPxB8fAIBAKQR</latexit>

�̈xsig ⇠ ḧx ⇠ const
<latexit sha1_base64="JDLVgpkiGckvokjTXDgAw02yzkg="></latexit>

�̈xnoise ⇠
Fext

M
! 0



In this limit I can ignore noise from the test mass and focus on the signal (and 
noise) photons that I can detect

THE BEST POSSIBLE SENSITIVITY

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0DETECTOR I DETECTOR II



<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0

<latexit sha1_base64="RuRDfp6J4gUBwfl5oqicuFSnitg=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN2VGpLosunFZoS/oDCWTZtrQZDIkGWEY6q+4caGIWz/EnX9jpp2Fth4IHM65l3tygphRpR3n2yptbG5t75R3K3v7B4dH9vFJT4lEYtLFggk5CJAijEakq6lmZBBLgnjASD+Y3eV+/5FIRUXU0WlMfI4mEQ0pRtpII7vqcaSnGLGsM697gpMJuhjZNafhLADXiVuQGijQHtlf3ljghJNIY4aUGrpOrP0MSU0xI/OKlygSIzxDEzI0NEKcKD9bhJ/Dc6OMYSikeZGGC/X3Roa4UikPzGQeVa16ufifN0x0eONnNIoTTSK8PBQmDGoB8ybgmEqCNUsNQVhSkxXiKZIIa9NXxZTgrn55nfQuG26z0Xy4qrVuizrK4BScgTpwwTVogXvQBl2AQQqewSt4s56sF+vd+liOlqxipwr+wPr8AXqnlKw=</latexit>

T (!)
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SIGNALS



<latexit sha1_base64="+qi4gExLrFpUhrbFRXjx/xnY1uo="></latexit>

Usig ⇠ Uin ⇥
⇢

(hT )2

hT

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0



CASE I: QUADRATIC SIGNALS

<latexit sha1_base64="NzBlNFldAoSnMuQSDMYFarvZXO0="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0(!)i = 0



<latexit sha1_base64="NzBlNFldAoSnMuQSDMYFarvZXO0="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0(!)i = 0

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!



<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

Detector Bandwidth

<latexit sha1_base64="KLoNv7xd4dfsN9e7rM2LYbB42ZM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNZtIu3WTD7kaopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCzPOlHacb6u0tr6xuVXeruzs7u1X7YPDjhK5pNCmggvZC4kCzlJoa6Y59DIJJAk5dMPRzczvPoJUTKQPepyBn5BBymJGiTZSYFe9W+CaYE8kMCBBFNg1p+7MgVeJW5AaKtAK7C8vEjRPINWUE6X6rpNpf0KkZpTDtOLlCjJCR2QAfUNTkoDyJ/PDp/jUKBGOhTSVajxXf09MSKLUOAlNZ0L0UC17M/E/r5/r+MqfsDTLNaR0sSjOOdYCz1LAEZNANR8bQqhk5lZMh0QSqk1WFROCu/zyKumc191GvXF/UWteF3GU0TE6QWfIRZeoie5QC7URRTl6Rq/ozXqyXqx362PRWrKKmSP0B9bnD0Khkto=</latexit>

�!d

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)



In absence of a signal,  
the detector is empty (classically)



In absence of a signal,  
the detector is empty (classically)

But we have one quantum of noise  
from vacuum fluctuations

<latexit sha1_base64="n3o8FXeH6DSb+C45NHcPoKCv834=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZUakuiy6cVnBaqFTSia9U4NJZkzuCGWY73Djr7hxoYg7cePfmD4WWj0QOJxzLjf3RKkUFn3/y5ubX1hcWi6tlFfX1jc2K1vbVzbJDIcWT2Ri2hGzIIWGFgqU0E4NMBVJuI5uz0b+9T0YKxJ9icMUuooNtIgFZ+ikXiVo9vLQKKqELkIrFNzRMDaM54dhKmiYKBiwIsdJSGgsil6l6tf8MehfEkxJlUzR7FU+wn7CMwUauWTWdgI/xW7ODAouoSiHmYWU8Vs2gI6jmimw3Xx8WkH3ndKncWLc00jH6s+JnClrhypyScXwxs56I/E/r5NhfNLNhU4zBM0ni+JMUkzoqCfaFwY4yqEjjBvh/kr5DXPNoGuz7EoIZk/+S64Oa0G9Vr84qjZOp3WUyC7ZIwckIMekQc5Jk7QIJw/kibyQV+/Re/bevPdJdM6bzuyQX/A+vwFub6HG</latexit>

Pmin ' 2⇡!

tint



Signal Energy

QUADRATIC SIGNAL

<latexit sha1_base64="jUf48hKDEJ8IXl8dcgXar9LbHEU="></latexit>

Psig . h2Uin!sT 2(!s)



QUADRATIC SIGNAL

Maximum power  
from Poynting’s theorem

<latexit sha1_base64="jUf48hKDEJ8IXl8dcgXar9LbHEU="></latexit>

Psig . h2Uin!sT 2(!s)



QUADRATIC SIGNAL

<latexit sha1_base64="WW2w7tZ63y24h4hFpZtJrYFyfEA=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0W3bisYB/QKSWT3mlDk8yYZIQyzE+48VfcuFDEreDOvzF9CNp64MLJOfeSe08Qc6aN6345uaXlldW1/HphY3Nre6e4u9fQUaIo1GnEI9UKiAbOJNQNMxxasQIiAg7NYHg19pv3oDSL5K0ZxdARpC9ZyCgxVuoWT/xQEZrWuqmvBNasn2U/DxkxDVmGfc0E3GEP426x5JbdCfAi8WakhGaodYuffi+iiQBpKCdatz03Np2UKMMoh6zgJxpiQoekD21LJRGgO+nkqgwfWaWHw0jZkgZP1N8TKRFaj0RgOwUxAz3vjcX/vHZiwotOymScGJB0+lGYcGwiPI4I95gCavjIEkIVs7tiOiA2JmODLNgQvPmTF0njtOxVypWbs1L1chZHHh2gQ3SMPHSOquga1VAdUfSAntALenUenWfnzXmftuac2cw++gPn4xtYAJ7n</latexit>

Psig

Pnoise
' 1

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T



CASE II: LINEAR SIGNALS

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!

<latexit sha1_base64="nhf+JtqCmojsbXR9HOyt4rqaCeg="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0!)i 6= 0



CASE II: LINEAR SIGNALS

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

Detector Bandwidth

<latexit sha1_base64="KLoNv7xd4dfsN9e7rM2LYbB42ZM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNZtIu3WTD7kaopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCzPOlHacb6u0tr6xuVXeruzs7u1X7YPDjhK5pNCmggvZC4kCzlJoa6Y59DIJJAk5dMPRzczvPoJUTKQPepyBn5BBymJGiTZSYFe9W+CaYE8kMCBBFNg1p+7MgVeJW5AaKtAK7C8vEjRPINWUE6X6rpNpf0KkZpTDtOLlCjJCR2QAfUNTkoDyJ/PDp/jUKBGOhTSVajxXf09MSKLUOAlNZ0L0UC17M/E/r5/r+MqfsDTLNaR0sSjOOdYCz1LAEZNANR8bQqhk5lZMh0QSqk1WFROCu/zyKumc191GvXF/UWteF3GU0TE6QWfIRZeoie5QC7URRTl6Rq/ozXqyXqx362PRWrKKmSP0B9bnD0Khkto=</latexit>

�!d



CASE II: LINEAR SIGNALS

In absence of a signal,  
the detector is not empty

<latexit sha1_base64="rzLLwiUEjBLFpFZq+FR3OUVvbUA="></latexit>

Pmin
noise '

2⇡!

tint

 
1 +

r
Pintint
2⇡!

!



NARROW LINEAR SIGNAL

<latexit sha1_base64="WW2w7tZ63y24h4hFpZtJrYFyfEA=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0W3bisYB/QKSWT3mlDk8yYZIQyzE+48VfcuFDEreDOvzF9CNp64MLJOfeSe08Qc6aN6345uaXlldW1/HphY3Nre6e4u9fQUaIo1GnEI9UKiAbOJNQNMxxasQIiAg7NYHg19pv3oDSL5K0ZxdARpC9ZyCgxVuoWT/xQEZrWuqmvBNasn2U/DxkxDVmGfc0E3GEP426x5JbdCfAi8WakhGaodYuffi+iiQBpKCdatz03Np2UKMMoh6zgJxpiQoekD21LJRGgO+nkqgwfWaWHw0jZkgZP1N8TKRFaj0RgOwUxAz3vjcX/vHZiwotOymScGJB0+lGYcGwiPI4I95gCavjIEkIVs7tiOiA2JmODLNgQvPmTF0njtOxVypWbs1L1chZHHh2gQ3SMPHSOquga1VAdUfSAntALenUenWfnzXmftuac2cw++gPn4xtYAJ7n</latexit>

Psig

Pnoise
' 1

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

Same as quadratic!

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T



WHAT DID WE LEARN?



QUADRATIC vs LINEAR

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T
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QUADRATIC vs LINEAR

<latexit sha1_base64="YYkYfLjN0AQGfut74l9IKad9I4Y=">AAACJnicbVDJSgNBFOxxN25Rj14ag+ApzIioF0H04jGCUSETQ0/nTWzsZex+I4RhvsaLv+LFgyLizU+xsxzcChqKqle8fpVkUjgMw49gYnJqemZ2br6ysLi0vFJdXbtwJrccmtxIY68S5kAKDU0UKOEqs8BUIuEyuT0Z+Jf3YJ0w+hz7GbQV62mRCs7QS53qYaNTxFZRbYSD8nrIldBl7ISCOxqnlvFiJ84EjY2CHisLHAWExrLsVGthPRyC/iXRmNTIGI1O9SXuGp4r0Mglc64VhRm2C2ZRcAllJc4dZIzfsh60PNVMgWsXwzNLuuWVLk2N9U8jHarfEwVTzvVV4icVwxv32xuI/3mtHNODdiF0liNoPlqU5pKioYPOaFdY4Cj7njBuhf8r5TfMN4O+2YovIfp98l9ysVOP9up7Z7u1o+NxHXNkg2ySbRKRfXJETkmDNAknD+SJvJDX4DF4Dt6C99HoRDDOrJMfCD6/AH5Mpw0=</latexit>

Pmin
noise '

2⇡!

tint

QUADRATIC LINEAR

<latexit sha1_base64="rzLLwiUEjBLFpFZq+FR3OUVvbUA="></latexit>

Pmin
noise '

2⇡!

tint

 
1 +

r
Pintint
2⇡!

!

We can gain a lot 
from  

quantum techniques

<latexit sha1_base64="9MJxddzlcwPpsKmNtYjqJYSaacc=">AAAB+HicbVBNS8NAEJ34WetHox69BIvgqSQi1WPRiyepYD+gCWGz3bRLdzdxdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmRSmjSrvut7Wyura+sVnaKm/v7O5V7P2DtkoyiUkLJyyR3QgpwqggLU01I91UEsQjRjrR6Hrqdx6JVDQR93qckoCjgaAxxUgbKbQrvnqQOr8N/QHiHE1Cu+rW3BmcZeIVpAoFmqH95fcTnHEiNGZIqZ7npjrIkdQUMzIp+5kiKcIjNCA9QwXiRAX57PCJc2KUvhMn0pTQzkz9PZEjrtSYR6aTIz1Ui95U/M/rZTq+DHIq0kwTgeeL4ow5OnGmKTh9KgnWbGwIwpKaWx08RBJhbbIqmxC8xZeXSfus5tVr9bvzauOqiKMER3AMp+DBBTTgBprQAgwZPMMrvFlP1ov1bn3MW1esYuYQ/sD6/AE0UJN2</latexit>p
N�



LINEAR

In principle

<latexit sha1_base64="TzGfH6MK7nZbQ04Jb4babNZoyMA=">AAACJHicbVDJSgNBFOxxN25Rj14ag+ApzIio4EX04jGCUSETQ0/nTWzsZeh+I4RhPsaLv+LFgwsevPgtdpaDW0FDUVWP16+STAqHYfgRTExOTc/Mzs1XFhaXlleqq2sXzuSWQ5MbaexVwhxIoaGJAiVcZRaYSiRcJrcnA//yDqwTRp9jP4O2Yj0tUsEZeqlTPWx0itgqqo1wUF4PuRK6pDEaGqeW8WInzgSNjYIeKwscxYXGsuxUa2E9HIL+JdGY1MgYjU71Ne4anivQyCVzrhWFGbYLZlFwCWUlzh1kjN+yHrQ81UyBaxfDI0u65ZUuTY31TyMdqt8nCqac66vEJxXDG/fbG4j/ea0c04N2IXSWI2g+WpTmkvoCBo3RrrDAUfY9YdwK/1fKb5hvBn2vFV9C9Pvkv+Ripx7t1ffOdmtHx+M65sgG2STbJCL75IickgZpEk7uySN5Ji/BQ/AUvAXvo+hEMJ5ZJz8QfH4BSp6l3Q==</latexit>

Pmin
noise !

2⇡!

tint

Heisenberg Limit
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10°16

10°12

10°8

10°4

100

G
W

E
n
er

gy
D

en
si

ty
:

≠
g
(f

g
)

AURIGA

NeÆ

LI
G
O

H
ei
se

nb
er

g
L
im

it
L
IG

O

Sq
ue

ez
ed

V
ac

uu
m

L
IG

O

10
T, m

3 br
oa

db
an

d

10
T, m

3 res
on

an
t

G
eneric

FO
P
T

Metastable Cosmic String

Extreme concepts: Quantum Resources
CRAZY BEYOND SQL



CONCLUSION

100 MHz GW

GUT-scale  
Collider

Classical Quantum

<latexit sha1_base64="vvrZkkkGT9A6hcERWFNNLqcWqQo=">AAACEHicbVDLSgNBEJyNrxhfqx69DAbRg4TdINFjUATxFME8IBvD7KSTDJnZXWdmhbDsJ3jxV7x4UMSrR2/+jZPHQRMLGoqqbrq7/IgzpR3n28osLC4tr2RXc2vrG5tb9vZOTYWxpFClIQ9lwycKOAugqpnm0IgkEOFzqPuDi5FffwCpWBjc6mEELUF6AesySrSR2vbhZTvxpMAjGbRKsaeYgHvsOndJsZR6x2P3Om3beafgjIHniTsleTRFpW1/eZ2QxgICTTlRquk6kW4lRGpGOaQ5L1YQETogPWgaGhABqpWMH0rxgVE6uBtKU4HGY/X3REKEUkPhm05BdF/NeiPxP68Z6+5ZK2FBFGsI6GRRN+ZYh3iUDu4wCVTzoSGESmZuxbRPJKHaZJgzIbizL8+TWrHglgqlm5N8+XwaRxbtoX10hFx0isroClVQFVH0iJ7RK3qznqwX6936mLRmrOnMLvoD6/MHTW6cIQ==</latexit>

Emagnets ' 1026 J ?
<latexit sha1_base64="ebmXEIdf606EtC50CK0BRhSebfY=">AAACDXicbZDLSgMxFIYz9VbrrerSTbAKFaTMiNQuiyKIqwr2Ap1SMulpG5rMjElGKENfwI2v4saFIm7du/NtzEy70OoPgZ/vnMPJ+b2QM6Vt+8vKLCwuLa9kV3Nr6xubW/ntnYYKIkmhTgMeyJZHFHDmQ10zzaEVSiDC49D0RhdJvXkPUrHAv9XjEDqCDHzWZ5Rog7r5g+JlN3alwAkHrSbYVUzAHa64xykfXU+OuvmCXbJT4b/GmZkCmqnWzX+6vYBGAnxNOVGq7dih7sREakY5THJupCAkdEQG0DbWJwJUJ06vmeBDQ3q4H0jzfI1T+nMiJkKpsfBMpyB6qOZrCfyv1o50v9KJmR9GGnw6XdSPONYBTqLBPSaBaj42hlDJzF8xHRJJqDYB5kwIzvzJf03jpOSUS+Wb00L1fBZHFu2hfVREDjpDVXSFaqiOKHpAT+gFvVqP1rP1Zr1PWzPWbGYX/ZL18Q3rpJrY</latexit>

(Emagnets ' 8 kJ)
<latexit sha1_base64="9CKnuraJwrw+q5f0RdU1b56yLz8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi1WXRjcta7AOaECbTSTt0JhNnJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCRNGlXacb6u0tr6xuVXeruzs7u0f2IdHXSVSiUkHCyZkP0SKMBqTjqaakX4iCeIhI71wcjPze49EKirie50lxOdoFNOIYqSNFNjVNvQU5eQBtoPcEwlL1TSwa07dmQOuErcgNVCgFdhf3lDglJNYY4aUGrhOov0cSU0xI9OKlyqSIDxBIzIwNEacKD+fHz+Fp0YZwkhIU7GGc/X3RI64UhkPTSdHeqyWvZn4nzdIdXTl5zROUk1ivFgUpQxqAWdJwCGVBGuWGYKwpOZWiMdIIqxNXhUTgrv88irpntfdRr1xd1FrXhdxlMExOAFnwAWXoAluQQt0AAYZeAav4M16sl6sd+tj0Vqyipkq+APr8weHJpS5</latexit>

R ' R�

<latexit sha1_base64="AW7wsC+iSFRq7NypLBDJmupsHtg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lUquCl6MVjBfsBTSyb7aZdupuE3U2hhPwTLx4U8eo/8ea/cdvmoNUHA4/3ZpiZFyScKe04X1ZpZXVtfaO8Wdna3tnds/cP2ipOJaEtEvNYdgOsKGcRbWmmOe0mkmIRcNoJxrczvzOhUrE4etDThPoCDyMWMoK1kfq27TqP2Xk9964zTwrUyft21ak5c6C/xC1IFQo0+/anN4hJKmikCcdK9Vwn0X6GpWaE07zipYommIzxkPYMjbCgys/ml+foxCgDFMbSVKTRXP05kWGh1FQEplNgPVLL3kz8z+ulOrzyMxYlqaYRWSwKU450jGYxoAGTlGg+NQQTycytiIywxESbsComBHf55b+kfVZz67X6/UW1cVPEUYYjOIZTcOESGnAHTWgBgQk8wQu8Wpn1bL1Z74vWklXMHMIvWB/fIyKStw==</latexit>

1036 WLaser Power 
LIGO-sized interferometer

<latexit sha1_base64="EOehzs3auylMzJSR9WBEIjx4TII=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyURqYqbohuXFewDmlom00k7dDKJMzdCCfkHN/6KGxeKuHXjzr9x+lho64ELh3Pu5d57/FhwDY7zbeUWFpeWV/KrhbX1jc0te3unrqNEUVajkYhU0yeaCS5ZDTgI1owVI6EvWMMfXI38xgNTmkfyFoYxa4ekJ3nAKQEjdewj17k79y5ST4W4kWFP3ytIvUARmuoshc7Y4BKyLOvYRafkjIHniTslRTRFtWN/ed2IJiGTQAXRuuU6MbRTooBTwbKCl2gWEzogPdYyVJKQ6XY6/inDB0bp4iBSpiTgsfp7IiWh1sPQN50hgb6e9Ubif14rgeCsnXIZJ8AknSwKEoEhwqOAcJcrRkEMDSFUcXMrpn1iAgETY8GE4M6+PE/qxyW3XCrfnBQrl9M48mgP7aND5KJTVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHpDVnTWd20R9Ynz96eJ6d</latexit>

109 W

r
s

tint

Energy in the magnets



40 SIGMA SIGNALS AND 
WHERE TO FIND THEM





Roughly ~ 10 charged 
tracks in a 100 GeV jet



Dijet event  

~ 20 x 3 = 60  

kinematical variables



Possible signals

But unknown

<latexit sha1_base64="Bkiq52GrWGl5/BCGOqsEPILHB4k=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevEkFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg1YfDDzem2FmXpgKro3rfjmFldW19Y3iZmlre2d3r7x/0NRJphj6LBGJaodUo+ASfcONwHaqkMahwFY4upn5rUdUmifywYxTDGI6kDzijBor+Xfkini9csWtunOQv8TLSQVyNHrlz24/YVmM0jBBte54bmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzI+dkhOr9EmUKFvSkLn6c2JCY63HcWg7Y2qGetmbif95ncxEl8GEyzQzKNliUZQJYhIy+5z0uUJmxNgSyhS3txI2pIoyY/Mp2RC85Zf/kuZZ1atVa/fnlfp1HkcRjuAYTsGDC6jDLTTABwYcnuAFXh3pPDtvzvuiteDkM4fwC87HN0lNjbQ=</latexit>

N > 1

<latexit sha1_base64="Qn18Wv2IyulKTOXpnik3BT/y/1U=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxZNEMA9I1jA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63t7K6tr6xWdgqbu/s7u2XDg6bVqeGsgbVQpt2RCwTXLEGcBCsnRhGZCRYKxrdTP3WEzOWa/UA44SFkgwUjzkl4KRO13KJ7x6zqj/plcp+xZ8BL5MgJ2WUo94rfXX7mqaSKaCCWNsJ/ATCjBjgVLBJsZtalhA6IgPWcVQRyWyYzU6e4FOn9HGsjSsFeKb+nsiItHYsI9cpCQztojcV//M6KcRXYcZVkgJTdL4oTgUGjaf/4z43jIIYO0Ko4e5WTIfEEAoupaILIVh8eZk0zytBtVK9vyjXrvM4CugYnaAzFKBLVEO3qI4aiCKNntErevPAe/HevY9564qXzxyhP/A+fwB/A5DC</latexit>

⇠ N60



And this does not even include: 

1) All particles from Pile Up 

2) The growth at 13 TeV 

3) All the hits in the tracker from 
tracks that don’t look “normal” 

<latexit sha1_base64="Qn18Wv2IyulKTOXpnik3BT/y/1U=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxZNEMA9I1jA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63t7K6tr6xWdgqbu/s7u2XDg6bVqeGsgbVQpt2RCwTXLEGcBCsnRhGZCRYKxrdTP3WEzOWa/UA44SFkgwUjzkl4KRO13KJ7x6zqj/plcp+xZ8BL5MgJ2WUo94rfXX7mqaSKaCCWNsJ/ATCjBjgVLBJsZtalhA6IgPWcVQRyWyYzU6e4FOn9HGsjSsFeKb+nsiItHYsI9cpCQztojcV//M6KcRXYcZVkgJTdL4oTgUGjaf/4z43jIIYO0Ko4e5WTIfEEAoupaILIVh8eZk0zytBtVK9vyjXrvM4CugYnaAzFKBLVEO3qI4aiCKNntErevPAe/HevY9564qXzxyhP/A+fwB/A5DC</latexit>

⇠ N60



And this does not even include: 

1) All particles from Pile Up 

2) The growth at 13 TeV 

3) All the hits in the tracker from 
tracks that don’t look “normal” 

<latexit sha1_base64="Qn18Wv2IyulKTOXpnik3BT/y/1U=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxZNEMA9I1jA7mU2GzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEsEt+P63t7K6tr6xWdgqbu/s7u2XDg6bVqeGsgbVQpt2RCwTXLEGcBCsnRhGZCRYKxrdTP3WEzOWa/UA44SFkgwUjzkl4KRO13KJ7x6zqj/plcp+xZ8BL5MgJ2WUo94rfXX7mqaSKaCCWNsJ/ATCjBjgVLBJsZtalhA6IgPWcVQRyWyYzU6e4FOn9HGsjSsFeKb+nsiItHYsI9cpCQztojcV//M6KcRXYcZVkgJTdL4oTgUGjaf/4z43jIIYO0Ko4e5WTIfEEAoupaILIVh8eZk0zytBtVK9vyjXrvM4CugYnaAzFKBLVEO3qI4aiCKNntErevPAe/HevY9564qXzxyhP/A+fwB/A5DC</latexit>

⇠ N60



And this does not even include: 

1) All particles from Pile Up 

2) The growth at 13 TeV 

3) All the hits in the tracker from 
tracks that don’t look “normal” 

<latexit sha1_base64="4bwv5LfEEQKR6M2RlZKblTRzFlM=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQlLT2uyKblxJBfuANi2T6aQdOpnEmUmhhH6HGxeKuPVj3Pk3TtoKKnrgwuGce7n3Hj9mVCrL+jBWVtfWNzZzW/ntnd29/cLBYVNGicCkgSMWibaPJGGUk4aiipF2LAgKfUZa/vgq81sTIiSN+J2axsQL0ZDTgGKktOR1JQ3hTS+1rZ4z6xeKlulWy2WnBC3TslynfK6J67p21Ya2VjIUwRL1fuG9O4hwEhKuMENSdmwrVl6KhKKYkVm+m0gSIzxGQ9LRlKOQSC+dHz2Dp1oZwCASuriCc/X7RIpCKaehrztDpEbyt5eJf3mdRAVVL6U8ThTheLEoSBhUEcwSgAMqCFZsqgnCgupbIR4hgbDSOeV1CF+fwv9Js2TaFbNy6xRrl8s4cuAYnIAzYIMLUAPXoA4aAIN78ACewLMxMR6NF+N10bpiLGeOwA8Yb58p+5G+</latexit>

⇠ N104



Raw data New Physics?

THE DREAM

Dr. Black Box



Raw data

New Physics?

THE PROBLEMS

Dr. Black Box
Old Physics



Raw data

New Physics?

THE PROBLEMS

Dr. Black Box
Old Physics

Look-
elsewhere 

effect



LOOK-ELSEWHERE EFFECT

Flexibility = How many qualitatively different 
signals you’re sensitive to



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere

Intrinsic Dimension

NPLM

Bump-hunters

LDA (unsupervised clustering)

MuSIC



THE INTRINSIC DIMENSION 
OF COLLIDER EVENTS



INTRINSIC DIMENSION

Can you tell that D=2 just 
from the data?



<latexit sha1_base64="/q2wnuX4b3zS4mevgm+bM577h2k=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3U791hPThiv5YMcJC2IykDzilFgnNXWP42vcK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgH UcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGs3eRwFOIYTOAMfLqEGd1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPH4tqjng=</latexit>ri = Distance between reference point and its i-th nearest neighbor

INTRINSIC DIMENSION



INTRINSIC DIMENSION

<latexit sha1_base64="WrN2atzyJWQfWcW9/VaSKCRfAwM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLIxFog+pqSLHdVq3jhP8qFRFGVn4FRYGEGLlE9j4G9w2A7Qc6V4dnXOv7HuChFGpHOfbKqysrq1vFDdLW9s7u3v2/kFTxlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB0M/VbYyIkjfm9miSkG6E+pyHFSBnJt4+9SPspHWbQIw+ajqEXCoRT4Q8z02jm22Wn4swAl4mbkzLIUfftL68XYx0RrjBDUnZcJ1HdFAlFMSNZydOSJAiPUJ90DOUoIrKbzg7J4KlRejCMhSmu4Ez9vZGiSMpJFJjJCKmBXPSm4n9eR6vwqptSnmhFOJ4/FGoGVQynqcAeFQQrNjEEYUHNXyEeIJOEMtmVTAju4snLpHlecauV6t1FuXadx1EER+AEnAEXXIIauAV10AAYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AMANmnc=</latexit>

µij ⌘
rj
ri



<latexit sha1_base64="WrN2atzyJWQfWcW9/VaSKCRfAwM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLIxFog+pqSLHdVq3jhP8qFRFGVn4FRYGEGLlE9j4G9w2A7Qc6V4dnXOv7HuChFGpHOfbKqysrq1vFDdLW9s7u3v2/kFTxlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB0M/VbYyIkjfm9miSkG6E+pyHFSBnJt4+9SPspHWbQIw+ajqEXCoRT4Q8z02jm22Wn4swAl4mbkzLIUfftL68XYx0RrjBDUnZcJ1HdFAlFMSNZydOSJAiPUJ90DOUoIrKbzg7J4KlRejCMhSmu4Ez9vZGiSMpJFJjJCKmBXPSm4n9eR6vwqptSnmhFOJ4/FGoGVQynqcAeFQQrNjEEYUHNXyEeIJOEMtmVTAju4snLpHlecauV6t1FuXadx1EER+AEnAEXXIIauAV10AAYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AMANmnc=</latexit>

µij ⌘
rj
ri

Under mild assumptions  

the PDF can be derived analytically

INTRINSIC DIMENSION



<latexit sha1_base64="RdfNuGF9q7xiKiDC7bsKL2RXyAQ="></latexit>

f(µij) =
D(µD

ij � 1)j�i�1µ�D(j�1)�1
ij

B(j � i, i)

<latexit sha1_base64="WrN2atzyJWQfWcW9/VaSKCRfAwM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLIxFog+pqSLHdVq3jhP8qFRFGVn4FRYGEGLlE9j4G9w2A7Qc6V4dnXOv7HuChFGpHOfbKqysrq1vFDdLW9s7u3v2/kFTxlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB0M/VbYyIkjfm9miSkG6E+pyHFSBnJt4+9SPspHWbQIw+ajqEXCoRT4Q8z02jm22Wn4swAl4mbkzLIUfftL68XYx0RrjBDUnZcJ1HdFAlFMSNZydOSJAiPUJ90DOUoIrKbzg7J4KlRejCMhSmu4Ez9vZGiSMpJFJjJCKmBXPSm4n9eR6vwqptSnmhFOJ4/FGoGVQynqcAeFQQrNjEEYUHNXyEeIJOEMtmVTAju4snLpHlecauV6t1FuXadx1EER+AEnAEXXIIauAV10AAYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AMANmnc=</latexit>

µij ⌘
rj
ri

INTRINSIC DIMENSION



WHY?

1. First thing to do before any analysis 

2. First thing to do before building any 
autoencoder 

As you vary i and j you are exploring non-trivial 
features of the kinematics 

3. What is the dimension of a jet? 

<latexit sha1_base64="/q2wnuX4b3zS4mevgm+bM577h2k=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3U791hPThiv5YMcJC2IykDzilFgnNXWP42vcK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGs3eRwFOIYTOAMfLqEGd1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPH4tqjng=</latexit>ri =
Earth Mover’s Distance 

[Komiske, Metodiev, Thaler ’19]



THE INTRINSIC DIMENSION 
AND NEW PHYSICS 

[RTD, A. GLIOTI, G. RIGO, A. VALENTI, In preparation]



ONE EXAMPLE

SM:

SIGNAL:

<latexit sha1_base64="b5IUffCY9hCSmC2SQEUoSQICrhY=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwoJCVElCBXGChbGItGHaELluE7r1nEi20Gqoo4s/AoLAwix8gls/A1OmgFarmTfo3PulX2OFzEqlWV9G4WFxaXlleJqaW19Y3PL3N5pyjAWmDRwyELR9pAkjHLSUFQx0o4EQYHHSMsbXaV664EISUN+q8YRcQPU59SnGClNdc39CEbQUSFswbusO0F8f5xeJxAO4bBrlq2KlRWcB3YOyiCvetf8cnohjgPCFWZIyo5tRcpNkFAUMzIpObEkEcIj1CcdDTkKiHSTzMgEHmqmB/1Q6MMVzNjfGwkKpBwHnp4MkBrIWS0l/9M6sfIv3ITyKFaE4+lDfsygNpymAntUEKzYWAOEBdV/hXiABMJKZ1fSIdizludB87RiVyvVm7Ny7TKPowj2wAE4AjY4BzVwDeqgATB4BM/gFbwZT8aL8W58TEcLRr6zC/6U8fkDGP2Xfw==</latexit>

pp ! WZ ! µ+µ�jj

<latexit sha1_base64="Jyt51KnLpLYUYOHCRXcvxrO6kfI="></latexit>

pp ! �±�0
2 ! W±Z�0�0 ! µ+µ�jj�0�0

But we do not cluster jets !



PRELIMINARY RESULTS



PRELIMINARY RESULTS
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Simple counting



OLD PHYSICS

1. Use it on final states where the MC has been tested to 
death 

2. Test for time variations in LHC data (DQM) 

3. Test the exact and approximate symmetries of the 
Standard Model (CP, Lepton flavor, Lorentz, …)



1. Use it on final states where the MC has been tested to 
death 

2. Test for time variations in LHC data (DQM) 

3. Test the exact and approximate symmetries of the 
Standard Model (CP, Lepton flavor, Lorentz, …)

This search takes single 
particles as input and not 

jets!



BACKUP



SIGNAL 1

<latexit sha1_base64="6t/71VNynrv33YE7oh08QpnTB6g=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRBLHMiFSXRTcuK9gLdsaSSU/b0ExmSDJCKX0DN76KGxeKuHXrzrcxM+1CWw8kfPznHJL/D2LOlHacbyu3sLi0vJJfLaytb2xu2ds7dRUlkkKNRjySzYAo4ExATTPNoRlLIGHAoREMrtJ+4wGkYpG41cMY/JD0BOsySrSR2vZhHGNPR7hxf4zvMvLCxHB6n2BISSRtaNtFp+RkhefBnUIRTavatr+8TkSTEISmnCjVcp1Y+yMiNaMcxgUvURATOiA9aBkUJATljzI/Y3xglA7uRtIcoXGm/t4YkVCpYRiYyZDovprtpeJ/vVaiuxf+iIk40SDo5KFuwrGxnYaDO0wC1XxogFDJzF8x7RNJqDYRFkwI7qzleaifltxyqXxzVqxcTuPIoz20j46Qi85RBV2jKqohih7RM3pFb9aT9WK9Wx+T0Zw13dlFf8r6/AE+NZpL</latexit>

pp ! W+Z ! µ+µ�e+⌫eSM:

SIGNAL:
<latexit sha1_base64="m/f4OyZ7tEvEbVd7pOmApWKyp3E=">AAACP3icbVDLSgMxFM34rPU16tJNsAiCWGaKVJdFNy4r2Af2MWTS2zY0kxmSjFBK/8yNv+DOrRsXirh1Z2ZaxLZeSO7hnHNJ7vEjzpR2nBdraXlldW09s5Hd3Nre2bX39qsqjCWFCg15KOs+UcCZgIpmmkM9kkACn0PNH1wneu0BpGKhuNPDCFoB6QnWZZRoQ3l2NYpwU4e4SfusfZo2r9B2Uq5miPuJ4vy2xBvEidXcZxgSJGIPZn2enXPyTlp4EbhTkEPTKnv2c7MT0jgAoSknSjVcJ9KtEZGaUQ7jbDNWEBE6ID1oGChIAKo1Svcf42PDdHA3lOYIjVP278SIBEoNA984A6L7al5LyP+0Rqy7l60RE1GsQdDJQ92YYxNCEibuMAlU86EBhEpm/oppn0hCtYk8a0Jw51deBNVC3i3mi7fnudLVNI4MOkRH6AS56AKV0A0qowqi6BG9onf0YT1Zb9an9TWxLlnTmQM0U9b3D0ZNq4o=</latexit>

pp ! �+�0
2 ! W+Z�0�0 ! µ+µ�e+⌫e�

0�0
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PRELIMINARY RESULTS, SIGNAL 1



PRELIMINARY RESULTS, SIGNAL 1
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Simple counting



PRELIMINARY RESULTS, SIGNAL 1
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Simple counting



PRELIMINARY RESULTS, SIGNAL 1
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Simple counting



SIGNAL 2

SM:

SIGNAL:

<latexit sha1_base64="Cnf8370H+QQqKYGh9wp1e6f6lCg=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWoKowVLIxFog+1iSrHdVqrdmLZDlIUlV9hYQAhVj6Ejb/BTTNAy5EsH51zr+69JxCMKu0431ZpY3Nre6e8W9nbPzg8so9PuipOJCYdHLNY9gOkCKMR6WiqGekLSRAPGOkFs9uF33skUtE4etCpID5Hk4iGFCNtpJFdFQJ6OoaDQf41oMeTkV1z6k4OuE7cgtRAgfbI/vLGMU44iTRmSKmh6wjtZ0hqihmZV7xEEYHwDE3I0NAIcaL8LF9+Ds+NMoZhLM2LNMzV3x0Z4kqlPDCVHOmpWvUW4n/eMNHhtZ/RSCSaRHg5KEwYNGcukoBjKgnWLDUEYUnNrhBPkURYm7wqJgR39eR10r2su816875Ra90UcZTBKTgDF8AFV6AF7kAbdAAGKXgGr+DNerJerHfrY1lasoqeKvgD6/MHzOaTmA==</latexit>

pp ! ZZ ! 4µ

<latexit sha1_base64="NNirXvh8yIig99tdAC4Uochbxso=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiCtCRSqsuiGxcuKtgHbWKYTCft0MkkzEyEEvojbvwVNy4UceFG/BsnaRfaemEuh3Pu5c45fsyoVJb1bSwtr6yurRc2iptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6CrT2w9ESBrxOzWOiRuiAacBxUhpyjOrcQwdFcFu3qETJveneS/DrpfeeBqWdVcomeQT1Uz0zJJVsfKCi8CegRKYVcMzP51+hJOQcIUZkrJnW7FyUyQUxYxMik4iSYzwCA1IT0OOQiLdNHc3gcea6cMgEvpxBXP290aKQinHoa8nQ6SGcl7LyP+0XqKCCzelPE4U4Xh6KEgY1DazqGCfCoIVG2uAsKD6rxAPkUBY6UCLOgR73vIiaJ1V7Fqldlst1S9ncRTAITgCJ8AG56AOrkEDNAEGj+AZvII348l4Md6Nj+nokjHbOQB/yvj6AQhcoA8=</latexit>

pp ! Z ! µ+µ�ZLµ�L⌧ ! 4µ



PRELIMINARY RESULTS, SIGNAL 2
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PRELIMINARY RESULTS, SIGNAL 1
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