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And more, w/ applications summarised in:
Quantum Sensing for Fundamental Physics 

A. Chou et al, hep-ex/2311.01930

SQUID Cavity Atomic Clock NMRQubit

Sichanugrist, 
Wednesday

Atom Interf.

Elder, 
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TES
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Quantum Noise: Gxx(⌧) = hx(⌧)x(0)i

<latexit sha1_base64="an/UGQUGc2uzXsJYiNVorKlyGak=">AAACE3icbZDLSsNAFIYnXmu9RV26GSxC66IkUtGNUHShywr2Ak0Ik+m0HTqZhJmJpIS+gxtfxY0LRdy6cefbOE2z0NYfBn6+cw5nzu9HjEplWd/G0vLK6tp6YaO4ubW9s2vu7bdkGAtMmjhkoej4SBJGOWkqqhjpRIKgwGek7Y+up/X2AxGShvxejSPiBmjAaZ9ipDTyzJMbL02SSdlRKK7AS+gwxAeMwGRGkrJVgY7ImGeWrKqVCS4aOzclkKvhmV9OL8RxQLjCDEnZta1IuSkSimJGJkUnliRCeIQGpKstRwGRbprdNIHHmvRgPxT6cQUz+nsiRYGU48DXnQFSQzlfm8L/at1Y9S/clPIoVoTj2aJ+zKAK4TQg2KOCYMXG2iAsqP4rxEMkEFY6xqIOwZ4/edG0Tqt2rXp2VyvVr/I4CuAQHIEysME5qINb0ABNgMEjeAav4M14Ml6Md+Nj1rpk5DMH4I+Mzx92fJyl</latexit>
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xx(⌧) = hx(0)x(0)i cos ⌦⌧+ 1

M⌦
hp(0)x(0)i sin ⌦⌧
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Quantum Measurement:

+ techniques: e.g. squeezing, entanglement, non-demolition, … 

O
C
� {P, A, �, . . .}

<latexit sha1_base64="BeVUVVTMoKwG0MI4VLtEa65FNHg="></latexit>

O
Q
� {N̂� , Ŝi, â± â†, . . .}

<latexit sha1_base64="zQYxx/RRQCRMX5XTjsvLxB1HiRU="></latexit>
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Resonant cavitiesQuantum Sensing Needs

ĤBSM

<latexit sha1_base64="T7z2ZI4pH1jOCfWiXpJNHzOWZJw=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKqRp+nBX6qYboaJ9QBvCZDpth04ezEyUEvMpblwo4tYvceffOH0IKnrgwuGce7n3Hi9iVEjT/NAya+sbm1vZ7dzO7t7+gZ4/7Igw5pi0cchC3vOQIIwGpC2pZKQXcYJ8j5GuN72Y+91bwgUNgxs5i4jjo3FARxQjqSRXzw8mSCbN1E0G3IeN68vU1QumYVXKll2DpmGXrJJdmZNaxTyvwqJhLlAAK7Rc/X0wDHHsk0BihoToF81IOgnikmJG0twgFiRCeIrGpK9ogHwinGRxegpPlTKEo5CrCiRcqN8nEuQLMfM91ekjORG/vbn4l9eP5ajmJDSIYkkCvFw0ihmUIZznAIeUEyzZTBGEOVW3QjxBHGGp0sqpEL4+hf+TjmUUbaN8ZRfqjVUcWXAMTsAZKIIqqIMmaIE2wOAOPIAn8Kzda4/ai/a6bM1oq5kj8APa2ydlVZQd</latexit>
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Resonant cavitiesQuantum Sensing Needs

Detection of 
ultra-low 
threshold 

events

ĤBSM

<latexit sha1_base64="T7z2ZI4pH1jOCfWiXpJNHzOWZJw=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKqRp+nBX6qYboaJ9QBvCZDpth04ezEyUEvMpblwo4tYvceffOH0IKnrgwuGce7n3Hi9iVEjT/NAya+sbm1vZ7dzO7t7+gZ4/7Igw5pi0cchC3vOQIIwGpC2pZKQXcYJ8j5GuN72Y+91bwgUNgxs5i4jjo3FARxQjqSRXzw8mSCbN1E0G3IeN68vU1QumYVXKll2DpmGXrJJdmZNaxTyvwqJhLlAAK7Rc/X0wDHHsk0BihoToF81IOgnikmJG0twgFiRCeIrGpK9ogHwinGRxegpPlTKEo5CrCiRcqN8nEuQLMfM91ekjORG/vbn4l9eP5ajmJDSIYkkCvFw0ihmUIZznAIeUEyzZTBGEOVW3QjxBHGGp0sqpEL4+hf+TjmUUbaN8ZRfqjVUcWXAMTsAZKIIqqIMmaIE2wOAOPIAn8Kzda4/ai/a6bM1oq5kj8APa2ydlVZQd</latexit>

Coherence 
to enhance 
sensitivity

Ultra-low 
noise

Small-scale
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Coherence 
to enhance 
sensitivity

Ultra-low 
noise

Small-scale

Large/
coherent 

background 
EM fields

Large Q 
means long 
coherence

Low noise
Fits on a 
table*
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10�22 eV GeVMeVkeVeV TeV PeV EeVmeVµeV
Bosonic DM

'

Thermal freeze-out

f

f

�

�

Freeze-in

f

f

10�15M�

<latexit sha1_base64="sWvZAT2kg5jqbOEgo1FL4bWF3RM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBiyWRFj0WvXgRKtgPaGPYbLbt0k027G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39A/vwqKVEKgltEsGF7ARYUc5i2tRMc9pJJMVRwGk7GN3O/PaYSsVE/KgnCfUiPIhZnxGsjeTbtus8ZRdubYru/Z4IhfbtslNx5kCrxM1JGXI0fPurFwqSRjTWhGOluq6TaC/DUjPC6bTUSxVNMBnhAe0aGuOIKi+bXz5FZ0YJUV9IU7FGc/X3RIYjpSZRYDojrIdq2ZuJ/3ndVPevvYzFSappTBaL+ilHWqBZDChkkhLNJ4ZgIpm5FZEhlphoE1bJhOAuv7xKWpcVt1qpPVTL9Zs8jiKcwCmcgwtXUIc7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8AchNkns=</latexit>

10�10M�

<latexit sha1_base64="KmxHKYafGb1abhB77hvjo4QwtNc=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4sSRS0WPRixehgv2ANobNZtMu3WTD7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6ScKe0439bK6tr6xmZpq7y9s7u3bx8ctpTIJKFNIriQnQAryllCm5ppTjuppDgOOG0Hw9up3x5RqZhIHvU4pV6M+wmLGMHaSL5tu85Tfu46E3Tv90QotG9XnKozA1ombkEqUKDh21+9UJAspokmHCvVdZ1UezmWmhFOJ+VepmiKyRD3adfQBMdUefns8gk6NUqIIiFNJRrN1N8TOY6VGseB6YyxHqhFbyr+53UzHV17OUvSTNOEzBdFGUdaoGkMKGSSEs3HhmAimbkVkQGWmGgTVtmE4C6+vExaF1W3Vr18qFXqN0UcJTiGEzgDF66gDnfQgCYQGMEzvMKblVsv1rv1MW9dsYqZI/gD6/MHwIySdg==</latexit>

10�5M�

<latexit sha1_base64="SbFLcztLC2Ugs7N4KZvyxWFtz8g=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0mkRZdFN26ECvYBbQyTyaQdOsmEmRuhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5AKrsFxvq2V1bX1jc3CVnF7Z3evZO8ftLTMFGVNKoVUnYBoJnjCmsBBsE6qGIkDwdrB8Hritx+Z0lwm9zBKmReTfsIjTgkYybdLrvOQn9XG+NbvyVCCb5edijMFXibunJTRHA3f/uqFkmYxS4AKonXXdVLwcqKAU8HGxV6mWUrokPRZ19CExEx7+fTwMT4xSogjqUwlgKfq74mcxFqP4sB0xgQGetGbiP953QyiSy/nSZoBS+hsUZQJDBJPUsAhV4yCGBlCqOLmVkwHRBEKJquiCcFdfHmZtM4rbrVSu6uW61fzOAroCB2jU+SiC1RHN6iBmoiiDD2jV/RmPVkv1rv1MWtdseYzh+gPrM8fVZmSQA==</latexit>

Primordial Black Holes

�⇢/⇢

<latexit sha1_base64="SJiybgBm9C3n3gB/kafm5wsoQ2I=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU02koseiF48VrC00oWw2k3bpJht2N4US+k+8eFDEq//Em//GTZuDtj6Y4fHeDDv7gpQzpR3n26qsrW9sblW3azu7e/sH9uHRkxKZpNChggvZC4gCzhLoaKY59FIJJA44dIPxXeF3JyAVE8mjnqbgx2SYsIhRoo00sG0vBK4J9uRIXBRtYNedhjMHXiVuSeqoRHtgf3mhoFkMiaacKNV3nVT7OZGaUQ6zmpcpSAkdkyH0DU1IDMrP55fP8JlRQhwJaSrReK7+3shJrNQ0DsxkTPRILXuF+J/Xz3R04+csSTMNCV08FGUca4GLGHDIJFDNp4YQKpm5FdMRkYRqE1bNhOAuf3mVPF023Gbj6qFZb92WcVTRCTpF58hF16iF7lEbdRBFE/SMXtGblVsv1rv1sRitWOXOMfoD6/MHGMuTUg==</latexit>

(aH)�1 ⇠ �

<latexit sha1_base64="ytaERb/qDn6cqAAoNOPpeSaQulM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVgopgrGDpWCT6kJpQOY7TWrWdyHaQqigLv8LCAEKsfAYbf4P7GKDlSJaOzrlH1/cECaNKO863VVhZXVvfKG6WtrZ3dvfs/YO2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsHoduJ3HolUNBb3epwQn6OBoBHFSBupbx9VEGycPWTnbg49RTn0mAmHqG+XnaozBVwm7pyUwRzNvv3lhTFOOREaM6RUz3US7WdIaooZyUteqkiC8AgNSM9QgThRfjY9IIenRglhFEvzhIZT9XciQ1ypMQ/MJEd6qBa9ifif10t1dO1nVCSpJgLPFkUpgzqGkzZgSCXBmo0NQVhS81eIh0girE1nJVOCu3jyMmlfVN1a9fKuVq7fzOsogmNwAirABVegDhqgCVoAgxw8g1fwZj1ZL9a79TEbLVjzzCH4A+vzB2l+lQk=</latexit>

Gravitational Waves hμν
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(aH)�1 ⇠ �

<latexit sha1_base64="ytaERb/qDn6cqAAoNOPpeSaQulM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVgopgrGDpWCT6kJpQOY7TWrWdyHaQqigLv8LCAEKsfAYbf4P7GKDlSJaOzrlH1/cECaNKO863VVhZXVvfKG6WtrZ3dvfs/YO2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsHoduJ3HolUNBb3epwQn6OBoBHFSBupbx9VEGycPWTnbg49RTn0mAmHqG+XnaozBVwm7pyUwRzNvv3lhTFOOREaM6RUz3US7WdIaooZyUteqkiC8AgNSM9QgThRfjY9IIenRglhFEvzhIZT9XciQ1ypMQ/MJEd6qBa9ifif10t1dO1nVCSpJgLPFkUpgzqGkzZgSCXBmo0NQVhS81eIh0girE1nJVOCu3jyMmlfVN1a9fKuVq7fzOsogmNwAirABVegDhqgCVoAgxw8g1fwZj1ZL9a79TEbLVjzzCH4A+vzB2l+lQk=</latexit>

Gravitational Waves hμν

�±

v�

Edef e
i!t
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�
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�

�

� �

�

��

Variations in ,  minor�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>

�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>
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<latexit sha1_base64="sWvZAT2kg5jqbOEgo1FL4bWF3RM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBiyWRFj0WvXgRKtgPaGPYbLbt0k027G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39A/vwqKVEKgltEsGF7ARYUc5i2tRMc9pJJMVRwGk7GN3O/PaYSsVE/KgnCfUiPIhZnxGsjeTbtus8ZRdubYru/Z4IhfbtslNx5kCrxM1JGXI0fPurFwqSRjTWhGOluq6TaC/DUjPC6bTUSxVNMBnhAe0aGuOIKi+bXz5FZ0YJUV9IU7FGc/X3RIYjpSZRYDojrIdq2ZuJ/3ndVPevvYzFSappTBaL+ilHWqBZDChkkhLNJ4ZgIpm5FZEhlphoE1bJhOAuv7xKWpcVt1qpPVTL9Zs8jiKcwCmcgwtXUIc7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8AchNkns=</latexit>

10�10M�

<latexit sha1_base64="KmxHKYafGb1abhB77hvjo4QwtNc=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4sSRS0WPRixehgv2ANobNZtMu3WTD7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6ScKe0439bK6tr6xmZpq7y9s7u3bx8ctpTIJKFNIriQnQAryllCm5ppTjuppDgOOG0Hw9up3x5RqZhIHvU4pV6M+wmLGMHaSL5tu85Tfu46E3Tv90QotG9XnKozA1ombkEqUKDh21+9UJAspokmHCvVdZ1UezmWmhFOJ+VepmiKyRD3adfQBMdUefns8gk6NUqIIiFNJRrN1N8TOY6VGseB6YyxHqhFbyr+53UzHV17OUvSTNOEzBdFGUdaoGkMKGSSEs3HhmAimbkVkQGWmGgTVtmE4C6+vExaF1W3Vr18qFXqN0UcJTiGEzgDF66gDnfQgCYQGMEzvMKblVsv1rv1MW9dsYqZI/gD6/MHwIySdg==</latexit>

10�5M�

<latexit sha1_base64="SbFLcztLC2Ugs7N4KZvyxWFtz8g=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0mkRZdFN26ECvYBbQyTyaQdOsmEmRuhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5AKrsFxvq2V1bX1jc3CVnF7Z3evZO8ftLTMFGVNKoVUnYBoJnjCmsBBsE6qGIkDwdrB8Hritx+Z0lwm9zBKmReTfsIjTgkYybdLrvOQn9XG+NbvyVCCb5edijMFXibunJTRHA3f/uqFkmYxS4AKonXXdVLwcqKAU8HGxV6mWUrokPRZ19CExEx7+fTwMT4xSogjqUwlgKfq74mcxFqP4sB0xgQGetGbiP953QyiSy/nSZoBS+hsUZQJDBJPUsAhV4yCGBlCqOLmVkwHRBEKJquiCcFdfHmZtM4rbrVSu6uW61fzOAroCB2jU+SiC1RHN6iBmoiiDD2jV/RmPVkv1rv1MWtdseYzh+gPrM8fVZmSQA==</latexit>

Primordial Black Holes

�⇢/⇢

<latexit sha1_base64="SJiybgBm9C3n3gB/kafm5wsoQ2I=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU02koseiF48VrC00oWw2k3bpJht2N4US+k+8eFDEq//Em//GTZuDtj6Y4fHeDDv7gpQzpR3n26qsrW9sblW3azu7e/sH9uHRkxKZpNChggvZC4gCzhLoaKY59FIJJA44dIPxXeF3JyAVE8mjnqbgx2SYsIhRoo00sG0vBK4J9uRIXBRtYNedhjMHXiVuSeqoRHtgf3mhoFkMiaacKNV3nVT7OZGaUQ6zmpcpSAkdkyH0DU1IDMrP55fP8JlRQhwJaSrReK7+3shJrNQ0DsxkTPRILXuF+J/Xz3R04+csSTMNCV08FGUca4GLGHDIJFDNp4YQKpm5FdMRkYRqE1bNhOAuf3mVPF023Gbj6qFZb92WcVTRCTpF58hF16iF7lEbdRBFE/SMXtGblVsv1rv1sRitWOXOMfoD6/MHGMuTUg==</latexit>

(aH)�1 ⇠ �

<latexit sha1_base64="ytaERb/qDn6cqAAoNOPpeSaQulM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVgopgrGDpWCT6kJpQOY7TWrWdyHaQqigLv8LCAEKsfAYbf4P7GKDlSJaOzrlH1/cECaNKO863VVhZXVvfKG6WtrZ3dvfs/YO2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsHoduJ3HolUNBb3epwQn6OBoBHFSBupbx9VEGycPWTnbg49RTn0mAmHqG+XnaozBVwm7pyUwRzNvv3lhTFOOREaM6RUz3US7WdIaooZyUteqkiC8AgNSM9QgThRfjY9IIenRglhFEvzhIZT9XciQ1ypMQ/MJEd6qBa9ifif10t1dO1nVCSpJgLPFkUpgzqGkzZgSCXBmo0NQVhS81eIh0girE1nJVOCu3jyMmlfVN1a9fKuVq7fzOsogmNwAirABVegDhqgCVoAgxw8g1fwZj1ZL9a79TEbLVjzzCH4A+vzB2l+lQk=</latexit>

Gravitational Waves hμν

�±
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Variations in ,  minor�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>

�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>

Variation in a
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10�22 eV GeVMeVkeVeV TeV PeV EeVmeVµeV
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Thermal freeze-out

f

f

�

�

Freeze-in

f

f

10�15M�

<latexit sha1_base64="sWvZAT2kg5jqbOEgo1FL4bWF3RM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBiyWRFj0WvXgRKtgPaGPYbLbt0k027G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39A/vwqKVEKgltEsGF7ARYUc5i2tRMc9pJJMVRwGk7GN3O/PaYSsVE/KgnCfUiPIhZnxGsjeTbtus8ZRdubYru/Z4IhfbtslNx5kCrxM1JGXI0fPurFwqSRjTWhGOluq6TaC/DUjPC6bTUSxVNMBnhAe0aGuOIKi+bXz5FZ0YJUV9IU7FGc/X3RIYjpSZRYDojrIdq2ZuJ/3ndVPevvYzFSappTBaL+ilHWqBZDChkkhLNJ4ZgIpm5FZEhlphoE1bJhOAuv7xKWpcVt1qpPVTL9Zs8jiKcwCmcgwtXUIc7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8AchNkns=</latexit>

10�10M�

<latexit sha1_base64="KmxHKYafGb1abhB77hvjo4QwtNc=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4sSRS0WPRixehgv2ANobNZtMu3WTD7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6ScKe0439bK6tr6xmZpq7y9s7u3bx8ctpTIJKFNIriQnQAryllCm5ppTjuppDgOOG0Hw9up3x5RqZhIHvU4pV6M+wmLGMHaSL5tu85Tfu46E3Tv90QotG9XnKozA1ombkEqUKDh21+9UJAspokmHCvVdZ1UezmWmhFOJ+VepmiKyRD3adfQBMdUefns8gk6NUqIIiFNJRrN1N8TOY6VGseB6YyxHqhFbyr+53UzHV17OUvSTNOEzBdFGUdaoGkMKGSSEs3HhmAimbkVkQGWmGgTVtmE4C6+vExaF1W3Vr18qFXqN0UcJTiGEzgDF66gDnfQgCYQGMEzvMKblVsv1rv1MW9dsYqZI/gD6/MHwIySdg==</latexit>

10�5M�

<latexit sha1_base64="SbFLcztLC2Ugs7N4KZvyxWFtz8g=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwY0mkRZdFN26ECvYBbQyTyaQdOsmEmRuhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5AKrsFxvq2V1bX1jc3CVnF7Z3evZO8ftLTMFGVNKoVUnYBoJnjCmsBBsE6qGIkDwdrB8Hritx+Z0lwm9zBKmReTfsIjTgkYybdLrvOQn9XG+NbvyVCCb5edijMFXibunJTRHA3f/uqFkmYxS4AKonXXdVLwcqKAU8HGxV6mWUrokPRZ19CExEx7+fTwMT4xSogjqUwlgKfq74mcxFqP4sB0xgQGetGbiP953QyiSy/nSZoBS+hsUZQJDBJPUsAhV4yCGBlCqOLmVkwHRBEKJquiCcFdfHmZtM4rbrVSu6uW61fzOAroCB2jU+SiC1RHN6iBmoiiDD2jV/RmPVkv1rv1MWtdseYzh+gPrM8fVZmSQA==</latexit>

Primordial Black Holes

�⇢/⇢

<latexit sha1_base64="SJiybgBm9C3n3gB/kafm5wsoQ2I=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU02koseiF48VrC00oWw2k3bpJht2N4US+k+8eFDEq//Em//GTZuDtj6Y4fHeDDv7gpQzpR3n26qsrW9sblW3azu7e/sH9uHRkxKZpNChggvZC4gCzhLoaKY59FIJJA44dIPxXeF3JyAVE8mjnqbgx2SYsIhRoo00sG0vBK4J9uRIXBRtYNedhjMHXiVuSeqoRHtgf3mhoFkMiaacKNV3nVT7OZGaUQ6zmpcpSAkdkyH0DU1IDMrP55fP8JlRQhwJaSrReK7+3shJrNQ0DsxkTPRILXuF+J/Xz3R04+csSTMNCV08FGUca4GLGHDIJFDNp4YQKpm5FdMRkYRqE1bNhOAuf3mVPF023Gbj6qFZb92WcVTRCTpF58hF16iF7lEbdRBFE/SMXtGblVsv1rv1sRitWOXOMfoD6/MHGMuTUg==</latexit>

(aH)�1 ⇠ �

<latexit sha1_base64="ytaERb/qDn6cqAAoNOPpeSaQulM=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKgNVgopgrGDpWCT6kJpQOY7TWrWdyHaQqigLv8LCAEKsfAYbf4P7GKDlSJaOzrlH1/cECaNKO863VVhZXVvfKG6WtrZ3dvfs/YO2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsHoduJ3HolUNBb3epwQn6OBoBHFSBupbx9VEGycPWTnbg49RTn0mAmHqG+XnaozBVwm7pyUwRzNvv3lhTFOOREaM6RUz3US7WdIaooZyUteqkiC8AgNSM9QgThRfjY9IIenRglhFEvzhIZT9XciQ1ypMQ/MJEd6qBa9ifif10t1dO1nVCSpJgLPFkUpgzqGkzZgSCXBmo0NQVhS81eIh0girE1nJVOCu3jyMmlfVN1a9fKuVq7fzOsogmNwAirABVegDhqgCVoAgxw8g1fwZj1ZL9a79TEbLVjzzCH4A+vzB2l+lQk=</latexit>

Gravitational Waves hμν
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Variations in ,  minor�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>

�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>

Variation in a Variation in hµ⌫

<latexit sha1_base64="4rHtlcfhlgSuhARwgR1YUMDWBec=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIrkoiFV0W3bisYB/QhDCZTNqhM5MwD6GEbPwVNy4UcetnuPNvnLRZaOuBYQ7n3Mu990QZJVK57re1srq2vrFZ26pv7+zu7dsHhz2ZaoFwF6U0FYMISkwJx11FFMWDTGDIIor70eS29PuPWEiS8gc1zXDA4IiThCCojBTax36U0lhOmfnycZj7TPtcF0VoN9ymO4OzTLyKNECFTmh/+XGKNMNcIQqlHHpupoIcCkUQxUXd1xJnEE3gCA8N5ZBhGeSzAwrnzCixk6TCPK6cmfq7I4dMljuaSgbVWC56pfifN9QquQ5ywjOtMEfzQYmmjkqdMg0nJgIjRaeGQCSI2dVBYyggUiazugnBWzx5mfQuml6reXnfarRvqjhq4AScgnPggSvQBnegA7oAgQI8g1fwZj1ZL9a79TEvXbGqniPwB9bnDxUQl2A=</latexit>



VARIATION IN X 
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A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro 
PRL. 124 (2020) 1, 011801

�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>
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Accelerator for Millicharged DM: β ∼ 10−3
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We want EM resonator, but could use e.g. ion traps
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Accelerator induces collective effects in DM!
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��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Receiver

Psig / Qrec|jrec|2

<latexit sha1_base64="M/FCUT1UG/lzO6baU1XXTRtC+jk=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi6MJF0Y3LFuwDmlgm00k7dpIJMxOhpPkZN/6KGxcWEVz5K07agNp6YJjDOfdy7z1exKhUlvVpFFZW19Y3ipulre2d3T1z/6AleSwwaWLOuOh4SBJGQ9JUVDHSiQRBgcdI2xvdZH77kQhJeXinxhFxAzQIqU8xUlrqmVf1XuKIAEo6SKETCR4pDhtzTRCcwonjcdaX40B/yUP640zuqz2zbFWsGeAysXNSBjnqPXPq9DmOAxIqzJCUXduKlJsgoShmJC05sSQRwiM0IF1NQxQQ6SazK1N4opU+9LnQL1Rwpv7uSFAgsz11ZYDUUC56mfif142Vf+kmNIxiRUI8H+THDOoksshgn+p7FRtrgrCgeleIh0ggrHSwJR2CvXjyMmlVK/ZZ5bxxVq5d53EUwRE4BqfABhegBm5BHTQBBk/gBbyBqfFsvBrvxse8tGDkPYfgD4yvbzTUplY=</latexit>

jrec /
✓
eqe↵e0n�

m�

◆
j0em

<latexit sha1_base64="xLnvrC0sJuvogH8VamFA7fJ9PLQ="></latexit>

j0em /
✓
eqe↵e0n�

m�

◆
Eem

<latexit sha1_base64="+R9AJkVLE08PDFWZxjqIKKD1SIc="></latexit>

�

<latexit sha1_base64="WnlWucsZtjx1m0UDlPrQtr4KNzg=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5WgIhgrWBiLRB9SG1WO47RWHSeyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHs+VhRzgRta6Y57SWS4sjntOtPbnK/+0ClYrG419OEehEeCRYygrWRhnZ14Mc8UNPIXNmAjNlsaNecujMHWiVuQWpQoDW0vwZBTNKICk04VqrvOon2Miw1I5zOKoNU0QSTCR7RvqECR1R52Tz6DJ0aJUBhLM0RGs3V3xsZjlSezkxGWI/VspeL/3n9VIdXXsZEkmoqyOKhMOVIxyjvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuoXd41a87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5A/fZlHg=</latexit>
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j0em ' � i

!

eqe↵e0n�

m�
Eem
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J. Jaeckel, A. Ringwald (2008)
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Emitter Receiver First Experiment: CROWS 
M. Betz, F. Caspers et al (2013)

Search for Dark Photons (not DM)

P. Graham, J. Mardon, S. Rajendran, Y. Zhao (2014)

J. Jaeckel, A. Ringwald (2008)
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Ongoing experiment @ FNAL: DarkSRF

A. Romanenko et al (2023)



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Dark Photon Searches w/ Cavities

12

Ongoing experiment @ FNAL: DarkSRF

Leverage high-Q 
SRF cavities 
developed at 
Superconducting 
Quantum Materials & 
Systems 

A. Romanenko et al (2023)



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Dark Photon Searches w/ Cavities

12

Ongoing experiment @ FNAL: DarkSRF

Leverage high-Q 
SRF cavities 
developed at 
Superconducting 
Quantum Materials & 
Systems 

A. Romanenko et al (2023)

Q0 = 4.5 × 1010



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Dark Photon Searches w/ Cavities

12

Ongoing experiment @ FNAL: DarkSRF

Leverage high-Q 
SRF cavities 
developed at 
Superconducting 
Quantum Materials & 
Systems 

A. Romanenko et al (2023)

Q0 = 4.5 × 1010

Q0 = 3.0 × 1010



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Dark Photon Searches w/ Cavities

12

Ongoing experiment @ FNAL: DarkSRF

Leverage high-Q 
SRF cavities 
developed at 
Superconducting 
Quantum Materials & 
Systems 

A. Romanenko et al (2023)

Q0 = 4.5 × 1010

Q0 = 3.0 × 1010



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Dark Photon Searches w/ Cavities

12

Ongoing experiment @ FNAL: DarkSRF

Leverage high-Q 
SRF cavities 
developed at 
Superconducting 
Quantum Materials & 
Systems 

A. Romanenko et al (2023)

Q0 = 4.5 × 1010

Q0 = 3.0 × 1010

What else can we do with the same setup?
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j0em ' � i

!

eqe↵e0n�

m�
Eem

<latexit sha1_base64="miPlOmVr5/iY3WFVdmxyUlMm+K0="></latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Eem

<latexit sha1_base64="VKedqvnvaRI2C2xhcwxkrH4lk54="></latexit>

Emitter

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Receiver

Psig / Qrec|jrec|2

<latexit sha1_base64="M/FCUT1UG/lzO6baU1XXTRtC+jk=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi6MJF0Y3LFuwDmlgm00k7dpIJMxOhpPkZN/6KGxcWEVz5K07agNp6YJjDOfdy7z1exKhUlvVpFFZW19Y3ipulre2d3T1z/6AleSwwaWLOuOh4SBJGQ9JUVDHSiQRBgcdI2xvdZH77kQhJeXinxhFxAzQIqU8xUlrqmVf1XuKIAEo6SKETCR4pDhtzTRCcwonjcdaX40B/yUP640zuqz2zbFWsGeAysXNSBjnqPXPq9DmOAxIqzJCUXduKlJsgoShmJC05sSQRwiM0IF1NQxQQ6SazK1N4opU+9LnQL1Rwpv7uSFAgsz11ZYDUUC56mfif142Vf+kmNIxiRUI8H+THDOoksshgn+p7FRtrgrCgeleIh0ggrHSwJR2CvXjyMmlVK/ZZ5bxxVq5d53EUwRE4BqfABhegBm5BHTQBBk/gBbyBqfFsvBrvxse8tGDkPYfgD4yvbzTUplY=</latexit>

jrec /
✓
eqe↵e0n�

m�

◆
j0em

<latexit sha1_base64="xLnvrC0sJuvogH8VamFA7fJ9PLQ="></latexit>

j0em /
✓
eqe↵e0n�

m�

◆
Eem

<latexit sha1_base64="+R9AJkVLE08PDFWZxjqIKKD1SIc="></latexit>
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j0em ' � i

!

eqe↵e0n�

m�
Eem

<latexit sha1_base64="miPlOmVr5/iY3WFVdmxyUlMm+K0="></latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Eem

<latexit sha1_base64="VKedqvnvaRI2C2xhcwxkrH4lk54="></latexit>

Emitter

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Receiver

Psig / Qrec|jrec|2

<latexit sha1_base64="M/FCUT1UG/lzO6baU1XXTRtC+jk=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi6MJF0Y3LFuwDmlgm00k7dpIJMxOhpPkZN/6KGxcWEVz5K07agNp6YJjDOfdy7z1exKhUlvVpFFZW19Y3ipulre2d3T1z/6AleSwwaWLOuOh4SBJGQ9JUVDHSiQRBgcdI2xvdZH77kQhJeXinxhFxAzQIqU8xUlrqmVf1XuKIAEo6SKETCR4pDhtzTRCcwonjcdaX40B/yUP640zuqz2zbFWsGeAysXNSBjnqPXPq9DmOAxIqzJCUXduKlJsgoShmJC05sSQRwiM0IF1NQxQQ6SazK1N4opU+9LnQL1Rwpv7uSFAgsz11ZYDUUC56mfif142Vf+kmNIxiRUI8H+THDOoksshgn+p7FRtrgrCgeleIh0ggrHSwJR2CvXjyMmlVK/ZZ5bxxVq5d53EUwRE4BqfABhegBm5BHTQBBk/gBbyBqfFsvBrvxse8tGDkPYfgD4yvbzTUplY=</latexit>

jrec /
✓
eqe↵e0n�

m�

◆
j0em

<latexit sha1_base64="xLnvrC0sJuvogH8VamFA7fJ9PLQ="></latexit>

j0em /
✓
eqe↵e0n�

m�

◆
Eem

<latexit sha1_base64="+R9AJkVLE08PDFWZxjqIKKD1SIc="></latexit>
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j0em ' � i

!

eqe↵e0n�

m�
Eem

<latexit sha1_base64="miPlOmVr5/iY3WFVdmxyUlMm+K0="></latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Eem

<latexit sha1_base64="VKedqvnvaRI2C2xhcwxkrH4lk54="></latexit>

Emitter

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Receiver

Psig / Qrec|jrec|2

<latexit sha1_base64="M/FCUT1UG/lzO6baU1XXTRtC+jk=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi6MJF0Y3LFuwDmlgm00k7dpIJMxOhpPkZN/6KGxcWEVz5K07agNp6YJjDOfdy7z1exKhUlvVpFFZW19Y3ipulre2d3T1z/6AleSwwaWLOuOh4SBJGQ9JUVDHSiQRBgcdI2xvdZH77kQhJeXinxhFxAzQIqU8xUlrqmVf1XuKIAEo6SKETCR4pDhtzTRCcwonjcdaX40B/yUP640zuqz2zbFWsGeAysXNSBjnqPXPq9DmOAxIqzJCUXduKlJsgoShmJC05sSQRwiM0IF1NQxQQ6SazK1N4opU+9LnQL1Rwpv7uSFAgsz11ZYDUUC56mfif142Vf+kmNIxiRUI8H+THDOoksshgn+p7FRtrgrCgeleIh0ggrHSwJR2CvXjyMmlVK/ZZ5bxxVq5d53EUwRE4BqfABhegBm5BHTQBBk/gBbyBqfFsvBrvxse8tGDkPYfgD4yvbzTUplY=</latexit>

jrec /
✓
eqe↵e0n�

m�

◆
j0em

<latexit sha1_base64="xLnvrC0sJuvogH8VamFA7fJ9PLQ="></latexit>

j0em /
✓
eqe↵e0n�

m�

◆
Eem

<latexit sha1_base64="+R9AJkVLE08PDFWZxjqIKKD1SIc="></latexit>
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j0em ' � i

!

eqe↵e0n�

m�
Eem

<latexit sha1_base64="miPlOmVr5/iY3WFVdmxyUlMm+K0="></latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Eem

<latexit sha1_base64="VKedqvnvaRI2C2xhcwxkrH4lk54="></latexit>

Emitter

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

�+

<latexit sha1_base64="SxmzVrqJabmOjHaoHkaccn1Dvlg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMquVPRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJP57SeqNJPi3kxi6kd4KFjICDZWavXIiD2c9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8fWY7X</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

��

<latexit sha1_base64="YA/GynG6Md89ClaPj+dVxsS0WpU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrtXpkxB7O+uWKW3VnQMvEy0kFcjT65a/eQJIkosIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupwBHVfjq7dopOrDJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRy8T/vG5iwis/ZSJODBVkvihMODISZa+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/HlZdI6r3q16sVdrVK/zuMowhEcwyl4cAl1uIUGNIHAIzzDK7w50nlx3p2PeWvByWcO4Q+czx8iYY7Z</latexit>

Receiver

Psig / Qrec|jrec|2

<latexit sha1_base64="M/FCUT1UG/lzO6baU1XXTRtC+jk=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVZKi6MJF0Y3LFuwDmlgm00k7dpIJMxOhpPkZN/6KGxcWEVz5K07agNp6YJjDOfdy7z1exKhUlvVpFFZW19Y3ipulre2d3T1z/6AleSwwaWLOuOh4SBJGQ9JUVDHSiQRBgcdI2xvdZH77kQhJeXinxhFxAzQIqU8xUlrqmVf1XuKIAEo6SKETCR4pDhtzTRCcwonjcdaX40B/yUP640zuqz2zbFWsGeAysXNSBjnqPXPq9DmOAxIqzJCUXduKlJsgoShmJC05sSQRwiM0IF1NQxQQ6SazK1N4opU+9LnQL1Rwpv7uSFAgsz11ZYDUUC56mfif142Vf+kmNIxiRUI8H+THDOoksshgn+p7FRtrgrCgeleIh0ggrHSwJR2CvXjyMmlVK/ZZ5bxxVq5d53EUwRE4BqfABhegBm5BHTQBBk/gBbyBqfFsvBrvxse8tGDkPYfgD4yvbzTUplY=</latexit>

jrec /
✓
eqe↵e0n�

m�

◆
j0em

<latexit sha1_base64="xLnvrC0sJuvogH8VamFA7fJ9PLQ="></latexit>

j0em /
✓
eqe↵e0n�

m�

◆
Eem

<latexit sha1_base64="+R9AJkVLE08PDFWZxjqIKKD1SIc="></latexit>
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VARIATION IN a

β ∼ 1
A. Berlin, R. T. D’Agnolo, SARE, C. Nantista, J. Neilson, P. Schuster, S. Tantawi, N. Toro, K. Zhou 

JHEP 07 (2020) 088

A. Berlin, R. T. D’Agnolo, SARE, K. Zhou 
Phys.Rev.D 104 (2021) 11, L111701
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Axion-induced magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa
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Axion-induced magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa

Qa ⇠ 1/hv2i

Psig ⇠ !2
sigB

2
aVmin

✓
Qr

!sig
,
Qa

ma

◆

<latexit sha1_base64="pB14kH/ItJ0fhC8RyMKrFYeZz/Q="></latexit>
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Psig ⇠ !2
sigB

2
aVmin

✓
Qr

!sig
,
Qa

ma

◆

<latexit sha1_base64="pB14kH/ItJ0fhC8RyMKrFYeZz/Q="></latexit>
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Axion-induced magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa

Maximise:         ,      ,!sig Ba V
QUANTITIES 

OFTEN LINKED

WARNING

Qa ⇠ 1/hv2i

Psig ⇠ !2
sigB

2
aVmin

✓
Qr

!sig
,
Qa

ma

◆

<latexit sha1_base64="pB14kH/ItJ0fhC8RyMKrFYeZz/Q="></latexit>
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Axion-induced magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa

Maximise:         ,      ,!sig Ba V
QUANTITIES 

OFTEN LINKED

WARNING
ma

Heterodyne Resonator:

!sig ⇠ !0 ±ma ⇠ V �1/3

B0(t)!0

!sig

JHEP 07 (2020) 088, hep-ph/1912.11048 
A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro, C. 

Nantista, J. Neilson, S. Tantawi, K. Zhou 

Also: R. Lasenby Phys.Rev.D 102 (2020) 1, 015008 
hep-ph/1912.11056

Qa ⇠ 1/hv2i

Psig ⇠ !2
sigB

2
aVmin

✓
Qr

!sig
,
Qa

ma

◆

<latexit sha1_base64="pB14kH/ItJ0fhC8RyMKrFYeZz/Q="></latexit>
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<latexit sha1_base64="tl7hSKc+QFortTZgs84UQsZcfGI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTp7tSNy4r2lpoh5JJM21oJjMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fsyZ0gh9WLm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey52NFORO0o5nmtBdLikOf0zt/epn5d/dUKhaJWz2LqRfisWABI1gb6aY1RMNiCdkXjZpbdSGyEaq75VpG3HrFLUPHKBlKYIX2sPg+GEUkCanQhGOl+g6KtZdiqRnhdF4YJIrGmEzxmPYNFTikyksXp87hmVFGMIikKaHhQv0+keJQqVnom84Q64n67WXiX14/0UHDS5mIE00FWS4KEg51BLO/4YhJSjSfGYKJZOZWSCZYYqJNOgUTwten8H/SdW2nYlevK6VmaxVHHpyAU3AOHFAHTXAF2qADCBiDB/AEni1uPVov1uuyNWetZo7BD1hvnx1pjbU=</latexit>

E1

<latexit sha1_base64="GG1tnibsPebJS/Rl1g2zXG6V/lY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZmNSUxuQRE8RjQPSJYwO5lNhsw+mJkVQsgnePGgiFe/yJt/42wSQUULGoqqbrq7vFhwpTH+sDIrq2vrG9nN3Nb2zu5efv+gpaJEUtakkYhkxyOKCR6ypuZasE4sGQk8wdre+DL12/dMKh6Fd3oSMzcgw5D7nBJtpNurvtPPF7CNK+UariFsl7FTnROMK9XiGXIMSVGAJRr9/HtvENEkYKGmgijVdXCs3SmRmlPBZrleolhM6JgMWdfQkARMudP5qTN0YpQB8iNpKtRorn6fmJJAqUngmc6A6JH67aXiX1430X7VnfIwTjQL6WKRnwikI5T+jQZcMqrFxBBCJTe3IjoiklBt0smZEL4+Rf+TVtF2Snb5plSoXyzjyMIRHMMpOHAOdbiGBjSBwhAe4AmeLWE9Wi/W66I1Yy1nDuEHrLdPJ4mNvA==</latexit>

!1 = !0 +�!

<latexit sha1_base64="SFSNBScs98TTEyNnhPjWJPqYzAU=">AAACDHicbZDLSsNAFIYnXmu9RV26GSyCIJREKroRirpwWcFeoAllMj1ph84kYWYilNAHcOOruHGhiFsfwJ1v47SNoK0/DHz85xzOnD9IOFPacb6shcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA1rjfvQSoWR3d6mIAvSC9iIaNEG6tjl7xYQI90XHyBc3TwMfaugWvy49glp+xMhOfBzaGEctU69qfXjWkqINKUE6XarpNoPyNSM8phVPRSBQmhA9KDtsGICFB+NjlmhA+N08VhLM2LNJ64vycyIpQaisB0CqL7arY2Nv+rtVMdnvsZi5JUQ0Sni8KUYx3jcTK4yyRQzYcGCJXM/BXTPpGEapNf0YTgzp48D42Tslspn95WStXLPI4C2kcH6Ai56AxV0Q2qoTqi6AE9oRf0aj1az9ab9T5tXbDymT30R9bHN/T+ma0=</latexit>

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>
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<latexit sha1_base64="tl7hSKc+QFortTZgs84UQsZcfGI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTp7tSNy4r2lpoh5JJM21oJjMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fsyZ0gh9WLm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey52NFORO0o5nmtBdLikOf0zt/epn5d/dUKhaJWz2LqRfisWABI1gb6aY1RMNiCdkXjZpbdSGyEaq75VpG3HrFLUPHKBlKYIX2sPg+GEUkCanQhGOl+g6KtZdiqRnhdF4YJIrGmEzxmPYNFTikyksXp87hmVFGMIikKaHhQv0+keJQqVnom84Q64n67WXiX14/0UHDS5mIE00FWS4KEg51BLO/4YhJSjSfGYKJZOZWSCZYYqJNOgUTwten8H/SdW2nYlevK6VmaxVHHpyAU3AOHFAHTXAF2qADCBiDB/AEni1uPVov1uuyNWetZo7BD1hvnx1pjbU=</latexit>

E1

<latexit sha1_base64="GG1tnibsPebJS/Rl1g2zXG6V/lY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZmNSUxuQRE8RjQPSJYwO5lNhsw+mJkVQsgnePGgiFe/yJt/42wSQUULGoqqbrq7vFhwpTH+sDIrq2vrG9nN3Nb2zu5efv+gpaJEUtakkYhkxyOKCR6ypuZasE4sGQk8wdre+DL12/dMKh6Fd3oSMzcgw5D7nBJtpNurvtPPF7CNK+UariFsl7FTnROMK9XiGXIMSVGAJRr9/HtvENEkYKGmgijVdXCs3SmRmlPBZrleolhM6JgMWdfQkARMudP5qTN0YpQB8iNpKtRorn6fmJJAqUngmc6A6JH67aXiX1430X7VnfIwTjQL6WKRnwikI5T+jQZcMqrFxBBCJTe3IjoiklBt0smZEL4+Rf+TVtF2Snb5plSoXyzjyMIRHMMpOHAOdbiGBjSBwhAe4AmeLWE9Wi/W66I1Yy1nDuEHrLdPJ4mNvA==</latexit>

!1 = !0 +�!

<latexit sha1_base64="SFSNBScs98TTEyNnhPjWJPqYzAU=">AAACDHicbZDLSsNAFIYnXmu9RV26GSyCIJREKroRirpwWcFeoAllMj1ph84kYWYilNAHcOOruHGhiFsfwJ1v47SNoK0/DHz85xzOnD9IOFPacb6shcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA1rjfvQSoWR3d6mIAvSC9iIaNEG6tjl7xYQI90XHyBc3TwMfaugWvy49glp+xMhOfBzaGEctU69qfXjWkqINKUE6XarpNoPyNSM8phVPRSBQmhA9KDtsGICFB+NjlmhA+N08VhLM2LNJ64vycyIpQaisB0CqL7arY2Nv+rtVMdnvsZi5JUQ0Sni8KUYx3jcTK4yyRQzYcGCJXM/BXTPpGEapNf0YTgzp48D42Tslspn95WStXLPI4C2kcH6Ai56AxV0Q2qoTqi6AE9oRf0aj1az9ab9T5tXbDymT30R9bHN/T+ma0=</latexit>

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

axion 
ma = Δω
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B0

<latexit sha1_base64="tl7hSKc+QFortTZgs84UQsZcfGI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTp7tSNy4r2lpoh5JJM21oJjMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fsyZ0gh9WLm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey52NFORO0o5nmtBdLikOf0zt/epn5d/dUKhaJWz2LqRfisWABI1gb6aY1RMNiCdkXjZpbdSGyEaq75VpG3HrFLUPHKBlKYIX2sPg+GEUkCanQhGOl+g6KtZdiqRnhdF4YJIrGmEzxmPYNFTikyksXp87hmVFGMIikKaHhQv0+keJQqVnom84Q64n67WXiX14/0UHDS5mIE00FWS4KEg51BLO/4YhJSjSfGYKJZOZWSCZYYqJNOgUTwten8H/SdW2nYlevK6VmaxVHHpyAU3AOHFAHTXAF2qADCBiDB/AEni1uPVov1uuyNWetZo7BD1hvnx1pjbU=</latexit>

E1

<latexit sha1_base64="GG1tnibsPebJS/Rl1g2zXG6V/lY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZmNSUxuQRE8RjQPSJYwO5lNhsw+mJkVQsgnePGgiFe/yJt/42wSQUULGoqqbrq7vFhwpTH+sDIrq2vrG9nN3Nb2zu5efv+gpaJEUtakkYhkxyOKCR6ypuZasE4sGQk8wdre+DL12/dMKh6Fd3oSMzcgw5D7nBJtpNurvtPPF7CNK+UariFsl7FTnROMK9XiGXIMSVGAJRr9/HtvENEkYKGmgijVdXCs3SmRmlPBZrleolhM6JgMWdfQkARMudP5qTN0YpQB8iNpKtRorn6fmJJAqUngmc6A6JH67aXiX1430X7VnfIwTjQL6WKRnwikI5T+jQZcMqrFxBBCJTe3IjoiklBt0smZEL4+Rf+TVtF2Snb5plSoXyzjyMIRHMMpOHAOdbiGBjSBwhAe4AmeLWE9Wi/W66I1Yy1nDuEHrLdPJ4mNvA==</latexit>

!1 = !0 +�!

<latexit sha1_base64="SFSNBScs98TTEyNnhPjWJPqYzAU=">AAACDHicbZDLSsNAFIYnXmu9RV26GSyCIJREKroRirpwWcFeoAllMj1ph84kYWYilNAHcOOruHGhiFsfwJ1v47SNoK0/DHz85xzOnD9IOFPacb6shcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA1rjfvQSoWR3d6mIAvSC9iIaNEG6tjl7xYQI90XHyBc3TwMfaugWvy49glp+xMhOfBzaGEctU69qfXjWkqINKUE6XarpNoPyNSM8phVPRSBQmhA9KDtsGICFB+NjlmhA+N08VhLM2LNJ64vycyIpQaisB0CqL7arY2Nv+rtVMdnvsZi5JUQ0Sni8KUYx3jcTK4yyRQzYcGCJXM/BXTPpGEapNf0YTgzp48D42Tslspn95WStXLPI4C2kcH6Ai56AxV0Q2qoTqi6AE9oRf0aj1az9ab9T5tXbDymT30R9bHN/T+ma0=</latexit>

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

axion 
ma = Δω

Probe many axion masses  
requires scanning  Δω
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<latexit sha1_base64="tl7hSKc+QFortTZgs84UQsZcfGI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTp7tSNy4r2lpoh5JJM21oJjMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fsyZ0gh9WLm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey52NFORO0o5nmtBdLikOf0zt/epn5d/dUKhaJWz2LqRfisWABI1gb6aY1RMNiCdkXjZpbdSGyEaq75VpG3HrFLUPHKBlKYIX2sPg+GEUkCanQhGOl+g6KtZdiqRnhdF4YJIrGmEzxmPYNFTikyksXp87hmVFGMIikKaHhQv0+keJQqVnom84Q64n67WXiX14/0UHDS5mIE00FWS4KEg51BLO/4YhJSjSfGYKJZOZWSCZYYqJNOgUTwten8H/SdW2nYlevK6VmaxVHHpyAU3AOHFAHTXAF2qADCBiDB/AEni1uPVov1uuyNWetZo7BD1hvnx1pjbU=</latexit>

E1

<latexit sha1_base64="GG1tnibsPebJS/Rl1g2zXG6V/lY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZmNSUxuQRE8RjQPSJYwO5lNhsw+mJkVQsgnePGgiFe/yJt/42wSQUULGoqqbrq7vFhwpTH+sDIrq2vrG9nN3Nb2zu5efv+gpaJEUtakkYhkxyOKCR6ypuZasE4sGQk8wdre+DL12/dMKh6Fd3oSMzcgw5D7nBJtpNurvtPPF7CNK+UariFsl7FTnROMK9XiGXIMSVGAJRr9/HtvENEkYKGmgijVdXCs3SmRmlPBZrleolhM6JgMWdfQkARMudP5qTN0YpQB8iNpKtRorn6fmJJAqUngmc6A6JH67aXiX1430X7VnfIwTjQL6WKRnwikI5T+jQZcMqrFxBBCJTe3IjoiklBt0smZEL4+Rf+TVtF2Snb5plSoXyzjyMIRHMMpOHAOdbiGBjSBwhAe4AmeLWE9Wi/W66I1Yy1nDuEHrLdPJ4mNvA==</latexit>

!1 = !0 +�!

<latexit sha1_base64="SFSNBScs98TTEyNnhPjWJPqYzAU=">AAACDHicbZDLSsNAFIYnXmu9RV26GSyCIJREKroRirpwWcFeoAllMj1ph84kYWYilNAHcOOruHGhiFsfwJ1v47SNoK0/DHz85xzOnD9IOFPacb6shcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA1rjfvQSoWR3d6mIAvSC9iIaNEG6tjl7xYQI90XHyBc3TwMfaugWvy49glp+xMhOfBzaGEctU69qfXjWkqINKUE6XarpNoPyNSM8phVPRSBQmhA9KDtsGICFB+NjlmhA+N08VhLM2LNJ64vycyIpQaisB0CqL7arY2Nv+rtVMdnvsZi5JUQ0Sni8KUYx3jcTK4yyRQzYcGCJXM/BXTPpGEapNf0YTgzp48D42Tslspn95WStXLPI4C2kcH6Ai56AxV0Q2qoTqi6AE9oRf0aj1az9ab9T5tXbDymT30R9bHN/T+ma0=</latexit>

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

axion 
ma = Δω

�! ⌧ GHz

<latexit sha1_base64="b8P0UHfU7bu6aUO1dvTGnjKhuB8=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAbBU9gVRY9BBXOMYB6QDWF20kmGzD6Y6RXjkoMXf8WLB0W8+hHe/BsnyR40saChqOqmu8uLpNBo299WZml5ZXUtu57b2Nza3snv7tV1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15O/MYdKC3C4BZHEbR91g9ET3CGRurkC+4VSGRu6EOfUVdK6iLcY3JdeRh38kW7ZE9BF4mTkiJJUe3kv9xuyGMfAuSSad1y7AjbCVMouIRxzo01RIwPWR9ahgbMB91Opk+M6aFRurQXKlMB0qn6eyJhvtYj3zOdPsOBnvcm4n9eK8beeTsRQRQjBHy2qBdLiiGdJEK7QgFHOTKEcSXMrZQPmGIcTW45E4Iz//IiqR+XnJPS6c1JsXyRxpElBXJAjohDzkiZVEiV1Agnj+SZvJI368l6sd6tj1lrxkpn9skfWJ8/fFqYAg==</latexit>

Tunability

deformability:  
~1mm

Courtesy: Marco Oriunno (SLAC)

Probe many axion masses  
requires scanning  Δω
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<latexit sha1_base64="tl7hSKc+QFortTZgs84UQsZcfGI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTp7tSNy4r2lpoh5JJM21oJjMkGaEM/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fsyZ0gh9WLm19Y3Nrfx2YWd3b/+geHjUVVEiCe2QiEey52NFORO0o5nmtBdLikOf0zt/epn5d/dUKhaJWz2LqRfisWABI1gb6aY1RMNiCdkXjZpbdSGyEaq75VpG3HrFLUPHKBlKYIX2sPg+GEUkCanQhGOl+g6KtZdiqRnhdF4YJIrGmEzxmPYNFTikyksXp87hmVFGMIikKaHhQv0+keJQqVnom84Q64n67WXiX14/0UHDS5mIE00FWS4KEg51BLO/4YhJSjSfGYKJZOZWSCZYYqJNOgUTwten8H/SdW2nYlevK6VmaxVHHpyAU3AOHFAHTXAF2qADCBiDB/AEni1uPVov1uuyNWetZo7BD1hvnx1pjbU=</latexit>

E1

<latexit sha1_base64="GG1tnibsPebJS/Rl1g2zXG6V/lY=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZmNSUxuQRE8RjQPSJYwO5lNhsw+mJkVQsgnePGgiFe/yJt/42wSQUULGoqqbrq7vFhwpTH+sDIrq2vrG9nN3Nb2zu5efv+gpaJEUtakkYhkxyOKCR6ypuZasE4sGQk8wdre+DL12/dMKh6Fd3oSMzcgw5D7nBJtpNurvtPPF7CNK+UariFsl7FTnROMK9XiGXIMSVGAJRr9/HtvENEkYKGmgijVdXCs3SmRmlPBZrleolhM6JgMWdfQkARMudP5qTN0YpQB8iNpKtRorn6fmJJAqUngmc6A6JH67aXiX1430X7VnfIwTjQL6WKRnwikI5T+jQZcMqrFxBBCJTe3IjoiklBt0smZEL4+Rf+TVtF2Snb5plSoXyzjyMIRHMMpOHAOdbiGBjSBwhAe4AmeLWE9Wi/W66I1Yy1nDuEHrLdPJ4mNvA==</latexit>

!1 = !0 +�!

<latexit sha1_base64="SFSNBScs98TTEyNnhPjWJPqYzAU=">AAACDHicbZDLSsNAFIYnXmu9RV26GSyCIJREKroRirpwWcFeoAllMj1ph84kYWYilNAHcOOruHGhiFsfwJ1v47SNoK0/DHz85xzOnD9IOFPacb6shcWl5ZXVwlpxfWNza9ve2W2oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA1rjfvQSoWR3d6mIAvSC9iIaNEG6tjl7xYQI90XHyBc3TwMfaugWvy49glp+xMhOfBzaGEctU69qfXjWkqINKUE6XarpNoPyNSM8phVPRSBQmhA9KDtsGICFB+NjlmhA+N08VhLM2LNJ64vycyIpQaisB0CqL7arY2Nv+rtVMdnvsZi5JUQ0Sni8KUYx3jcTK4yyRQzYcGCJXM/BXTPpGEapNf0YTgzp48D42Tslspn95WStXLPI4C2kcH6Ai56AxV0Q2qoTqi6AE9oRf0aj1az9ab9T5tXbDymT30R9bHN/T+ma0=</latexit>

!0 ⇠ GHz

<latexit sha1_base64="w6wAFNsjaQJlSQhJANQXMQOo+dc=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXFD2KHswxgnlAdllmJ504OLO7zPSKcYkXf8WLB0W8+hfe/Bsnj4MaCxqKqm66u6JUCoOu++XMzM7NLywWlorLK6tr66WNzYZJMs2hzhOZ6FbEDEgRQx0FSmilGpiKJDSjm/Oh37wFbUQSX2E/hUCxXiy6gjO0Ulja9hMFPRa61DdCUR/hDvOL6v0gLJXdijsCnSbehJTJBLWw9Ol3Ep4piJFLZkzbc1MMcqZRcAmDop8ZSBm/YT1oWxozBSbIRx8M6J5VOrSbaFsx0pH6cyJnypi+imynYnht/npD8T+vnWH3JMhFnGYIMR8v6maSYkKHcdCO0MBR9i1hXAt7K+XXTDOONrSiDcH7+/I0aRxUvMPK0eVh+fRsEkeB7JBdsk88ckxOSZXUSJ1w8kCeyAt5dR6dZ+fNeR+3zjiTmS3yC87HNwAulp4=</latexit>

axion 
ma = Δω

�! ⌧ GHz

<latexit sha1_base64="b8P0UHfU7bu6aUO1dvTGnjKhuB8=">AAACBHicbVDLSgNBEJyNrxhfUY+5DAbBU9gVRY9BBXOMYB6QDWF20kmGzD6Y6RXjkoMXf8WLB0W8+hHe/BsnyR40saChqOqmu8uLpNBo299WZml5ZXUtu57b2Nza3snv7tV1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG15O/MYdKC3C4BZHEbR91g9ET3CGRurkC+4VSGRu6EOfUVdK6iLcY3JdeRh38kW7ZE9BF4mTkiJJUe3kv9xuyGMfAuSSad1y7AjbCVMouIRxzo01RIwPWR9ahgbMB91Opk+M6aFRurQXKlMB0qn6eyJhvtYj3zOdPsOBnvcm4n9eK8beeTsRQRQjBHy2qBdLiiGdJEK7QgFHOTKEcSXMrZQPmGIcTW45E4Iz//IiqR+XnJPS6c1JsXyRxpElBXJAjohDzkiZVEiV1Agnj+SZvJI368l6sd6tj1lrxkpn9skfWJ8/fFqYAg==</latexit>

Tunability

deformability:  
~1mm

Courtesy: Marco Oriunno (SLAC)

Probe many axion masses  
requires scanning  Δω

Resonant with beat frequency of applied EM field and axion signal 
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VARIATION IN H

β ∼ 1
A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. Kahn, J. Schütte-Engel 

Phys.Rev.D 105 (2022) 11, 116011

A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. Kahn, J. Schütte-Engel, M. Wentzel 
Phys.Rev.D 108 (2023) 8, 084058

hµ⌫

<latexit sha1_base64="4rHtlcfhlgSuhARwgR1YUMDWBec=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIrkoiFV0W3bisYB/QhDCZTNqhM5MwD6GEbPwVNy4UcetnuPNvnLRZaOuBYQ7n3Mu990QZJVK57re1srq2vrFZ26pv7+zu7dsHhz2ZaoFwF6U0FYMISkwJx11FFMWDTGDIIor70eS29PuPWEiS8gc1zXDA4IiThCCojBTax36U0lhOmfnycZj7TPtcF0VoN9ymO4OzTLyKNECFTmh/+XGKNMNcIQqlHHpupoIcCkUQxUXd1xJnEE3gCA8N5ZBhGeSzAwrnzCixk6TCPK6cmfq7I4dMljuaSgbVWC56pfifN9QquQ5ywjOtMEfzQYmmjkqdMg0nJgIjRaeGQCSI2dVBYyggUiazugnBWzx5mfQuml6reXnfarRvqjhq4AScgnPggSvQBnegA7oAgQI8g1fwZj1ZL9a79TEvXbGqniPwB9bnDxUQl2A=</latexit>
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Angular momentum: 
differs from axion by index 
structure 
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B(x, t)

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

�

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

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

Gravitational Waves

19

Angular momentum: 
differs from axion by index 
structure 



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

B(x, t)

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

�

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

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

Gravitational Waves

19

Angular momentum: 
differs from axion by index 
structure 

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>

Gertsenshtein (1962) 
Zeldovich (1973) 
Raffelt & Stodolsky (1988)
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B(x, t)

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

�

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

a

<latexit sha1_base64="5NaQJuja3P2H4opJ4ospcrTkNLI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6tepls1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxfWM7Q==</latexit>

Gravitational Waves

19

Angular momentum: 
differs from axion by index 
structure 

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>

Gertsenshtein (1962) 
Zeldovich (1973) 
Raffelt & Stodolsky (1988)

See also PRL 129 4, 041101 hep-ph/2202.00695 
V. Domcke, C. Garcia-Cely, N. L. Rodd

L � �1

2
jµe↵Aµ

<latexit sha1_base64="UWqGNFdUusRtsNFhQkDERlB2pxo=">AAACH3icbVC7TsMwFHXKq5RXgJHFokJioUoqXmOBhYGhSPQhNaVy3JvWYCeR7SBVUf6EhV9hYQAhxNa/wWk78DqSpeNz7pV9jh9zprTjjK3C3PzC4lJxubSyura+YW9uNVWUSAoNGvFItn2igLMQGpppDu1YAhE+h5Z/f5H7rQeQikXhjR7F0BVkELKAUaKN1LOPPUH0kBKeXmXYU0msQOMDL5CEpm6WVjN8d+uJpJd6UmAIggyf9fK7XXYqzgT4L3FnpIxmqPfsT68f0URAqCknSnVcJ9bdlEjNKIes5CUKYkLvyQA6hoZEgOqmk3wZ3jNKHweRNCfUeKJ+30iJUGokfDOZp1G/vVz8z+skOjjtpiyMEw0hnT4UJBzrCOdl4T6TQDUfGUKoZOavmA6J6UabSkumBPd35L+kWa24h5Wj68Ny7XxWRxHtoF20j1x0gmroEtVRA1H0iJ7RK3qznqwX6936mI4WrNnONvoBa/wFJUCjCA==</latexit>

jµe↵ = @⌫

✓
1

2
hFµ⌫ + h⌫

↵F
↵µ � hµ

↵F
↵⌫

◆

<latexit sha1_base64="5EnYh0k/xcWN53+FsN1pOw3OfDs="></latexit>

PRD 105 116011 hep-ph/2112.11465 
A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. 

Kahn, J. Schütte-Engel

Effective interaction:



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Axion Experiments x Gravitational Waves

20

Existing Axion Experiments:

PRD 105 116011 hep-ph/2112.11465 
A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. 

Kahn, J. Schütte-Engel
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Existing Axion Experiments:

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

Already using quantum techniques

Likely quantum tech.

PRD 105 116011 hep-ph/2112.11465 
A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. 

Kahn, J. Schütte-Engel
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Existing Axion Experiments:

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

Already using quantum techniques

Likely quantum tech.

More? To appear w/ V. Domcke & J. Kopp
PRD 105 116011 hep-ph/2112.11465 

A. Berlin, D. Blas, R. T. D’Agnolo, SARE, R. Harnik, Y. 
Kahn, J. Schütte-Engel



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

MAGO 2.0: Mechanical and EM Signals

21

PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel
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PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel
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PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel
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PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
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a theorist’s view…

21

PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel
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Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

!g

<latexit sha1_base64="WDOxnPdcmWG1ubeB3mifx1Z5EmE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzG6GzGOdmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNaJMornQnwoZyJmnTMstpJ9UUi4jTdjS6nfntJ6oNU/LBjlMaCpxIFjOCrZM6PSVogvtJv1zxq/4caJUEOalAjka//NUbKJIJKi3h2Jhu4Kc2nGBtGeF0WuplhqaYjHBCu45KLKgJJ/N7p+jMKQMUK+1KWjRXf09MsDBmLCLXKbAdmmVvJv7ndTMbX4cTJtPMUkkWi+KMI6vQ7Hk0YJoSy8eOYKKZuxWRIdaYWBdRyYUQLL+8SloX1aBWvbyvVeo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QMOBo/9</latexit>
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E(mech)
sig ⇠ Qem hTT E0 min

⇣
1 ,

!g Lcav

cs

⌘2

<latexit sha1_base64="yanGS+FPIRFzUopYkTV9FGCN2Rw="></latexit>

Mechanical signal: !g

<latexit sha1_base64="acyNx0s0exolf4zTgGjG2dQ25LM="></latexit>

⌘gmech

<latexit sha1_base64="viZ04jVlZAtYbNxlWRGNa/VmRyI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7KoHmtwPgtyTAgugw0lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8ASYqUBw==</latexit>

!p

<latexit sha1_base64="55Bql7T1CgdCAQYb2SOS6EfRdEc=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPYSYkmGPQi8cIZoFkCD2dmqRJL2N3jxCG/IQXD4p49Xe8+Td2FsH1QcHjvSqq6kUJZ8b6/ru3srq2vrGZ28pv7+zu7RcODltGpZpCkyqudCciBjiT0LTMcugkGoiIOLSj8eXMb9+BNkzJGztJIBRkKFnMKLFO6vSUgCHpJ/1C0S/V/HJQqeLfJCj5cxTREo1+4a03UDQVIC3lxJhu4Cc2zIi2jHKY5nupgYTQMRlC11FJBJgwm987xadOGeBYaVfS4rn6dSIjwpiJiFynIHZkfnoz8S+vm9q4FmZMJqkFSReL4pRjq/DseTxgGqjlE0cI1czdiumIaEKtiyjvQvj8FP9PWuVSUClVryvF+sUyjhw6RifoDAXoHNXRFWqgJqKIo3v0iJ68W+/Be/ZeFq0r3nLmCH2D9/oBcoaQQg==</latexit>

!0

⌘EM
mech

<latexit sha1_base64="rml6t0Kkaj5zcEQXTgukxhuyMd0="></latexit>

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

!g

<latexit sha1_base64="WDOxnPdcmWG1ubeB3mifx1Z5EmE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzG6GzGOdmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFKWfG+v63V1hb39jcKm6Xdnb39g/Kh0ctozJNaJMornQnwoZyJmnTMstpJ9UUi4jTdjS6nfntJ6oNU/LBjlMaCpxIFjOCrZM6PSVogvtJv1zxq/4caJUEOalAjka//NUbKJIJKi3h2Jhu4Kc2nGBtGeF0WuplhqaYjHBCu45KLKgJJ/N7p+jMKQMUK+1KWjRXf09MsDBmLCLXKbAdmmVvJv7ndTMbX4cTJtPMUkkWi+KMI6vQ7Hk0YJoSy8eOYKKZuxWRIdaYWBdRyYUQLL+8SloX1aBWvbyvVeo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QMOBo/9</latexit>
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Enhanced up to  (!)1/c2
s ≫ 1

E(mech)
sig ⇠ Qem hTT E0 min

⇣
1 ,

!g Lcav

cs

⌘2

<latexit sha1_base64="yanGS+FPIRFzUopYkTV9FGCN2Rw="></latexit>

Mechanical signal: !g

<latexit sha1_base64="acyNx0s0exolf4zTgGjG2dQ25LM="></latexit>

⌘gmech

<latexit sha1_base64="viZ04jVlZAtYbNxlWRGNa/VmRyI=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7KoHmtwPgtyTAgugw0lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8ASYqUBw==</latexit>

!p

<latexit sha1_base64="55Bql7T1CgdCAQYb2SOS6EfRdEc=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPYSYkmGPQi8cIZoFkCD2dmqRJL2N3jxCG/IQXD4p49Xe8+Td2FsH1QcHjvSqq6kUJZ8b6/ru3srq2vrGZ28pv7+zu7RcODltGpZpCkyqudCciBjiT0LTMcugkGoiIOLSj8eXMb9+BNkzJGztJIBRkKFnMKLFO6vSUgCHpJ/1C0S/V/HJQqeLfJCj5cxTREo1+4a03UDQVIC3lxJhu4Cc2zIi2jHKY5nupgYTQMRlC11FJBJgwm987xadOGeBYaVfS4rn6dSIjwpiJiFynIHZkfnoz8S+vm9q4FmZMJqkFSReL4pRjq/DseTxgGqjlE0cI1czdiumIaEKtiyjvQvj8FP9PWuVSUClVryvF+sUyjhw6RifoDAXoHNXRFWqgJqKIo3v0iJ68W+/Be/ZeFq0r3nLmCH2D9/oBcoaQQg==</latexit>

!0

⌘EM
mech

<latexit sha1_base64="rml6t0Kkaj5zcEQXTgukxhuyMd0="></latexit>

!1

<latexit sha1_base64="Qxn0pN17ntnksGcBAgw8Vp20ZCk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc99pSgQ9wPUL9c8av+HGiVBDmpQI5Gv/zVGyiSCiot4diYbuAnNsywtoxwOi31UkMTTMZ4SLuOSiyoCbP5wVN05pQBipV2JS2aq78nMiyMmYjIdQpsR2bZm4n/ed3UxtdhxmSSWirJYlGccmQVmn2PBkxTYvnEEUw0c7ciMsIaE+syKrkQguWXV0nrohrUqpf3tUr9Jo+jCCdwCucQwBXU4Q4a0AQCAp7hFd487b14797HorXg5TPH8Afe5w8UlY/x</latexit>

Parametrics of the EM signal: E(EM)
sig ⇠ Qem (!g Lcav)

2 hTT E0

<latexit sha1_base64="NzFS9l4RWDtyPMGgnoBpkOEp6/4="></latexit>

!0

!1
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EM and Mechanical signals
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Enhanced up to  (!)1/c2
s ≫ 1

Mechanical modes less “rigid” than EM modes 

E(mech)
sig ⇠ Qem hTT E0 min

⇣
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Parametrics of the EM signal: E(EM)
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A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel

Only showing vibration-driven transition
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SQUIDs for quantum sensing of other unlikely Weber Bar? To appear with V. Domcke & N. L. Rodd

PRD 108 8, 084058  
hep-ph/2303.01518 
A. Berlin, D. Blas, R. T. 
D’Agnolo, SARE, R. Harnik, 
Y. Kahn, J. Schütte-Engel, M. 
Wentzel

Only showing vibration-driven transition
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Age of Quantum for detecting weakly-coupled signals just beginning

Gravitational 
Waves

Dark 
MatterSummary

24

10-3 10-2 10-1 1 10 102 103 104 105105
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-710-7

mc @keVD

q e
ff
=
e
e¢
êe

B-f
ield
HDM Radio

L

E-f
ield
HIL

E-f
ield
HIIL

E-f
ield
HIIIL

stellar cooling CMB

Coulo
mb H19

71L

SN1987A
XENON10

SENSEI H100 gL

SuperCDMS-G2 H1 kgL

I: Vsh = 5 m , TLC = 4 K, Q = 1043

II: Vsh = 10 m , TLC = 4 K, Q = 1063

III: Vsh = 10 m , TLC = 100 mK, Q = 1073

qeff HreachL µ Vsh
-7ê12TLC

1ê4Q-1ê4

freeze-in

100 101 102 103 104 105

m¬ [MeV]

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

100

q e
Æ

Dark
SR

F

Collider

Ion Traps

N
eÆ

(¬
)

N
eÆ

(A
0 )

SN1987A

D.D. Ceilin
g

ine±cient thermaliza
tion

e0 = 1, n¬ = 106 cm°3

TM010

TE011

10-12 10-10 10-8 10-6 10-4
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9

kHz MHz GHz

108

1010

1012

1014

1016

ma [eV]

g a
γγ

[G
eV

-1
]

frequency = ma /2π

f a
[G
eV

]

A
D
M
X

re
so
na
nt

ca
vt
ies

QCD
axion

standard ALP dark
matter

SN1987A γ

CAST

SRF upconversion

50L prototype

cubic meter

futuristic

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator



PASCOS 2024, Quy Nhon, July 11thSebastian A. R. Ellis — Accelerator Technology Meets Quantum Sensing

Age of Quantum for detecting weakly-coupled signals just beginning

Sensors classed as “quantum” in various ways
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Age of Quantum for detecting weakly-coupled signals just beginning

Sensors classed as “quantum” in various ways

Accelerator tech can probe wide range of signals:

For those interested, quantum sensing is a fascinating intersection of classical, 
quantum, atomic physics, materials physics, fluid dynamics, statistics, GR, QFT…
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