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Strong CP Problem
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• QCD vacuum allows a CP violating term





• Measurement of neutron EDM 


• Strong CP problem: why is  vanishingly small?

ℒθ =
θ

32π2
Tr GμνG̃μν

⇒ θ ≲ 10−10

θ
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QCD Axion
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• Introduce a new chiral symmetry 


•   axion  = NGB after SSB of  at   


• Below , QCD instantons generate a potential





• , solving the strong CP problem!

U(1)PQ

θ ⇒ ϕ U(1)PQ f

ΛQCD

V ∼ muΛ3
QCD (1 − cos(ϕ/f ))

⟨ϕ⟩ = 0
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Axion Like Particles
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• NGBs from SSB of global  at scale 


• Shift symmetry 


• Non-perturbative effects  periodic 


• e.g. axions from string theory = KK zero modes of the 
anti-symmetric tensors on the compactified dimensions.

U(1) f

⇒ f −1∂μϕ𝒪SM

⇒ V(ϕ/f )
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ALP’s Two Photon Vertex
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• Primakoff process in the stellar cores leads to excessive 
energy loss 


• Search for solar axion and DM axion relies on axion-
photon conversion in a static magnetic field

ℒint ⊃ −
g
4

ϕFμνF̃μν = gϕ ⃗E ⋅ ⃗B , g ∝ 1/f

⇒ constaining g for ma < Tcore
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Current Constraints on ma − g
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from The Review of Particle Physics (2020)
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May explain 
the XENON1T excess 

CG et al, PRL (125) 131806

from The Review of Particle Physics (2020)
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Laboratory Experiments
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Light-Shining-Through-
Walls (LSW)
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Optical 
barrier

× ×

• Static B   , a mass mixing term


• Best LSW limit achieved by OSQAR Collaboration:


  for 

⇒ ℒint ⊃ − igω ⃗B ext ⋅ ⃗A ϕ

g < 3.5 × 10−8 GeV−1 mϕ < 0.3 meV

Laser

Magnet

Detector

Magnet
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Resonant Optical Cavities
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• Laser frequency matches a cavity mode


• High finesse  resonant production of  photons


• Realized by ALPS Collaboration, who sets a limit that


 for 

⇒ ∼ 1019

g < 7 × 10−8 GeV−1 mϕ < meV

 K. Ehret et al. [ALPS collaboration] 09,10
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Superconducting Radio-
Frequency (SRF) Cavities
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• High quality factor  
when cooled to 


• Resonant production of  
photons in a GHz cavity with a 
peak field of 


• Active field of research thanks 
to accelerator physics!

Q ≳ 1010

𝒪(1K)

∼ 1028

80 MVm−1
~ O(10 cm)

650 MHz multi-cell cavity at Fermilab 
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SRF Cavities - Dark SRF
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A dark photon LSW search at Fermilab using SRF cavities. 
Demonstrated high Q and frequency control.

10-9 10-8 10-7 10-6 10-5

10-10

10-9

10-8

10-7

10-6

10-5

mA'[eV]

�

DarkSRF - Preliminary

Coulomb

CMB

CROWS

Dark SRF

tint ~ 30 min
Q  ~ 109

f ~ 1.3 GHz
f  ~ 1 Hzδ

Dark SRF - A. Grasselino, R. Harnik, S. Posen, Z. Liu, A. Romanenko (to appear).

Emitter

Receiver
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Our Proposal
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⇥
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axion
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Reciever:

<latexit sha1_base64="/mULe+qLavZvqqBoZAEsKsUski4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEUVwV3bisYh/QDiWT3mlDM8mQZIpl6J+4caGIW//EnX9j2s5CWw8EDuecy705YcKZNp737RRWVtfWN4qbpa3tnd09d/+goWWqKNSp5FK1QqKBMwF1wwyHVqKAxCGHZji8nfrNESjNpHg04wSCmPQFixglxkpd1+3EoXzKHoAysLnrSdctexVvBrxM/JyUUY5a1/3q9CRNYxCGcqJ12/cSE2REGUY5TEqdVENC6JD0oW2pIDHoIJtdPsEnVunhSCr7hMEz9fdERmKtx3FokzExA73oTcX/vHZqoqsgYyJJDQg6XxSlHBuJpzXgHlNADR9bQqhi9lZMB0QRamxZJVuCv/jlZdI4q/jnlYv783L1Jq+jiI7QMTpFPrpEVXSHaqiOKBqhZ/SK3pzMeXHenY95tODkM4foD5zPH9Xck8w=</latexit>

signal mode
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at !1
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• SRF cavity loses high Q under large constant magnetic field.


• Static magnetic field in the previous LSW setup is replaced by an oscillatory field.


• Axion with  is produced in the emitter.


• Axion can convert to a cavity mode with a frequency . In particular, it can 
resonantly produce a field at .

ωϕ = ω1 ± ω0

ωϕ ± ω0
ω1

Executive Summary
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Production

• Use two oscillatory cavity modes to source axion


•   with ϕ ∼ gVEmE0 ⋅ B1/r ωϕ = ω± = ω1 ± ω0

R. Janish et al, 19 

ℒint ⊃ gϕ ⃗E ⋅ ⃗B
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<latexit sha1_base64="fRMoHFs/bl5e98IpEW3DnFnLvfo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7Crc58xLBAxI4KUC60lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8AW5CUEg==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!1t

<latexit sha1_base64="hYjQJj6wvrnmr73JTwcBdkvwUjQ=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MdmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3P8kvY=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

~E0 · ~B1 6= 0

<latexit sha1_base64="z6ycKE+l0HRNCdgTQtqse5uZWjU=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclRmp6LJUBJcV7AM6w5BJb9vQTDIkmUIpXbnxV9y4UMSt3+DOvzF9LLT1wIWTc+4l95445Uwbz/t2VlbX1jc2c1v57Z3dvX334LCuZaYo1KjkUjVjooEzATXDDIdmqoAkMYdG3L+Z+I0BKM2keDDDFMKEdAXrMEqMlSL3JBgAxbeRhwPalgZPn5XIx4EA7EVuwSt6U+Bl4s9JAc1RjdyvoC1ploAwlBOtW76XmnBElGGUwzgfZBpSQvukCy1LBUlAh6PpGWN8ZpU27khlSxg8VX9PjEii9TCJbWdCTE8vehPxP6+Vmc51OGIizQwIOvuok3FsJJ5kgttMATV8aAmhitldMe0RRaixyeVtCP7iycukflH0S8XL+1KhXJnHkUPH6BSdIx9doTK6Q1VUQxQ9omf0it6cJ+fFeXc+Zq0rznzmCP2B8/kD34iW1A==</latexit>

Emitter:

<latexit sha1_base64="EQDNnPxJOiTFSyCFktKWnAdOpt0=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTEInsKuRBRPQRE8RjAPSJYwO5kkQ+axzPSKccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3RTFnBnz/28mtrK6tb+Q3C1vbO7tFd2+/YVSiCa0TxZVuRdhQziStAwNOW7GmWEScNqPR9dRvPlBtmJL3MI5pKPBAsj4jGKzUdYsdEanH9EYwAKovJ1235Jf9GbxlEmSkhDLUuu5Xp6dIIqgEwrEx7cCPIUyxBkY4nRQ6iaExJiM8oG1LJRbUhOns8Il3bJWe11falgRvpv6eSLEwZiwi2ykwDM2iNxX/89oJ9C/ClMk4ASrJfFE/4R4ob5qC12OaEuBjSzDRzN7qkSHWmNgQTMGGECy+vEwap+WgUj67q5SqV1kceXSIjtAJCtA5qqJbVEN1RFCCntErenOenBfn3fmYt+acbOYA/YHz+QMg65Nn</latexit>

axion

<latexit sha1_base64="8hnZrmkO3++MmL3dBq5ZSl6SfoY=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozouiy6MZlBXuBzlAyadqG5jIkGWkZ+hpuXCji1pdx59uYtrPQ1h8CH/85h3Pyxwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTaNSTWiDKK50O8aGciZpwzLLaTvRFIuY01Y8upvVW09UG6bko50kNBJ4IFmfEWydFYYiVuMMjx1Pu+WKX/XnQqsQ5FCBXPVu+SvsKZIKKi3h2JhO4Cc2yrC2jHA6LYWpoQkmIzygHYcSC2qibH7zFJ05p4f6SrsnLZq7vycyLIyZiNh1CmyHZrk2M/+rdVLbv4kyJpPUUkkWi/opR1ahWQCoxzQllk8cYKKZuxWRIdaYWBdTyYUQLH95FZoX1eCyevVwWand5nEU4QRO4RwCuIYa3EMdGkAggWd4hTcv9V68d+9j0Vrw8plj+CPv8we3bJIj</latexit>

Reciever:

<latexit sha1_base64="/mULe+qLavZvqqBoZAEsKsUski4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEUVwV3bisYh/QDiWT3mlDM8mQZIpl6J+4caGIW//EnX9j2s5CWw8EDuecy705YcKZNp737RRWVtfWN4qbpa3tnd09d/+goWWqKNSp5FK1QqKBMwF1wwyHVqKAxCGHZji8nfrNESjNpHg04wSCmPQFixglxkpd1+3EoXzKHoAysLnrSdctexVvBrxM/JyUUY5a1/3q9CRNYxCGcqJ12/cSE2REGUY5TEqdVENC6JD0oW2pIDHoIJtdPsEnVunhSCr7hMEz9fdERmKtx3FokzExA73oTcX/vHZqoqsgYyJJDQg6XxSlHBuJpzXgHlNADR9bQqhi9lZMB0QRamxZJVuCv/jlZdI4q/jnlYv783L1Jq+jiI7QMTpFPrpEVXSHaqiOKBqhZ/SK3pzMeXHenY95tODkM4foD5zPH9Xck8w=</latexit>

signal mode

<latexit sha1_base64="3i+zY1FUPKO+uT7VoTMCLIA6yIg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFtKJPJpB06jzAzkZaQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nTBjVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WqYKkzaWTKpeiDRhVJC2oYaRXqII4iEj3XByN/e7T0RpKsWjmSUk4GgkaEwxMlYautUBD+U003QkEINcRiQfujWv7i0A14lfkBoo0Bq6X4NI4pQTYTBDWvd9LzFBhpShmJG8Mkg1SRCeoBHpWyoQJzrIFrfn8NwqEYylsiUMXKi/JzLEtZ7x0HZyZMZ61ZuL/3n91MQ3QUZFkhoi8HJRnDJoJJwHASOqCDZsZgnCitpbIR4jhbCxcVVsCP7qy+ukc1n3G/Wrh0ateVvEUQan4AxcAB9cgya4By3QBhhMwTN4BW9O7rw4787HsrXkFDMn4A+czx9vbJS0</latexit>

at !1

<latexit sha1_base64="0X+7QhbKPsn82qCthp4qOBn/1Sc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFNCJPppB06jzAzkZbQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nThnVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8N/e7T0RpKsWjmaYk5GgoaEIxMlaK3GrAYznJkYGzQHIyRJEfuTWv7i0A14lfkBoo0Ircr2AgccaJMJghrfu+l5owR8pQzMisEmSapAiP0ZD0LRWIEx3mi9tn8NwqA5hIZUsYuFB/T+SIaz3lse3kyIz0qjcX//P6mUluwpyKNDNE4OWiJGPQSDgPAg6oItiwqSUIK2pvhXiEFMLGxlWxIfirL6+TzmXdb9SvHhq15m0RRxmcgjNwAXxwDZrgHrRAG2AwAc/gFbw5M+fFeXc+lq0lp5g5AX/gfP4A50aUWw==</latexit>
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ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!±t

<latexit sha1_base64="fRMoHFs/bl5e98IpEW3DnFnLvfo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7Crc58xLBAxI4KUC60lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8AW5CUEg==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!1t

<latexit sha1_base64="hYjQJj6wvrnmr73JTwcBdkvwUjQ=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MdmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3P8kvY=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

~E0 · ~B1 6= 0

<latexit sha1_base64="z6ycKE+l0HRNCdgTQtqse5uZWjU=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclRmp6LJUBJcV7AM6w5BJb9vQTDIkmUIpXbnxV9y4UMSt3+DOvzF9LLT1wIWTc+4l95445Uwbz/t2VlbX1jc2c1v57Z3dvX334LCuZaYo1KjkUjVjooEzATXDDIdmqoAkMYdG3L+Z+I0BKM2keDDDFMKEdAXrMEqMlSL3JBgAxbeRhwPalgZPn5XIx4EA7EVuwSt6U+Bl4s9JAc1RjdyvoC1ploAwlBOtW76XmnBElGGUwzgfZBpSQvukCy1LBUlAh6PpGWN8ZpU27khlSxg8VX9PjEii9TCJbWdCTE8vehPxP6+Vmc51OGIizQwIOvuok3FsJJ5kgttMATV8aAmhitldMe0RRaixyeVtCP7iycukflH0S8XL+1KhXJnHkUPH6BSdIx9doTK6Q1VUQxQ9omf0it6cJ+fFeXc+Zq0rznzmCP2B8/kD34iW1A==</latexit>

Emitter:

<latexit sha1_base64="EQDNnPxJOiTFSyCFktKWnAdOpt0=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTEInsKuRBRPQRE8RjAPSJYwO5kkQ+axzPSKccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3RTFnBnz/28mtrK6tb+Q3C1vbO7tFd2+/YVSiCa0TxZVuRdhQziStAwNOW7GmWEScNqPR9dRvPlBtmJL3MI5pKPBAsj4jGKzUdYsdEanH9EYwAKovJ1235Jf9GbxlEmSkhDLUuu5Xp6dIIqgEwrEx7cCPIUyxBkY4nRQ6iaExJiM8oG1LJRbUhOns8Il3bJWe11falgRvpv6eSLEwZiwi2ykwDM2iNxX/89oJ9C/ClMk4ASrJfFE/4R4ob5qC12OaEuBjSzDRzN7qkSHWmNgQTMGGECy+vEwap+WgUj67q5SqV1kceXSIjtAJCtA5qqJbVEN1RFCCntErenOenBfn3fmYt+acbOYA/YHz+QMg65Nn</latexit>

axion

<latexit sha1_base64="8hnZrmkO3++MmL3dBq5ZSl6SfoY=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozouiy6MZlBXuBzlAyadqG5jIkGWkZ+hpuXCji1pdx59uYtrPQ1h8CH/85h3Pyxwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTaNSTWiDKK50O8aGciZpwzLLaTvRFIuY01Y8upvVW09UG6bko50kNBJ4IFmfEWydFYYiVuMMjx1Pu+WKX/XnQqsQ5FCBXPVu+SvsKZIKKi3h2JhO4Cc2yrC2jHA6LYWpoQkmIzygHYcSC2qibH7zFJ05p4f6SrsnLZq7vycyLIyZiNh1CmyHZrk2M/+rdVLbv4kyJpPUUkkWi/opR1ahWQCoxzQllk8cYKKZuxWRIdaYWBdTyYUQLH95FZoX1eCyevVwWand5nEU4QRO4RwCuIYa3EMdGkAggWd4hTcv9V68d+9j0Vrw8plj+CPv8we3bJIj</latexit>

Reciever:

<latexit sha1_base64="/mULe+qLavZvqqBoZAEsKsUski4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEUVwV3bisYh/QDiWT3mlDM8mQZIpl6J+4caGIW//EnX9j2s5CWw8EDuecy705YcKZNp737RRWVtfWN4qbpa3tnd09d/+goWWqKNSp5FK1QqKBMwF1wwyHVqKAxCGHZji8nfrNESjNpHg04wSCmPQFixglxkpd1+3EoXzKHoAysLnrSdctexVvBrxM/JyUUY5a1/3q9CRNYxCGcqJ12/cSE2REGUY5TEqdVENC6JD0oW2pIDHoIJtdPsEnVunhSCr7hMEz9fdERmKtx3FokzExA73oTcX/vHZqoqsgYyJJDQg6XxSlHBuJpzXgHlNADR9bQqhi9lZMB0QRamxZJVuCv/jlZdI4q/jnlYv783L1Jq+jiI7QMTpFPrpEVXSHaqiOKBqhZ/SK3pzMeXHenY95tODkM4foD5zPH9Xck8w=</latexit>

signal mode

<latexit sha1_base64="3i+zY1FUPKO+uT7VoTMCLIA6yIg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFtKJPJpB06jzAzkZaQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nTBjVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WqYKkzaWTKpeiDRhVJC2oYaRXqII4iEj3XByN/e7T0RpKsWjmSUk4GgkaEwxMlYautUBD+U003QkEINcRiQfujWv7i0A14lfkBoo0Bq6X4NI4pQTYTBDWvd9LzFBhpShmJG8Mkg1SRCeoBHpWyoQJzrIFrfn8NwqEYylsiUMXKi/JzLEtZ7x0HZyZMZ61ZuL/3n91MQ3QUZFkhoi8HJRnDJoJJwHASOqCDZsZgnCitpbIR4jhbCxcVVsCP7qy+ukc1n3G/Wrh0ateVvEUQan4AxcAB9cgya4By3QBhhMwTN4BW9O7rw4787HsrXkFDMn4A+czx9vbJS0</latexit>

at !1

<latexit sha1_base64="0X+7QhbKPsn82qCthp4qOBn/1Sc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFNCJPppB06jzAzkZbQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nThnVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8N/e7T0RpKsWjmaYk5GgoaEIxMlaK3GrAYznJkYGzQHIyRJEfuTWv7i0A14lfkBoo0Ircr2AgccaJMJghrfu+l5owR8pQzMisEmSapAiP0ZD0LRWIEx3mi9tn8NwqA5hIZUsYuFB/T+SIaz3lse3kyIz0qjcX//P6mUluwpyKNDNE4OWiJGPQSDgPAg6oItiwqSUIK2pvhXiEFMLGxlWxIfirL6+TzmXdb9SvHhq15m0RRxmcgjNwAXxwDZrgHrRAG2AwAc/gFbw5M+fFeXc+lq0lp5g5AX/gfP4A50aUWw==</latexit>

Detection

• Pick one of the two production modes to be the 
spectating mode in the receiver


• Detection with frequency conversion
P. Sikivie, 10


Berlin et al, 19

Z. Bogorad et al, 19
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Ẽsig(ω) ∼
E0g
d

ωω1

ω2 − ω2
1 − iωω1/Q1

δ(ω ± ω0 − ωϕ) ×

19

distance between 
emitter and receiver

Spatial 

interference 
btwn , 
spec, sig 
modes

ϕ

Quality factor for  
ω1

Maxwell Equation

 will be produced on resonance.ω1 = ωϕ ± ω0

⇒
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∼ d ( α
ω1

+
β

ω1/ωϕ
+

γ
ω2

1 )
Spatial 

interference 
btwn , 
spec, sig 
modes

ϕ

How large is Signal?
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where  

Psig =
ω1

Q1 ∫VRe

⟨ | ⃗E sig( ⃗x , t) |2 ⟩

⃗E sig = ∫
dω
2π

eiωtẼsig(ω) = ⃗E 1( ⃗x )e1(t)

21

⏟ ⏟
�������

ω1

We are in control 
of !Δω1

Spatial 

interference 
btwn , 
spec, sig 
modes

ϕ
ω1

Q1

Psig =
ω1

Q1 ∫VRe

⃗E 1( ⃗x )
2

× ∫
ω1+Δω1/2

ω1−Δω1/2

dω
(2π)2

⟨ẽ*1 ẽ1(ω)⟩

Observable: Power
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• Assume that the two modes in the emitter and the 
spectating mode in the receiver have the same 


                

Epeak

Psig ∼
Q1

8ω1
V3g4E6

peakω2
ϕ

η4
01

(4πd)2

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!±t

<latexit sha1_base64="fRMoHFs/bl5e98IpEW3DnFnLvfo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoseiF48V7Ac0MWy2k3bpbhJ2N0qJ/SlePCji1V/izX/jts1BWx8MPN6bYWZemHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2Q6KAsxhammkO3VQCESGHTji6nvqdB5CKJfGdHqfgCzKIWcQo0UYK7Crc58xLBAxI4KUC60lg15y6MwNeJm5BaqhAM7C/vH5CMwGxppwo1XOdVPs5kZpRDpOKlylICR2RAfQMjYkA5eez0yf42Ch9HCXSVKzxTP09kROh1FiEplMQPVSL3lT8z+tlOrr0cxanmYaYzhdFGcc6wdMccJ9JoJqPDSFUMnMrpkMiCdUmrYoJwV18eZm0T+vuWf389qzWuCriKKNDdIROkIsuUAPdoCZqIYoe0TN6RW/Wk/VivVsf89aSVcwcoD+wPn8AW5CUEg==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!1t

<latexit sha1_base64="hYjQJj6wvrnmr73JTwcBdkvwUjQ=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MdmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3P8kvY=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

ei!0t

<latexit sha1_base64="y9B7oYHIz+3OnFPZoIXit/KbMNA=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquVPRY9OKxgv2Adl2y6bQNTTZLkhXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tUUWhSyaXqREQDZzE0DTMcOokCIiIO7Wh8M/Pbj6A0k/G9mSQQCDKM2YBRYqwUumV4yFhPChiS0MNmGroVr+rNgVeJn5MKytEI3a9eX9JUQGwoJ1p3fS8xQUaUYZTDtNRLNSSEjskQupbGRIAOsvnhU3xqlT4eSGUrNniu/p7IiNB6IiLbKYgZ6WVvJv7ndVMzuAoyFiepgZguFg1Sjo3EsxRwnymghk8sIVQxeyumI6IINTarkg3BX355lbTOq36tenFXq9Sv8ziK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzB3J1kvU=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

~E0 · ~B1 6= 0

<latexit sha1_base64="z6ycKE+l0HRNCdgTQtqse5uZWjU=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclRmp6LJUBJcV7AM6w5BJb9vQTDIkmUIpXbnxV9y4UMSt3+DOvzF9LLT1wIWTc+4l95445Uwbz/t2VlbX1jc2c1v57Z3dvX334LCuZaYo1KjkUjVjooEzATXDDIdmqoAkMYdG3L+Z+I0BKM2keDDDFMKEdAXrMEqMlSL3JBgAxbeRhwPalgZPn5XIx4EA7EVuwSt6U+Bl4s9JAc1RjdyvoC1ploAwlBOtW76XmnBElGGUwzgfZBpSQvukCy1LBUlAh6PpGWN8ZpU27khlSxg8VX9PjEii9TCJbWdCTE8vehPxP6+Vmc51OGIizQwIOvuok3FsJJ5kgttMATV8aAmhitldMe0RRaixyeVtCP7iycukflH0S8XL+1KhXJnHkUPH6BSdIx9doTK6Q1VUQxQ9omf0it6cJ+fFeXc+Zq0rznzmCP2B8/kD34iW1A==</latexit>

Emitter:

<latexit sha1_base64="EQDNnPxJOiTFSyCFktKWnAdOpt0=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTEInsKuRBRPQRE8RjAPSJYwO5kkQ+axzPSKccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3RTFnBnz/28mtrK6tb+Q3C1vbO7tFd2+/YVSiCa0TxZVuRdhQziStAwNOW7GmWEScNqPR9dRvPlBtmJL3MI5pKPBAsj4jGKzUdYsdEanH9EYwAKovJ1235Jf9GbxlEmSkhDLUuu5Xp6dIIqgEwrEx7cCPIUyxBkY4nRQ6iaExJiM8oG1LJRbUhOns8Il3bJWe11falgRvpv6eSLEwZiwi2ykwDM2iNxX/89oJ9C/ClMk4ASrJfFE/4R4ob5qC12OaEuBjSzDRzN7qkSHWmNgQTMGGECy+vEwap+WgUj67q5SqV1kceXSIjtAJCtA5qqJbVEN1RFCCntErenOenBfn3fmYt+acbOYA/YHz+QMg65Nn</latexit>

axion

<latexit sha1_base64="8hnZrmkO3++MmL3dBq5ZSl6SfoY=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozouiy6MZlBXuBzlAyadqG5jIkGWkZ+hpuXCji1pdx59uYtrPQ1h8CH/85h3Pyxwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTaNSTWiDKK50O8aGciZpwzLLaTvRFIuY01Y8upvVW09UG6bko50kNBJ4IFmfEWydFYYiVuMMjx1Pu+WKX/XnQqsQ5FCBXPVu+SvsKZIKKi3h2JhO4Cc2yrC2jHA6LYWpoQkmIzygHYcSC2qibH7zFJ05p4f6SrsnLZq7vycyLIyZiNh1CmyHZrk2M/+rdVLbv4kyJpPUUkkWi/opR1ahWQCoxzQllk8cYKKZuxWRIdaYWBdTyYUQLH95FZoX1eCyevVwWand5nEU4QRO4RwCuIYa3EMdGkAggWd4hTcv9V68d+9j0Vrw8plj+CPv8we3bJIj</latexit>

Reciever:

<latexit sha1_base64="/mULe+qLavZvqqBoZAEsKsUski4=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZEUVwV3bisYh/QDiWT3mlDM8mQZIpl6J+4caGIW//EnX9j2s5CWw8EDuecy705YcKZNp737RRWVtfWN4qbpa3tnd09d/+goWWqKNSp5FK1QqKBMwF1wwyHVqKAxCGHZji8nfrNESjNpHg04wSCmPQFixglxkpd1+3EoXzKHoAysLnrSdctexVvBrxM/JyUUY5a1/3q9CRNYxCGcqJ12/cSE2REGUY5TEqdVENC6JD0oW2pIDHoIJtdPsEnVunhSCr7hMEz9fdERmKtx3FokzExA73oTcX/vHZqoqsgYyJJDQg6XxSlHBuJpzXgHlNADR9bQqhi9lZMB0QRamxZJVuCv/jlZdI4q/jnlYv783L1Jq+jiI7QMTpFPrpEVXSHaqiOKBqhZ/SK3pzMeXHenY95tODkM4foD5zPH9Xck8w=</latexit>

signal mode

<latexit sha1_base64="3i+zY1FUPKO+uT7VoTMCLIA6yIg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFtKJPJpB06jzAzkZaQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nTBjVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WqYKkzaWTKpeiDRhVJC2oYaRXqII4iEj3XByN/e7T0RpKsWjmSUk4GgkaEwxMlYautUBD+U003QkEINcRiQfujWv7i0A14lfkBoo0Bq6X4NI4pQTYTBDWvd9LzFBhpShmJG8Mkg1SRCeoBHpWyoQJzrIFrfn8NwqEYylsiUMXKi/JzLEtZ7x0HZyZMZ61ZuL/3n91MQ3QUZFkhoi8HJRnDJoJJwHASOqCDZsZgnCitpbIR4jhbCxcVVsCP7qy+ukc1n3G/Wrh0ateVvEUQan4AxcAB9cgya4By3QBhhMwTN4BW9O7rw4787HsrXkFDMn4A+czx9vbJS0</latexit>

at !1

<latexit sha1_base64="0X+7QhbKPsn82qCthp4qOBn/1Sc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0WXRjcsK9gFNCJPppB06jzAzkZbQX3HjQhG3/og7/8Zpm4W2HrhwOOde7r0nThnVxvO+ndLG5tb2Tnm3srd/cHjkHlc7WmYKkzaWTKpejDRhVJC2oYaRXqoI4jEj3Xh8N/e7T0RpKsWjmaYk5GgoaEIxMlaK3GrAYznJkYGzQHIyRJEfuTWv7i0A14lfkBoo0Ircr2AgccaJMJghrfu+l5owR8pQzMisEmSapAiP0ZD0LRWIEx3mi9tn8NwqA5hIZUsYuFB/T+SIaz3lse3kyIz0qjcX//P6mUluwpyKNDNE4OWiJGPQSDgPAg6oItiwqSUIK2pvhXiEFMLGxlWxIfirL6+TzmXdb9SvHhq15m0RRxmcgjNwAXxwDZrgHrRAG2AwAc/gFbw5M+fFeXc+lq0lp5g5AX/gfP4A50aUWw==</latexit>

0 < η01 < 1

Observable: Power
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Backgrounds
1. Thermal background, constant over frequency domain. 

(We assume that this is the dominant background in the 
case study later.)


2. Leakage backgrounds from a large number of spectating 
photons in the receiver. They can potentially leak to 
signal mode, but can be effectively mitigated as long as 
we choose the appropriate signal mode, and only look at 
a small window around the signal mode.
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Case Study with GHz 
Cylindrical SRF Cavities

24
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Setup

25

• Fundamental frequency of the cavity = 650 MHz


• Use  mode and  mode 


• Quality factor 


•  for both modes in the emitter and the spectating mode in 
the receiver

TM010 TE011 ∝ eiπz/L

Q = 1010

Epeak = 80 MVm−1

ϕ± ∝ eikz−iω±t /d

⃗∇ ϕ± ∼ kϕ± ̂z

k = ω2
± − m2

d = 27.66 cm

Em
itt

er

Re
ce

iv
er

1.4K
R 

=1
7.

66
 c

m

L =17.66 cm
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Spatial Interference 
g = 5 × 10−11GeV−1
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� (��)

Psig ∼
E0g
d

× d ( α
ω1

+
β

ω1/ωϕ
+

γ
ω2

1 )

ϕ± ∝ eiz ω2
± − m2

TE011 ∝ eizπ/L

TM010 is constant in z

∫V

⃗E 1 ⋅ [−∂t( ⃗E 0 × ⃗∇ ϕ) + ∂t( ⃗B 0∂tϕ) − ⃗∇ ( ⃗B 0 ⋅ ⃗∇ ϕ)]
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Spatial Interference 
g = 5 × 10−11GeV−1

���������� ��	��
���
|�|��-��

|�|��+��-��

��-� ��-� ��-� ��-�

��-�

���

���

� (��)

Psig ∼
E0g
d
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∫V

⃗E 1 ⋅ [−∂t( ⃗E 0 × ⃗∇ ϕ) + ∂t( ⃗B 0∂tϕ) − ⃗∇ ( ⃗B 0 ⋅ ⃗∇ ϕ)]
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Psig ∼
Q1

8ω1
V3g4E6

peakω2
ϕ

η4
01

(4πd)2
, Pbkg

th = TΔω1, Δω1 = t−1
int
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Signal Power

g = 5 × 10−11GeV−1
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Signal Power

200 sig photons  
after 1 year!
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g = 5 × 10−11GeV−1

Psig ∼
Q1

8ω1
V3g4E6

peakω2
ϕ

η4
01

(4πd)2
, Pbkg

th = TΔω1, Δω1 = t−1
int
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require SNR ∼
Psig

Pbkg
tintΔω1 ∼

Psigtint

T
> 5, Pbkg

th = TΔω1, Δω1 = t−1
int , tint = 1year
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Sensitivity with  
Low Cavity Modes

R =L= 17.66 cm R =L= 28.7 cm
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require SNR ∼
Psig

Pbkg
tintΔω1 ∼

Psigtint

T
> 5, Pbkg

th = TΔω1, Δω1 = t−1
int
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Sensitivity with  
High Cavity Modes
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Sensitivity with  
High Cavity Modes

Higher cavity modes


• gain access to larger masses


• have a better sensitivity in the 
massless limit 


• but, Q may worsen under 
large peak field

Psig ∝ Qg4E6
peak
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Conclusion
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• We propose a LSW axion search strategy using SRF 
cavities in the GHz range.


• The case study shows that for , our 
estimated sensitivity on  can be comparable to that 
projected by ALPSII. 


• Exciting opportunity to apply quantum technology.

mϕ ≲ 10 μeV
g
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Thank you, everyone!
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Backups
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Maxwell Equations w. 
axionic interaction
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• Non-linear eom for 


• Can be solved perturbatively at 

⃗E (or ⃗B )

𝒪(g)
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• If  is DM,  is small.


• All of RHS can be important for lab-produced .

ϕ ⃗∇ ϕ

ϕ

~ g  Spectating field  Axion field× ×

Signal field at 𝒪(g) ⏞⏞
Signal can be obtained by 
solving Maxwell Equations
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Signal Field

38
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Examples of  
Cylindrical Cavity Modes
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Production of Axion from 
 a Cylindrical Cavity

With  ,  :TM0mℓ TE0m′ ℓ′ 
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Leakage Backgrounds
Leakage backgrounds from a large number of spectating photons 
in a GHz cavity. They can potentially leak to signal mode due to: 


• An imperfect driving current that sources the spec mode;


• Non-linear effects caused by impurities on the walls of cavity.


Both effects can be studied with an effective local current density 
 within the cavity:⃗J = ⃗j( ⃗x )g(t)

mailto:yanggao@fnal.gov


yanggao@fnal.govChristina Gao

Leakage from  
Driving Source
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⃗J = ⃗j( ⃗x )g(t), g̃(ω) ∼ eiω0t

ω0 ω1

Leakage to signal:
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• Spectator mode  may have a spatial overlap with 
impurities on the cavity wall, cause a localized current 




• Classical level,  equals integer multiples of 


• Can be suppressed by choosing the signal mode so that 
their spatial overlap vanishes

ω0

⃗J impurity = ⃗j( ⃗x )g(t), g̃(ω) ∼ eiωimpt

ωimp ω0

Leakage from  
Non-linear Effects

43

Leakage to signal:
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