
Searching for sub-μeV axions 
with DMRadio

1

Nicholas Rapidis 

Stanford University – Irwin Group

ORNL – June 4th 2026



2
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The Standard Model of Particle Physics and its problems
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Axion-Standard 
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The neutron can have an electric 
dipole moment (edm).

Under a charge (C) and parity flip 
(P), the neutron no longer looks 
the same for a non-zero edm.
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Expect:

The neutron edm is quantified by     . This is a free 
parameter in the standard model
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0 → ω̄ < 2ε

The neutron can have an electric 
dipole moment (edm).

Under a charge (C) and parity flip 
(P), the neutron no longer looks 
the same for a non-zero edm.
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Measurement:

Expect:

The neutron edm is quantified by     . This is a free 
parameter in the standard model
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1960 1980 2000 2020
Year

10°11

10°8

10°5

µ̄

The theory has no reason to prefer           . 
We end up in a universe that has no CP 
violation in the strong sector.
This is a fine tuning

This cannot be solved with anthropics! 
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ω̄ = 0

The Strong CP problem

The neutron can have an electric 
dipole moment (edm).

Under a charge (C) and parity flip 
(P), the neutron no longer looks 
the same for a non-zero edm.
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Newtonian mechanics predicts:
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UGC11455 galaxy, figure modified from Wikipedia

Expected from visible matter
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UGC11455 galaxy, figure modified from Wikipedia
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Wayne Hu, https://background.uchicago.edu/~whu/animbut/anim2.html

Bullet Cluster, NASA

Bullet cluster:

mass density, x-ray density

Galaxy clusters collided. Ordinary matter 

interacted and produced x-rays, dark matter 

streamed through

CMB power spectrum:

Additional non-baryonic matter must be 

introduced to explain CMB power spectrum

Dark matter exists in universe 
and is very weakly interacting!

It is ~80% of the mass in the 
universe!
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<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

Axion-Standard 
Model interactions



Strong CP problem is introduced by:

Solution to the strong CP problem

17

<latexit sha1_base64="bg6S5YFYbBRIA8DTk+/zGJqpbGk="></latexit>

LCP =
ω̄

32ε2
Ga

µωG̃
aµω



Strong CP problem is introduced by:

Introduce a new U(1) symmetry that is broken at a scale fa. 

This introduces a new particle, the axion, which couples as: 

Solution to the strong CP problem

18

<latexit sha1_base64="bg6S5YFYbBRIA8DTk+/zGJqpbGk="></latexit>

LCP =
ω̄

32ε2
Ga

µωG̃
aµω

<latexit sha1_base64="mzxtuwL6mQNIcVTY5/zKT7JPars="></latexit>

LCP =
1

32ω2

(
ε̄ +

a

fa

)
Ga

µωG̃
aµω

Peccei, Quinn (1977)
Weinberg, Wilczek (1978)



Strong CP problem is introduced by:

Introduce a new U(1) symmetry that is broken at a scale fa. 

This introduces a new particle, the axion, which couples as: 

Below, ΛQCD, axion develops potential, becomes massive, and solves 
strong CP problem 

Solution to the strong CP problem

19

<latexit sha1_base64="bg6S5YFYbBRIA8DTk+/zGJqpbGk="></latexit>

LCP =
ω̄

32ε2
Ga

µωG̃
aµω

<latexit sha1_base64="mzxtuwL6mQNIcVTY5/zKT7JPars="></latexit>

LCP =
1

32ω2

(
ε̄ +

a

fa

)
Ga

µωG̃
aµω

<latexit sha1_base64="LVNo9Cb3g3/lNGpB+FrRKiYNFTU=">AAACEnicbVDJSgNBEO2JW4xb1KOXwSAoQpiRoF6EoBePEUwUMiHUdGqSJj0L3TVCGOYbvPgrXjwo4tWTN//GznJwe1DweK+Kqnp+IoUmx/m0CnPzC4tLxeXSyura+kZ5c6ul41RxbPJYxurWB41SRNgkQRJvE4UQ+hJv/OHF2L+5Q6VFHF3TKMFOCP1IBIIDGalbPvAkBrTv+aAyjwZIkB96gQKeQZ4FXcg9JfoDOjhzuuWKU3UmsP8Sd0YqbIZGt/zh9WKehhgRl6B123US6mSgSHCJeclLNSbAh9DHtqERhKg72eSl3N4zSs8OYmUqInuifp/IINR6FPqmMwQa6N/eWPzPa6cUnHYyESUpYcSni4JU2hTb43zsnlDISY4MAa6EudXmAzCBkEmxZEJwf7/8l7SOqu5xtXZVq9TPZ3EU2Q7bZfvMZSeszi5ZgzUZZ/fskT2zF+vBerJerbdpa8GazWyzH7DevwC5FZ4i</latexit>(
ω̄ +

a

fa

)
= 0

Peccei, Quinn (1977)
Weinberg, Wilczek (1978)



Cosmological properties of axions

20

Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe
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Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe

Axions must be produced athermally, 
so they must be non-relativistic (cold)



Cosmological properties of axions

Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe

Axions must be produced athermally, 
so they must be non-relativistic (cold)

Axions can be produced in 
abundance 
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Cosmological properties of axions
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Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe

Axions must be produced athermally, 
so they must be non-relativistic (cold)

Axions can be produced in 
abundance 

Axions can couple weakly to standard 
model particles



Cosmological properties of axions
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Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe

Axions must be produced athermally, 
so they must be non-relativistic (cold)

Axions can be produced in 
abundance 

Axions can couple weakly to standard 
model particles

This is dark matter



Cosmological properties of axions
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Symmetry breaking happens at high 
energies so axion must be produced 

in the early universe

Axions must be produced athermally, 
so they must be non-relativistic (cold)

Axions can be produced in 
abundance 

Axions can couple weakly to standard 
model particles

This is dark matter

See Stochastic 
Axion by 
Graham and 
Scherlis

    is random between causally disconnected patches; strings 

(and domain walls) form

Pre-inflationary PQ symmetry breaking

<latexit sha1_base64="bBVHeMtU26SgbsjU2SGDrqog0Ss=">AAACDHicbVC7SgNBFJ2NrxhfUUubxSDEJuxKUMtgLOxMwDwgG8Ls5CYZMvtg5q4YlnyAjb9iY6GIrR9g5984m2yhiQcGDuecy9x73FBwhZb1bWRWVtfWN7Kbua3tnd29/P5BUwWRZNBggQhk26UKBPehgRwFtEMJ1HMFtNxxNfFb9yAVD/w7nITQ9ejQ5wPOKGqply84OAKkPQfhAeN69XrqKO45HsURoyK+nRbtU52yStYM5jKxU1IgKWq9/JfTD1jkgY9MUKU6thViN6YSORMwzTmRgpCyMR1CR1OfeqC68eyYqXmilb45CKR+Ppoz9fdETD2lJp6rk8mWatFLxP+8ToSDy27M/TBC8Nn8o0EkTAzMpBmzzyUwFBNNKJNc72qyEZWUoe4vp0uwF09eJs2zkn1eKtfLhcpVWkeWHJFjUiQ2uSAVckNqpEEYeSTP5JW8GU/Gi/FufMyjGSOdOSR/YHz+ANZMm3g=</latexit>

ωQCD → O(1)

Fluctuations during inflation provide non-zero         after inflation
<latexit sha1_base64="vQAkDujOugZqbdR5PBTfjYzMYIw=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lE1GPRi8cK9gOaEDbbSbt088HuRC2xP8WLB0W8+ku8+W/ctjlo64OBx3szzMwLUsEV2va3UVpZXVvfKG9WtrZ3dvfM6n5bJZlk0GKJSGQ3oAoEj6GFHAV0Uwk0CgR0gtH11O/cg1Q8ie9wnIIX0UHMQ84oask3qy4OAanvIjxiDmE48c2aXbdnsJaJU5AaKdD0zS+3n7AsghiZoEr1HDtFL6cSORMwqbiZgpSyER1AT9OYRqC8fHb6xDrWSt8KE6krRmum/p7IaaTUOAp0Z0RxqBa9qfif18swvPRyHqcZQszmi8JMWJhY0xysPpfAUIw1oUxyfavFhlRShjqtig7BWXx5mbRP6855/ez2rNa4KuIok0NyRE6IQy5Ig9yQJmkRRh7IM3klb8aT8WK8Gx/z1pJRzByQPzA+fwD3x5R5</latexit>

ωe!

Post-inflationary PQ symmetry breaking

<latexit sha1_base64="8lIKqEvyHjDFyznJ8hh+H91Nwl4=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7JP+uWKV/XmwKvEz0kFcjT65a/eIKapZMpSQYzp+l5ig4xoy6lg01IvNSwhdEyGrOuoIpKZIJufOsVnThngKNaulMVz9fdERqQxExm6TknsyCx7M/E/r5va6DrIuEpSyxRdLIpSgW2MZ3/jAdeMWjFxhFDN3a2Yjogm1Lp0Si4Ef/nlVdK6qPqX1dp9rVK/yeMowgmcwjn4cAV1uIMGNIHCEJ7hFd6QQC/oHX0sWgsonzmGP0CfP0acjc4=</latexit>ma as low as <neV

<latexit sha1_base64="R1k5DczywYrnnbERosEDWx2Bqw8=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWZE1GXRjcsK9gGdUjLpbRuazAzJHbEM/Q43/oobF4q4Ezf+jekD0dYDgZNzziW5J0ykMOh5X05uaXlldS2/XtjY3NrecXf3aiZONYcqj2WsGyEzIEUEVRQooZFoYCqUUA8HV2O/fgfaiDi6xWECLcV6kegKztBKbdf3AxqoNEC4xwxqo0CCMUYoqtqM/lz8qU+VTbTdolfyJqCLxJ+RIpmh0nY/gk7MUwURcsmMafpegq2MaRRcwqgQpAYSxgesB01LI6bAtLLJaiN6ZJUO7cbangjpRP09kTFlzFCFNqkY9s28Nxb/85opdi9amYiSFCHi04e6qaQY03FPtCM0cJRDSxjXwv6V8j7TjKNts2BL8OdXXiS1k5J/Vjq9OS2WL2d15MkBOSTHxCfnpEyuSYVUCScP5Im8kFfn0Xl23pz3aTTnzGb2yR84n9+MZaE0</latexit>

1 µeV ↭ ma ↭ 1 meV



Axions locally, today
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https://science.nasa.gov/resource/the-milky-way-galaxy/

<latexit sha1_base64="fGLKTYqeuOfFvSFmT+GUpLBy8fU=">AAACHnicbZDLSsNAFIYn3q23qks3g0VwY0m0Xpaigm4EBVuFppbJ9NQOnWTCzIlYQp7Eja/ixoUigit9G6dtFt5+GPj4zzmcOX8QS2HQdT+dkdGx8YnJqenCzOzc/EJxcalmVKI5VLmSSl8FzIAUEVRRoISrWAMLAwmXQfewX7+8BW2Eii6wF0MjZDeRaAvO0FrN4ravO6rpI9xhenSa+SyOtbqjbrmyTYfuMdQyP2ceZtfpxlbWLJbcsjsQ/QteDiWS66xZfPdbiichRMglM6buuTE2UqZRcAlZwU8MxIx32Q3ULUYsBNNIB+dldM06LdpW2r4I6cD9PpGy0JheGNjOkGHH/K71zf9q9QTbe41URHGCEPHhonYiKSraz4q2hAaOsmeBcS3sXynvMM042kQLNgTv98l/obZZ9nbKlfNKaf8gj2OKrJBVsk48skv2yQk5I1XCyT15JM/kxXlwnpxX523YOuLkM8vkh5yPL2Qvoqc=</latexit>

ωDM → 0.45GeV cm→3

Local dark matter density

per quantum state

<latexit sha1_base64="Kse7zSwoA2N1lcN/h4ck0nHoL6c="></latexit>

na → 1014
(
1 µeV

ma

)
cm→1 ↑ 1

<latexit sha1_base64="oiAb3oxNrK8Mj86eFvP4PW6bPOs=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBC8GHY1qMegF48RzAPyYnYymwyZmV1metWw7H948aCIV//Fm3/jJNmDJhY0FFXddHf5keAGXPfbWVpeWV1bz23kN7e2d3YLe/t1E8aashoNRaibPjFMcMVqwEGwZqQZkb5gDX90M/EbD0wbHqp7GEesI8lA8YBTAlbqtoE9QUJl2k1Oz9NeoeiW3CnwIvEyUkQZqr3CV7sf0lgyBVQQY1qeG0EnIRo4FSzNt2PDIkJHZMBalioimekk06tTfGyVPg5CbUsBnqq/JxIijRlL33ZKAkMz703E/7xWDMFVJ+EqioEpOlsUxAJDiCcR4D7XjIIYW0Ko5vZWTIdEEwo2qLwNwZt/eZHUz0reRal8Vy5WrrM4cugQHaET5KFLVEG3qIpqiCKNntErenMenRfn3fmYtS452cwB+gPn8we/QpKu</latexit>

cm→3



Axions locally, today
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https://science.nasa.gov/resource/the-milky-way-galaxy/

<latexit sha1_base64="fGLKTYqeuOfFvSFmT+GUpLBy8fU=">AAACHnicbZDLSsNAFIYn3q23qks3g0VwY0m0Xpaigm4EBVuFppbJ9NQOnWTCzIlYQp7Eja/ixoUigit9G6dtFt5+GPj4zzmcOX8QS2HQdT+dkdGx8YnJqenCzOzc/EJxcalmVKI5VLmSSl8FzIAUEVRRoISrWAMLAwmXQfewX7+8BW2Eii6wF0MjZDeRaAvO0FrN4ravO6rpI9xhenSa+SyOtbqjbrmyTYfuMdQyP2ceZtfpxlbWLJbcsjsQ/QteDiWS66xZfPdbiichRMglM6buuTE2UqZRcAlZwU8MxIx32Q3ULUYsBNNIB+dldM06LdpW2r4I6cD9PpGy0JheGNjOkGHH/K71zf9q9QTbe41URHGCEPHhonYiKSraz4q2hAaOsmeBcS3sXynvMM042kQLNgTv98l/obZZ9nbKlfNKaf8gj2OKrJBVsk48skv2yQk5I1XCyT15JM/kxXlwnpxX523YOuLkM8vkh5yPL2Qvoqc=</latexit>

ωDM → 0.45GeV cm→3

Local dark matter density

per quantum state

<latexit sha1_base64="Kse7zSwoA2N1lcN/h4ck0nHoL6c="></latexit>

na → 1014
(
1 µeV

ma

)
cm→1 ↑ 1

Axion can be modeled as classical wave whose:

• Amplitude is set by local dark matter density

• Frequency is set by its mass 

• Phase set by dark matter dynamics

<latexit sha1_base64="ubHid4is94TlC63DtfNSFtdk9AY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXmpSinoRil48VrAf0MYw2W7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeyXYAinImaEMzzWk7lhTCgNNWMLqb+a0xlYpF4lFPYuqFMBCszwhoI/m2XeqKxIeb0AfyVLkYnvt20Sk7c+BV4makiDLUffur24tIElKhCQelOq4Tay8FqRnhdFroJorGQEYwoB1DBYRUeen88ik+M0oP9yNpSmg8V39PpBAqNQkD0xmCHqplbyb+53US3b/2UibiRFNBFov6Ccc6wrMYcI9JSjSfGAJEMnMrJkOQQLQJq2BCcJdfXiXNStm9LFcfqsXabRZHHp2gU1RCLrpCNXSP6qiBCBqjZ/SK3qzUerHerY9Fa87KZo7RH1ifP/pvkpg=</latexit>

(ωa = mac
2/h)

<latexit sha1_base64="oiAb3oxNrK8Mj86eFvP4PW6bPOs=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBC8GHY1qMegF48RzAPyYnYymwyZmV1metWw7H948aCIV//Fm3/jJNmDJhY0FFXddHf5keAGXPfbWVpeWV1bz23kN7e2d3YLe/t1E8aashoNRaibPjFMcMVqwEGwZqQZkb5gDX90M/EbD0wbHqp7GEesI8lA8YBTAlbqtoE9QUJl2k1Oz9NeoeiW3CnwIvEyUkQZqr3CV7sf0lgyBVQQY1qeG0EnIRo4FSzNt2PDIkJHZMBalioimekk06tTfGyVPg5CbUsBnqq/JxIijRlL33ZKAkMz703E/7xWDMFVJ+EqioEpOlsUxAJDiCcR4D7XjIIYW0Ko5vZWTIdEEwo2qLwNwZt/eZHUz0reRal8Vy5WrrM4cugQHaET5KFLVEG3qIpqiCKNntErenMenRfn3fmYtS452cwB+gPn8we/QpKu</latexit>

cm→3



Outline
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DMRadio
Ongoing implementation Designs of next generation

Dark matter Dark matter axionsStrong CP problem

DMRadio-50L DMRadio-Core,    
DMRadio-m3,  

        DMRadio-GUT

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

Axion-Standard 
Model interactions



Axion electrodynamics
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Axions modify Maxwell’s equations:

<latexit sha1_base64="/o1euD0VDQ14qDXajAqWf7nGIww="></latexit>

→↑ ωB = εt ωE + gaωωεta ωB

<latexit sha1_base64="zfg1dyObbYWF2FBq20Ki+xDZmmE=">AAACEXicbVDLSsNAFJ34tr6iLt0MFqEbSyKibgRRBJcK9gFNKDfTaR2cTMLMjVBCf8GNv+LGhSJu3bnzb5y0XWjrgYHDOfcx90SpFAY979uZmZ2bX1hcWi6trK6tb7ibW3WTZJrxGktkopsRGC6F4jUUKHkz1RziSPJGdH9R+I0Hro1I1C32Ux7G0FOiKxigldpuJVAQSaABipgbGjxwll8OTveDFDQKkG0cSueDtlv2qt4QdJr4Y1ImY1y33a+gk7As5gqZBGNavpdimBdjmeSDUpAZngK7hx5vWarA7g/z4UUDumeVDu0m2j6FdKj+7sghNqYfR7YyBrwzk14h/ue1MuyehLlQaYZcsdGibiYpJrSIh3aE5gxl3xJgWti/UnYHGhjaEEs2BH/y5GlSP6j6R9XDm8Py2fk4jiWyQ3ZJhfjkmJyRK3JNaoSRR/JMXsmb8+S8OO/Ox6h0xhn3bJM/cD5/AKKknY0=</latexit>

→↑ ωE = ↓εt ωB

<latexit sha1_base64="JvnYUn5xoxUrbeM2KTebbeWmXXI=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkoiRb0IpV48VrAf0ISy2WzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbK6tr6xWdgqbu/s7u3bB4dNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD26nfGlGpWCwe9DihfoT7gvUYwdpIXfvYEzjgGHkkjDXyRpRktcmN07VLTtmZAS0TNyclyFHv2l9eGJM0okITjpXquE6i/QxLzQink6KXKppgMsR92jFU4IgqP5vdP0FnRglRL5amhEYz9fdEhiOlxlFgOiOsB2rRm4r/eZ1U9679jIkk1VSQ+aJeypGO0TQMFDJJieZjQzCRzNyKyABLTLSJrGhCcBdfXibNi7J7Wa7cV0rVWh5HAU7gFM7BhSuowh3UoQEEHuEZXuHNerJerHfrY966YuUzR/AH1ucP+uWVcQ==</latexit>

→ · ωB = 0

<latexit sha1_base64="Ek8Zu54yj5vd1i/trhUDnG/VStg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiRb0IRRE8VrAf0ISy2UzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+zae/sNFaeSQp3GPJatgCjgTEBdM82hlUggUcChGQxuJn5zCFKxWDzoUQJ+RHqCdRkl2kgd+9ATJOAEezSMNfaGQLPb8ZXTsUtO2ZkCLxI3JyWUo9axv7wwpmkEQlNOlGq7TqL9jEjNKIdx0UsVJIQOSA/ahgoSgfKz6f1jfGKUEHdjaUpoPFV/T2QkUmoUBaYzIrqv5r2J+J/XTnX30s+YSFINgs4WdVOOdYwnYeCQSaCajwwhVDJzK6Z9IgnVJrKiCcGdf3mRNM7K7nm5cl8pVa/zOAroCB2jU+SiC1RFd6iG6oiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8//3qVdA==</latexit>

→ · ωE = 0

(source free)

Applied dc 
magnetic field
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Axions modify Maxwell’s equations:

<latexit sha1_base64="/o1euD0VDQ14qDXajAqWf7nGIww="></latexit>

→↑ ωB = εt ωE + gaωωεta ωB

<latexit sha1_base64="zfg1dyObbYWF2FBq20Ki+xDZmmE=">AAACEXicbVDLSsNAFJ34tr6iLt0MFqEbSyKibgRRBJcK9gFNKDfTaR2cTMLMjVBCf8GNv+LGhSJu3bnzb5y0XWjrgYHDOfcx90SpFAY979uZmZ2bX1hcWi6trK6tb7ibW3WTZJrxGktkopsRGC6F4jUUKHkz1RziSPJGdH9R+I0Hro1I1C32Ux7G0FOiKxigldpuJVAQSaABipgbGjxwll8OTveDFDQKkG0cSueDtlv2qt4QdJr4Y1ImY1y33a+gk7As5gqZBGNavpdimBdjmeSDUpAZngK7hx5vWarA7g/z4UUDumeVDu0m2j6FdKj+7sghNqYfR7YyBrwzk14h/ue1MuyehLlQaYZcsdGibiYpJrSIh3aE5gxl3xJgWti/UnYHGhjaEEs2BH/y5GlSP6j6R9XDm8Py2fk4jiWyQ3ZJhfjkmJyRK3JNaoSRR/JMXsmb8+S8OO/Ox6h0xhn3bJM/cD5/AKKknY0=</latexit>

→↑ ωE = ↓εt ωB

<latexit sha1_base64="JvnYUn5xoxUrbeM2KTebbeWmXXI=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkoiRb0IpV48VrAf0ISy2WzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbK6tr6xWdgqbu/s7u3bB4dNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD26nfGlGpWCwe9DihfoT7gvUYwdpIXfvYEzjgGHkkjDXyRpRktcmN07VLTtmZAS0TNyclyFHv2l9eGJM0okITjpXquE6i/QxLzQink6KXKppgMsR92jFU4IgqP5vdP0FnRglRL5amhEYz9fdEhiOlxlFgOiOsB2rRm4r/eZ1U9679jIkk1VSQ+aJeypGO0TQMFDJJieZjQzCRzNyKyABLTLSJrGhCcBdfXibNi7J7Wa7cV0rVWh5HAU7gFM7BhSuowh3UoQEEHuEZXuHNerJerHfrY966YuUzR/AH1ucP+uWVcQ==</latexit>

→ · ωB = 0

<latexit sha1_base64="Ek8Zu54yj5vd1i/trhUDnG/VStg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiRb0IRRE8VrAf0ISy2UzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+zae/sNFaeSQp3GPJatgCjgTEBdM82hlUggUcChGQxuJn5zCFKxWDzoUQJ+RHqCdRkl2kgd+9ATJOAEezSMNfaGQLPb8ZXTsUtO2ZkCLxI3JyWUo9axv7wwpmkEQlNOlGq7TqL9jEjNKIdx0UsVJIQOSA/ahgoSgfKz6f1jfGKUEHdjaUpoPFV/T2QkUmoUBaYzIrqv5r2J+J/XTnX30s+YSFINgs4WdVOOdYwnYeCQSaCajwwhVDJzK6Z9IgnVJrKiCcGdf3mRNM7K7nm5cl8pVa/zOAroCB2jU+SiC1RFd6iG6oiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8//3qVdA==</latexit>

→ · ωE = 0

(source free)

Applied dc 
magnetic field

This acts as an effective current density:

<latexit sha1_base64="1rUBoxoj7IKy/OAtygJarReB+fg="></latexit>

ωJe!(x, t) = gaωω
√

2εDM cos (mat) ωBdc(x)

Axion mass is 
unknown



Axion electrodynamics

31

Axions modify Maxwell’s equations:

<latexit sha1_base64="/o1euD0VDQ14qDXajAqWf7nGIww="></latexit>

→↑ ωB = εt ωE + gaωωεta ωB

<latexit sha1_base64="zfg1dyObbYWF2FBq20Ki+xDZmmE=">AAACEXicbVDLSsNAFJ34tr6iLt0MFqEbSyKibgRRBJcK9gFNKDfTaR2cTMLMjVBCf8GNv+LGhSJu3bnzb5y0XWjrgYHDOfcx90SpFAY979uZmZ2bX1hcWi6trK6tb7ibW3WTZJrxGktkopsRGC6F4jUUKHkz1RziSPJGdH9R+I0Hro1I1C32Ux7G0FOiKxigldpuJVAQSaABipgbGjxwll8OTveDFDQKkG0cSueDtlv2qt4QdJr4Y1ImY1y33a+gk7As5gqZBGNavpdimBdjmeSDUpAZngK7hx5vWarA7g/z4UUDumeVDu0m2j6FdKj+7sghNqYfR7YyBrwzk14h/ue1MuyehLlQaYZcsdGibiYpJrSIh3aE5gxl3xJgWti/UnYHGhjaEEs2BH/y5GlSP6j6R9XDm8Py2fk4jiWyQ3ZJhfjkmJyRK3JNaoSRR/JMXsmb8+S8OO/Ox6h0xhn3bJM/cD5/AKKknY0=</latexit>

→↑ ωE = ↓εt ωB

<latexit sha1_base64="JvnYUn5xoxUrbeM2KTebbeWmXXI=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkoiRb0IpV48VrAf0ISy2WzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbK6tr6xWdgqbu/s7u3bB4dNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXD26nfGlGpWCwe9DihfoT7gvUYwdpIXfvYEzjgGHkkjDXyRpRktcmN07VLTtmZAS0TNyclyFHv2l9eGJM0okITjpXquE6i/QxLzQink6KXKppgMsR92jFU4IgqP5vdP0FnRglRL5amhEYz9fdEhiOlxlFgOiOsB2rRm4r/eZ1U9679jIkk1VSQ+aJeypGO0TQMFDJJieZjQzCRzNyKyABLTLSJrGhCcBdfXibNi7J7Wa7cV0rVWh5HAU7gFM7BhSuowh3UoQEEHuEZXuHNerJerHfrY966YuUzR/AH1ucP+uWVcQ==</latexit>

→ · ωB = 0

<latexit sha1_base64="Ek8Zu54yj5vd1i/trhUDnG/VStg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiRb0IRRE8VrAf0ISy2UzbpZtN2N0USuzBv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+zae/sNFaeSQp3GPJatgCjgTEBdM82hlUggUcChGQxuJn5zCFKxWDzoUQJ+RHqCdRkl2kgd+9ATJOAEezSMNfaGQLPb8ZXTsUtO2ZkCLxI3JyWUo9axv7wwpmkEQlNOlGq7TqL9jEjNKIdx0UsVJIQOSA/ahgoSgfKz6f1jfGKUEHdjaUpoPFV/T2QkUmoUBaYzIrqv5r2J+J/XTnX30s+YSFINgs4WdVOOdYwnYeCQSaCajwwhVDJzK6Z9IgnVJrKiCcGdf3mRNM7K7nm5cl8pVa/zOAroCB2jU+SiC1RFd6iG6oiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8//3qVdA==</latexit>

→ · ωE = 0

(source free)

Applied dc 
magnetic field This is the experimental signature! 

We’re looking for signals induced by this 
effective current

This acts as an effective current density:

<latexit sha1_base64="1rUBoxoj7IKy/OAtygJarReB+fg="></latexit>

ωJe!(x, t) = gaωω
√

2εDM cos (mat) ωBdc(x)

Axion mass is 
unknown
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DMRadio
Ongoing implementation Designs of next generation

Dark matter Dark matter axionsStrong CP problem

DMRadio-50L DMRadio-Core,    
 DMRadio-GUT

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

Axion-Standard 
Model interactions
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DMRadio collaboration



DMRadio basics: circuit model formalism
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Create dc magnetic field, e.g. toroidal magnet

Axion current oscillates along magnetic field lines

At frequencies where wavelength >> size of detector (i.e. lumped element regime)

<latexit sha1_base64="1rUBoxoj7IKy/OAtygJarReB+fg="></latexit>

ωJe!(x, t) = gaωω
√

2εDM cos (mat) ωBdc(x)

Geometry of DMRadio-50L
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Create dc magnetic field, e.g. toroidal magnet

Axion current oscillates along magnetic field lines
<latexit sha1_base64="1rUBoxoj7IKy/OAtygJarReB+fg="></latexit>

ωJe!(x, t) = gaωω
√

2εDM cos (mat) ωBdc(x)

At frequencies where wavelength >> size of detector (i.e. lumped element regime)

Geometry of DMRadio-50L
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Create dc magnetic field, e.g. toroidal magnet

Axion current oscillates along magnetic field lines

This acts as a current source in series 

with an inductor

There is no electron current flowing here, just induced fields that resemble 

those of an electron current

<latexit sha1_base64="1rUBoxoj7IKy/OAtygJarReB+fg="></latexit>

ωJe!(x, t) = gaωω
√

2εDM cos (mat) ωBdc(x)

At frequencies where wavelength >> size of detector (i.e. lumped element regime)

Geometry of DMRadio-50L
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<latexit sha1_base64="lLeysk9q1gDkJtgrKpWEVPPV1fI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtKXLkvduKxgH9CEMplM26GTSZi5EUvob7hxoYhbf8adf+P0IVTRAxcO59zLvfcEieAaHOfTWlvf2Nzazu3kd/f2Dw4LR8dtHaeKshaNRay6AdFMcMlawEGwbqIYiQLBOsH4euZ37pnSPJZ3MEmYH5Gh5ANOCRjJa/Q9YA+QcRlO+4WiaztzYMcuVUtlp2ZI2a24ThV/W0W0RLNf+PDCmKYRk0AF0brnOgn4GVHAqWDTvJdqlhA6JkPWM1SSiGk/m988xedGCfEgVqYk4Lm6OpGRSOtJFJjOiMBI//Zm4l9eL4XBlW8eSlJgki4WDVKBIcazAHDIFaMgJoYQqri5FdMRUYSCiSm/GsL/pF2y3Zpdua0U641lHDl0is7QBXLRJaqjG9RELURRgh7RM3qxUuvJerXeFq1r1nLmBP2A9f4Flk+SEQ==</latexit>

Bind

Axion current induces ac magnetic field

Geometry of DMRadio-50L
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Pick up ac magnetic field using lumped inductor

<latexit sha1_base64="lLeysk9q1gDkJtgrKpWEVPPV1fI=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtKXLkvduKxgH9CEMplM26GTSZi5EUvob7hxoYhbf8adf+P0IVTRAxcO59zLvfcEieAaHOfTWlvf2Nzazu3kd/f2Dw4LR8dtHaeKshaNRay6AdFMcMlawEGwbqIYiQLBOsH4euZ37pnSPJZ3MEmYH5Gh5ANOCRjJa/Q9YA+QcRlO+4WiaztzYMcuVUtlp2ZI2a24ThV/W0W0RLNf+PDCmKYRk0AF0brnOgn4GVHAqWDTvJdqlhA6JkPWM1SSiGk/m988xedGCfEgVqYk4Lm6OpGRSOtJFJjOiMBI//Zm4l9eL4XBlW8eSlJgki4WDVKBIcazAHDIFaMgJoYQqri5FdMRUYSCiSm/GsL/pF2y3Zpdua0U641lHDl0is7QBXLRJaqjG9RELURRgh7RM3qxUuvJerXeFq1r1nLmBP2A9f4Flk+SEQ==</latexit>

Bind

Geometry of DMRadio-50L
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Pick up ac magnetic field using lumped inductor

Turn into LC oscillator by including capacitor in series. Current flowing in circuit 

enhanced by quality factor

Pick up induced current using flux-to-voltage amplifier, e.g. dc SQUID, 

radiofrequency quantum upconverter

 

Geometry of DMRadio-50L



Current state of axion searches
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Weaker signals

Benchmark models (solve CP and DM problem)



Current state of axion searches
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Direct detection does not rely 

on axions being the dark matter

<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω
<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω



Current state of axion searches

42

Direct detection does not rely 

on axions being the dark matter

<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω
<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω

Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM
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Direct detection does not rely 

on axions being the dark matter

<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω
<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>gaωω

Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM



DMRadio goals
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Ultimate DMRadio goal: 

Searching for neV QCD axion

Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM
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Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM

DMRadio-GUT: The ultimate axion experiment 

searching for neV axions at DFSZ.

This requires: sub-SQL sensors, large volumes, 

strong magnetic fields



DMRadio suite of experiments
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DMRadio-GUT: ultimate future 

axion experiment

Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM

DMRadio-50L: experiment currently being 

commissioned. First tunable LC DM axion 

experiment. 

Pathfinder for DMRadio-GUT.

Testbed for sub-SQL sensors
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47

DMRadio-GUT: ultimate future 

axion experiment

DMRadio-50L: currently commissioning. 

Pathfinder for DMRadio-GUT

Haloscopes need to pick a <latexit sha1_base64="L7ZknhmnFUfdU630R6GG+ojzQsA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8hc0akngL6sGLEME8ILuG2clsMmT2wUyvGpb8hxcPinj1X7z5N85uIqhoQUNR1U13lxsJrsA0P4yFxaXlldXcWn59Y3Nru7Cz21ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHZ+lfueWScXD4BomEXN8Mgy4xykBLd3YchT2bWD3kJxfTvuFolmqm5Z1UsWaHJtV00pJLVPKJTNDEc3R7Bfe7UFIY58FQAVRqlc2I3ASIoFTwaZ5O1YsInRMhqynaUB8ppwku3qKD7UywF4odQWAM/X7REJ8pSa+qzt9AiP120vFv7xeDF7dSXgQxcACOlvkxQJDiNMI8IBLRkFMNCFUcn0rpiMiCQUdVF6H8PUp/p+0rVK5WqpcVYqN03kcObSPDtARKqMaaqAL1EQtRJFED+gJPRt3xqPxYrzOWheM+cwe+gHj7RNIaJMN</latexit>ωDM

DMRadio-Core: A high frequency near-

term DMRadio experiment. 

Implementation of new geometry that 

vastly simplifies construction of such 

experiments
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Signal frequencykHz MHz GHz THz

Temperature
mK KμK 1000 K

Thermal occupation and quantum noise
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<latexit sha1_base64="xu74aIrxHTH1fKVSdcHnCDgo3Cg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLUjcsKfUETwmQ6SYfOTMLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89Ycqo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr5JMYtLDCUvkMESKMCpIT1PNyDCVBPGQkUE4vZv7g0ciFU1EV+cp8TmKBY0oRtpIgV2fBu2uF8fQm4RIegknMQrshtN0FoDrxC1JA5ToBPaXN05wxonQmCGlRq6Tar9AUlPMyKzmZYqkCE9RTEaGCsSJ8ovF8TN4bpQxjBJpSmi4UH9PFIgrlfPQdHKkJ2rVm4v/eaNMR7d+QUWaaSLwclGUMagTOE8CjqkkWLPcEIQlNbdCPEESYW3yqpkQ3NWX10n/suleN68erhqtdhlHFZyCM3ABXHADWuAedEAPYJCDZ/AK3qwn68V6tz6WrRWrnKmDP7A+fwAqn5R6</latexit>

kBT → ⊋ω <latexit sha1_base64="CuxgOhoE+mDFxDCe1eAwm0xFFW4=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRS1GWpG5cV+oImhMl0mg6dR5iZCCUU/BU3LhRx63e482+ctllo64ELh3Pu5d574pRRbTzv21lb39jc2i7tlHf39g8O3aPjjpaZwqSNJZOqFyNNGBWkbahhpJcqgnjMSDce38387iNRmkrRMpOUhBwlgg4pRsZKkXsajGKkYCA5SRAMkgSOo0Yrcite1ZsDrhK/IBVQoBm5X8FA4owTYTBDWvd9LzVhjpShmJFpOcg0SREeo4T0LRWIEx3m8/On8MIqAziUypYwcK7+nsgR13rCY9vJkRnpZW8m/uf1MzO8DXMq0swQgReLhhmDRsJZFnBAFcGGTSxBWFF7K8QjpBA2NrGyDcFffnmVdK6q/nW19lCr1BtFHCVwBs7BJfDBDaiDe9AEbYBBDp7BK3hznpwX5935WLSuOcXMCfgD5/MH5HCUzg==</latexit>

⊋ω → kBT

Classical/thermal regime. On-resonance noise is 

dominated by thermal photons

Ground state/quantum regime. 

Dominated by zero point fluctuations 

and amplifier noise

Signal frequencykHz MHz GHz THz

Temperature
mK KμK 1000 K

Thermal occupation and quantum noise

Operating at 100 mK



Thermal occupation and quantum noise
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<latexit sha1_base64="xu74aIrxHTH1fKVSdcHnCDgo3Cg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLUjcsKfUETwmQ6SYfOTMLMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89Ycqo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr5JMYtLDCUvkMESKMCpIT1PNyDCVBPGQkUE4vZv7g0ciFU1EV+cp8TmKBY0oRtpIgV2fBu2uF8fQm4RIegknMQrshtN0FoDrxC1JA5ToBPaXN05wxonQmCGlRq6Tar9AUlPMyKzmZYqkCE9RTEaGCsSJ8ovF8TN4bpQxjBJpSmi4UH9PFIgrlfPQdHKkJ2rVm4v/eaNMR7d+QUWaaSLwclGUMagTOE8CjqkkWLPcEIQlNbdCPEESYW3yqpkQ3NWX10n/suleN68erhqtdhlHFZyCM3ABXHADWuAedEAPYJCDZ/AK3qwn68V6tz6WrRWrnKmDP7A+fwAqn5R6</latexit>

kBT → ⊋ω <latexit sha1_base64="CuxgOhoE+mDFxDCe1eAwm0xFFW4=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRS1GWpG5cV+oImhMl0mg6dR5iZCCUU/BU3LhRx63e482+ctllo64ELh3Pu5d574pRRbTzv21lb39jc2i7tlHf39g8O3aPjjpaZwqSNJZOqFyNNGBWkbahhpJcqgnjMSDce38387iNRmkrRMpOUhBwlgg4pRsZKkXsajGKkYCA5SRAMkgSOo0Yrcite1ZsDrhK/IBVQoBm5X8FA4owTYTBDWvd9LzVhjpShmJFpOcg0SREeo4T0LRWIEx3m8/On8MIqAziUypYwcK7+nsgR13rCY9vJkRnpZW8m/uf1MzO8DXMq0swQgReLhhmDRsJZFnBAFcGGTSxBWFF7K8QjpBA2NrGyDcFffnmVdK6q/nW19lCr1BtFHCVwBs7BJfDBDaiDe9AEbYBBDp7BK3hznpwX5935WLSuOcXMCfgD5/MH5HCUzg==</latexit>

⊋ω → kBT

Classical/thermal regime. On-resonance noise is 

dominated by thermal photons

Ground state/quantum regime. 

Dominated by zero point fluctuations 

and amplifier noise

Operating at 100 mK

Signal frequencykHz MHz GHz THz

Temperature
mK KμK 1000 K

What role does quantum enhancement play in the 
thermal limit?



DMRadio: source and noise terms
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DMRadio: source and noise terms
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DMRadio: source and noise terms
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In this scenario, axion maintains constant SNR 
arbitrarily far detuned from resonance



DMRadio: source and noise terms
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DMRadio: source and noise terms
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Sensitivity bandwidth
Beyond this bandwidth, SNR drops
This sets scan rate of experiment



Resonator is in thermal limit and on-

resonance noise is dominated by 

thermal photons

BUT

Bandwidth over which the experiment is 

sensitive is determined by amplifier 

contributions

DMRadio: source and noise terms
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Sensitivity bandwidth
Beyond this bandwidth, SNR drops
This sets scan rate of experiment

This is much larger than 
resonator linewidth



Optimizing the sensitivity bandwidth
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What if we adjust coupling between 

resonator and amplifier?

Stronger coupling:

Increased backaction

Decreased imprecision

Weaker coupling:

Decreased backaction

Increased imprecision

In this case, the bandwidth 
is wider



Standard Quantum Limit
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An amplifier operating at the Standard Quantum Limit obeys

What techniques can we employ to evade it?

Widens sensitivity bandwidth, does not improve on-resonance SNR

Backaction evasion

Assuming no correlations

<latexit sha1_base64="Wn8f9V9fQniu0PVzqHSbuc2xvM4="></latexit>√
SV V,BASII,Imp → ⊋ω/2



Backaction evasion

59

Assume optimized bandwidth 
for SQL limited: 

<latexit sha1_base64="AtTs11O3m/PJp22qsv6ede9CfuE=">AAAB9XicbVDLSgNBEJyNrxhfUY9eFoPgKe6GoF6EoBePEcwDsjHMTnqTIfNYZmaVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7wphRbTzv28mtrK6tb+Q3C1vbO7t7xf2DppaJItAgkknVDrEGRgU0DDUM2rECzEMGrXB0M/Vbj6A0leLejGPocjwQNKIEGys9XAXDEKtAchjgs0qvWPLK3gzuMvEzUkIZ6r3iV9CXJOEgDGFY647vxaabYmUoYTApBImGGJMRHkDHUoE56G46u3rinlil70ZS2RLGnam/J1LMtR7z0HZybIZ60ZuK/3mdxESX3ZSKODEgyHxRlDDXSHcagdunCohhY0swUdTe6pIhVpgYG1TBhuAvvrxMmpWyf16u3lVLtessjjw6QsfoFPnoAtXQLaqjBiJIoWf0it6cJ+fFeXc+5q05J5s5RH/gfP4Aw5WSCw==</latexit>

= ⊋ω/2



Backaction evasion
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Assume optimized bandwidth 
for SQL limited: 

Sub-SQL operation:

Only quadrature of interest is shown and being measured. 
Unmeasured quadrature has worse performance (obeying 
Heisenberg)

<latexit sha1_base64="AtTs11O3m/PJp22qsv6ede9CfuE=">AAAB9XicbVDLSgNBEJyNrxhfUY9eFoPgKe6GoF6EoBePEcwDsjHMTnqTIfNYZmaVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7wphRbTzv28mtrK6tb+Q3C1vbO7t7xf2DppaJItAgkknVDrEGRgU0DDUM2rECzEMGrXB0M/Vbj6A0leLejGPocjwQNKIEGys9XAXDEKtAchjgs0qvWPLK3gzuMvEzUkIZ6r3iV9CXJOEgDGFY647vxaabYmUoYTApBImGGJMRHkDHUoE56G46u3rinlil70ZS2RLGnam/J1LMtR7z0HZybIZ60ZuK/3mdxESX3ZSKODEgyHxRlDDXSHcagdunCohhY0swUdTe6pIhVpgYG1TBhuAvvrxMmpWyf16u3lVLtessjjw6QsfoFPnoAtXQLaqjBiJIoWf0it6cJ+fFeXc+5q05J5s5RH/gfP4Aw5WSCw==</latexit>

= ⊋ω/2

<latexit sha1_base64="8ag/ooyIx2c4vc4Iiehumd6YlFA=">AAAB9XicbVDLSgNBEJyNrxhfUY9eFoPgKe6GoB48BL14jGAekI1hdtKbDJnHMjOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPdFcaMauN5305uZXVtfSO/Wdja3tndK+4fNLVMFIEGkUyqdog1MCqgYahh0I4VYB4yaIWjm6nfegSlqRT3ZhxDl+OBoBEl2Fjp4SoYhlgFksMAn1V6xZJX9mZwl4mfkRLKUO8Vv4K+JAkHYQjDWnd8LzbdFCtDCYNJIUg0xJiM8AA6lgrMQXfT2dUT98QqfTeSypYw7kz9PZFirvWYh7aTYzPUi95U/M/rJCa67KZUxIkBQeaLooS5RrrTCNw+VUAMG1uCiaL2VpcMscLE2KAKNgR/8eVl0qyU/fNy9a5aql1nceTRETpGp8hHF6iGblEdNRBBCj2jV/TmPDkvzrvzMW/NOdnMIfoD5/MHwgSSCg==</latexit>

< ⊋ω/2



Backaction evasion
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Assume optimized bandwidth 
for SQL limited: 

Sub-SQL operation: Sub-SQL operation and 
enhanced bandwidth

Radiofrequency quantum upconverters (RQUs) enable 
backaction evasion

Irwin group at Stanford: Phys.Rev.Res. 7 (2025) 1, 013281

Only quadrature of interest is shown and being measured. 
Unmeasured quadrature has worse performance (obeying 
Heisenberg)

<latexit sha1_base64="AtTs11O3m/PJp22qsv6ede9CfuE=">AAAB9XicbVDLSgNBEJyNrxhfUY9eFoPgKe6GoF6EoBePEcwDsjHMTnqTIfNYZmaVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7wphRbTzv28mtrK6tb+Q3C1vbO7t7xf2DppaJItAgkknVDrEGRgU0DDUM2rECzEMGrXB0M/Vbj6A0leLejGPocjwQNKIEGys9XAXDEKtAchjgs0qvWPLK3gzuMvEzUkIZ6r3iV9CXJOEgDGFY647vxaabYmUoYTApBImGGJMRHkDHUoE56G46u3rinlil70ZS2RLGnam/J1LMtR7z0HZybIZ60ZuK/3mdxESX3ZSKODEgyHxRlDDXSHcagdunCohhY0swUdTe6pIhVpgYG1TBhuAvvrxMmpWyf16u3lVLtessjjw6QsfoFPnoAtXQLaqjBiJIoWf0it6cJ+fFeXc+5q05J5s5RH/gfP4Aw5WSCw==</latexit>

= ⊋ω/2

<latexit sha1_base64="8ag/ooyIx2c4vc4Iiehumd6YlFA=">AAAB9XicbVDLSgNBEJyNrxhfUY9eFoPgKe6GoB48BL14jGAekI1hdtKbDJnHMjOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPdFcaMauN5305uZXVtfSO/Wdja3tndK+4fNLVMFIEGkUyqdog1MCqgYahh0I4VYB4yaIWjm6nfegSlqRT3ZhxDl+OBoBEl2Fjp4SoYhlgFksMAn1V6xZJX9mZwl4mfkRLKUO8Vv4K+JAkHYQjDWnd8LzbdFCtDCYNJIUg0xJiM8AA6lgrMQXfT2dUT98QqfTeSypYw7kz9PZFirvWYh7aTYzPUi95U/M/rJCa67KZUxIkBQeaLooS5RrrTCNw+VUAMG1uCiaL2VpcMscLE2KAKNgR/8eVl0qyU/fNy9a5aql1nceTRETpGp8hHF6iGblEdNRBBCj2jV/TmPDkvzrvzMW/NOdnMIfoD5/MHwgSSCg==</latexit>

< ⊋ω/2



Outline
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DMRadio
Ongoing implementation Designs of next generation

Dark matter Dark matter axionsStrong CP problem

DMRadio-50L DMRadio-Core,    
 DMRadio-GUT

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>ω

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
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Axion-Standard 
Model interactions



DMRadio suite of experiments
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DMRadio-GUT: ultimate future 

axion experiment

DMRadio-50L: currently commissioning. 

Pathfinder for DMRadio-GUT
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DMRadio-Core: a high frequency 

experiment using a new geometry



DMRadio-50L
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DMRadio-50L

65

1 T toroidal magnet
(~50L in volume)

High Q, kHz resonator

dc SQUIDs 
(and RQUs)

Operating at cryogenic 
temperatures
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DMRadio-50L magnet
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46 cm diameter 50 cm height

4 K operation

0.9 T field

NbTi superconducting wire

Operating in persistent 
current mode

Magnet assembled, wound, and tested 
by Superconducting Systems Inc.



DMRadio-50L cryogenics
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Custom 4K cryostat attached to Bluefors Dilution Refrigerator

4K: Magnet

1K: Piezoelectric 

actuators

Base (~50 mK): 

Resonator & sensors



DMRadio-50L cryogenics

68

Cryogenics fully commissioned

Base temperature at science payload: 
~45 mK

1 K stage: > 700 mK

4 K stage: >3.3 K

without magnet

Next step: check how magnet and 
resonator load the system 

45 mK

1 K

arXiv:2606:xxxxx
Ankel et al

The Cryogenic System of 
DMRadio-50L



DMRadio-50L resonator
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Based off of work in Chaudhuri Group 
(Princeton). 

Highest measured Qs for kHz resonators: 
Q>2,000,000

Kolevatov, Chaudhuri, Page. Rev. Sci. Instrum. 97, 024503 (2026)

Target Q of ~1,000,000

Inductor in center of toroidal magnet that 
picks up ac magnetic fields attributed to 

axion

Begin with fixed capacitor

Cryogenic validation underway
Expected integration by July



DMRadio-50L sheath
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High Q res Resistive + dielectric loss 
from magnet couples into 

high Q resonator. 

This degrades the Q

Epoxy, non-SC 
aluminum, …



DMRadio-50L sheath

71

High Q res Resistive + dielectric loss 
from magnet couples into 

high Q resonator. 

This degrades the Q

Enclose magnet in superconducting Nb 
sheath. Slits + sleeves allow axion signal to 

propagate out while cutting off noise

Epoxy, non-SC 
aluminum, …



DMRadio-50L readout: SQUIDs + RQUs

72

Two stage dc SQUID 
readout. Operating at 
base temperature (50 

mK)

SQUIDs



DMRadio-50L readout: SQUIDs + RQUs

73

Two stage dc SQUID 
readout. Operating at 
base temperature (50 

mK)

SQUIDs Radiofrequency Quantum Upconverters (RQUs)

SQL evading 
techniques through 
backaction evasion



DMRadio-50L next steps

74

Resonator 
integration

Magnet 
integration

First science 
data soon

Data Acquisition validation



Outline

75

DMRadio
Ongoing implementation Designs of next generation

Dark matter Dark matter axionsStrong CP problem

DMRadio-50L DMRadio-Core,    
 DMRadio-GUT
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Axion-Standard 
Model interactions



A higher frequency, more sensitive experiment
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How do we quantify how “good” an 
experiment is?
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A higher frequency, more sensitive experiment
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t = t1

How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?
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A higher frequency, more sensitive experiment
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t = t2
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How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?
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t = t3

How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?
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t = t1

How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?
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t = t2

f

How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?
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t = t3

How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?



A higher frequency, more sensitive experiment
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How do we quantify how “good” an 
experiment is?

Define the “scan rate”

How quickly can the resonator be 
scanned such that we conclude whether 

an axion is there at a given coupling?

f
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SNR2ϑ

Want: stronger magnets, higher volumes, higher Qs, 
lower noise amplifiers!

Scaling for a constant 
geometry that’s scaled 

linearly in all dimensions
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Larger volumes, stronger magnets. New geometries?
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Larger volumes, stronger magnets. New geometries?
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Core geometry is optimal! This wasn’t appreciated until recently

   First focus on    DMRadio-m3      which uses solenoidal geometry

Ma
gn
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Comparing geometries and introducing Core geometry
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Fully enclosed magnetic fields 

Straightforward implementation of 

superconducting components

Toroidal magnets are harder to build

Toroidal geometry does not have 

good scaling for larger experiments 

Ma
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Fully enclosed magnetic fields 

Straightforward implementation of 

superconducting components

Toroidal magnets are harder to build

Toroidal geometry does not have 

good scaling for larger experiments 

Solenoidal magnets are easier

Very high stored magnet energy

Non-natural use of superconducting 

elements 

Comparing geometries and introducing Core geometry
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Magn
et
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Fully enclosed magnetic fields 

Straightforward implementation of 

superconducting components

Toroidal magnets are harder to build

Toroidal geometry does not have 

good scaling for larger experiments 

Smaller bore solenoidal magnets

Lower magnet energy

Natural use of superconducting elements

Solenoidal magnets are easier

Very high stored magnet energy

Non-natural use of superconducting 

elements 

Comparing geometries and introducing Core geometry

Ma
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Magn
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Fully enclosed magnetic fields 

Straightforward implementation of 

superconducting components

Toroidal magnets are harder to build

Toroidal geometry does not have 

good scaling for larger experiments 

Smaller bore solenoidal magnets

Lower magnet energy

Natural use of superconducting elements

Solenoidal magnets are easier

Very high stored magnet energy

Non-natural use of superconducting 

elements 

Comparing geometries and introducing Core geometry

The core geometry is ideal for next 
gen DMRadio experiments



Solenoidal magnets and pickup geometries
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.

Axion current produces ac magnetic field inside 

and outside the solenoidal magnet

arXiv: 2604.16602

For an infinite solenoid



Solenoidal magnets and pickup geometries
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Couple to Bax ~1/r outside of magnet by placing 

magnet inside the core of a coaxial pickup.

Design magnet such that this region is in low dc 

field à superconducting pickup and electronics

Axion current produces ac magnetic field inside 

and outside the solenoidal magnet

This is the DMRadio-Core geometry 

arXiv: 2604.16602

For an infinite solenoid



Optimal pickup geometry
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Optimal pickup geometries uses closed pickup structure intersecting magnetic 

field lines
Relies on effect of bulk electron 

shuttling

Measure induced ac B-fields

arXiv: 2604.16602



Optimal pickup geometry

93

Optimal pickup geometries uses closed pickup structure intersecting magnetic 

field lines
Relies on effect of bulk electron 

shuttling
Superconducting

Copper

Measure induced ac B-fields

arXiv: 2604.16602



Stackable pickups
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Pickups can be stacked vertically and 

their voltages added

This geometry is the backbone of 

DMRadio-Core and the DMRadio-

GUT

arXiv: 2604.16602



DMRadio-Core

95

Solenoidal magnets are easier to employ than toroidal

~10x lower magnet stored energy compared to DMRadio-m3

Pickups are superconducting

Superconducting readout elements

Much more efficient coupling to axion signal

LDRD submitted recently at SLAC

arXiv: 2604.16602



1 0.5 0 0.5 1
r [m]

°1.5

°1.0

°0.5

0.0

0.5

1.0

1.5

z
[m

]

1

2

3

4

5

M
ag

ne
ti

c
F
ie

ld
[T

]

DMRadio-Core Sensitivity

96

Eight pickups of two different sizes à avoids cavity modes

Using optimized dc SQUIDs (see Ankel et al. J.Appl.Phys. (2025) )

Q=106 

5T peak field, 60 cm bore, 
9 segments, 2.9 m length

arXiv: 2604.16602



DMRadio-Core Sensitivity

97

Eight pickups of two different sizes à avoids cavity modes

Using optimized dc SQUIDs (see Ankel et al. J.Appl.Phys. (2025) )

Q=106 

70-140 MHz DFSZ sensitivity, SNR = 3

0.75 yr live time

arXiv: 2604.16602



Towards a GUT scale axion experiment
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Requirements for DMRadio-GUT
DFSZ axions down to 100 kHz

Sub-SQL sensors

sub-SQL sensors at kHz frequencies with 

noise temperature ~0.1 x hf 

Radiofrequency quantum upconverters

To be employed in DMRadio-50L

High Q resonators Advanced magnet technologies
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DFSZ axions down to 100 kHz

Sub-SQL sensors

sub-SQL sensors at kHz frequencies with 

noise temperature ~0.1 x hf 

Radiofrequency quantum upconverters

To be employed in DMRadio-50L

High Q resonators

LC resonators with quality factor of 

~107. Current record at 2x106
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Requirements for DMRadio-GUT
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Requirements for DMRadio-GUT
DFSZ axions down to 100 kHz

High Q resonators

LC resonators with quality factor of 

~107. Current record at 2x106
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Advanced magnet technologies

Requirements of >10 T magnetic fields. 

R&D required for development of large 

high-field magnets 

Sub-SQL sensors

sub-SQL sensors at kHz frequencies with 

noise temperature ~0.1 x hf 

Radiofrequency quantum upconverters

To be employed in DMRadio-50L
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Requirements for DMRadio-GUT
DFSZ axions down to 100 kHz

Sub-SQL sensors

sub-SQL sensors at kHz frequencies with 

noise temperature ~0.1 x hf 

Radiofrequency quantum upconverters

To be employed in DMRadio-50L

High Q resonators

LC resonators with quality factor of 

~107. Current record at 2x106
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Advanced magnet technologies

Requirements of >10 T magnetic fields. 

R&D required for development of large 

high-field magnets 

Core Geometry
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DMRadio-GUT: preliminary design
DFSZ axions down to 100 kHz

8.5 m tall, 18 T magnet

Sub-SQL sensors

2.2 year live time

First design of DMRadio-GUT geometry
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Recap
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Recap: DMRadio-50L

Ongoing commissioning at 
Stanford.

Poised to take data soon
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Recap: the DMRadio program

Much more efficient coupling to axion signal

New Core geometry reduces magnet energy to 10% of 
previous solenoidal designs

Supported by SLAC
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Recap: the DMRadio program

2 0 2
r [m]

°4

°2

0

2

4

z
[m

]

0

6

12

18

M
ag

ne
ti

c
F
ie

ld
[T

]

First design of experiment that can achieve 
sensitivity to neV axions at DFSZ
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Thank you!


