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this talk is too light
(and not dark enough)

this talk is too dark
(and way too heavy)

this talk is just right
(meV axion direct detection)
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Let’s think about axions

6

Axion Fact Sheet
~~~~~universal~~~~~

•  QUANTUM = boson
•  SPIN = 0
•  CHARGE = 0 
•  COLOR = 0 

~~~~~model dependent~~~~~
•  MASS = ultralight (µeV-meV)
•  INTERACTIONS = feeble

è  hard to detect
•  LIFETIME = cosmological
      è  could be dark matter
•  MOTIVATION = it varies
      è  strong CP / string axiverse / etc
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Let’s suppose that axions are dark matter

7

modeling non-relativistic DM:
~homogeneous axion field

[https://phys.org/news/2019-05-dark-axions-black-holes-reveal.html
[illustration:  ESO / L. Calda]

axion dark matter :
by the numbers

<latexit sha1_base64="2fEDxKz8vMSuYkXupN6h9p2mtQ4="></latexit>

ωdm → 0.3GeV/cm3

<latexit sha1_base64="feqX7u7iM8CJv4awgg6mS7eV6Hg="></latexit>

ndm →
(
0.3µm→3

)(
mdm/meV

)→1

you hold ~10 trillion meV axions in your hand

(near our solar system)
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<latexit sha1_base64="x13p3GTcV44Fq0daUvqp2CHq/2c=">AAABlnicZY7NSsNAFIXv1L9a/6JuBDfBbFxITUr9WUlBRHFVwbQFU8Jkeq1DZ5JhZlosJU/i07jVJ/BttJoubM/q45x7OSdRghvr+1+ktLS8srpWXq9sbG5t7zi7ey2TDTXDkGUi052EGhQ8xdByK7CjNFKZCGwng+tp3h6hNjxLH+1YYVfSfsqfOaP2x4qds1EcSWpftJz0ZO5GVCmdvbq1mu9GJ+4sGsj8dMYGWR47nl/1f+UuQlCAB4WasXMf9TI2lJhaJqgxT4GvbHdCteVMYF6JhgYVZQPax4kcF2TmfYtamml5MF+1CK1aNTiv1h/qXuOymFGGQziCYwjgAhpwB00IgcEbvMMHfJIDckVuyO3faYkUP/vwT6T5DfmQbJY=</latexit>

vdm → 220 km/sec

<latexit sha1_base64="65qB0K816wHnCKeEkXWomCd0HkM=">AAABk3icZY7LSgMxFIZP6q3W26i4chPspsVSZkpRQYSiLkQQKtgLmDKcibENTWaGJC2U0vfwadzqK/g2Vp2N7bf6+M85/CdKlbTO979IbmV1bX0jv1nY2t7Z3fP2D9o2GRkuWjxRielGaIWSsWg56ZTopkagjpToRMObn3lnLIyVSfzkJqnoaezH8lVydPMo9GpYmrJIUzOruDK9ohj6lFUo44ktsUSLPoZIHT2lbIwmHcgQy6FX9Kv+L3RZgkyKkNEMvXv2kvCRFrHjCq19DvzU9aZonORKzApsZEWKfIh9MdWTzOxi7oTRdjYvDxarlqVdqwZn1fpjvdi4yN7IwzGcQAkCOIcG3EETWsDhDd7hAz7JEbkk1+T2bzVHsptD+Ad5+Ab81Whf</latexit>

a(r, t) = a0 cos(ωat+ εa)
<latexit sha1_base64="O+QA1uqQlfQYxtl27R5GdU9tieY=">AAAByHicZU7LTsMwENyUVymvAEcuFr0UCYWkiuCEVIlL1VOR+pJwFTnGDVbjxrJdIES58H98AN/BFSTaEg5t5zQ7O7OzoYy5Nq77aZU2Nre2d8q7lb39g8Mj+/ikp5OpoqxLkzhRg5BoFvMJ6xpuYjaQihERxqwfju/m+/4zU5onk45JJRsKEk34iFNiZlJgR6OAoAwvDmWRIml+i3AiWERm+hWqY8lzhImUKnlFrlP3Eb5EWBDzpETWab7l83kpj2piEf03CdbLL/LArrqOuwBaJ15BqlCgHdgt/JjQqWATQ2Oi9YPnSjPMiDKcxiyv4KlmktAxiVgm0oLpVd0wJfS83FutWie9uuNdO/69X234xRtlOINzqIEHN9CAJrShCxQ+4Au+4cdqWdJ6sdI/a8kqMqewBOv9F4iHft4=</latexit>

fa= ωa/2ε → 0.24THz (ma/meV)
<latexit sha1_base64="VyPWmKwOOYW00EcE2Xgsk9C5EZs=">AAAB6nicZY7NTsJAFIVn8A/xr2pcmehENpho6RDUlQmJG+MKEykkDjbTYYSGmbbODEbS9AHcujNufSmfwleQQjfC2dyT+91z7/VjEWjjOD+wsLS8srpWXC9tbG5t71i7e66ORorxFotEpDo+1VwEIW+ZwAjeiRWn0he87Q9vMt5+5UoHUfhgxjHvStoPg+eAUTNpedY79RyUkOmipK/oOEXXiOgXZZIaImoQeTRFVSSzQmgcq+gNYftiwriLyNlctDJLTAJTQyQ1AyWTnkxPnxJcrU0m5AznRHI3Q+c4TT2r7NjOVGjR4NyUQa6mZ92RXsRGkoeGCar1I3Zi002oMgETPC2RkeYxZUPa54kc507P9w1XUmfH8fypRePWbHxp1+/r5UY9f6MIDsEJqAAMrkAD3IImaAEGfuEBPILHUMAP+Am/ZqMFmGf2wT/B7z++14im</latexit>

a0=
√

2ωa/ma → 1.52 eV (ωa/ωdm)
1/2(ma/meV)→1

<latexit sha1_base64="84RzZ7HiyDxZBUkDI/3Nz9/HXsI=">AAAB8XicZU7LSsNAFJ3xWesr6lIXg0WpoG1Sgq6EghtxVcE+wNQwmY7t0JlkmJkGS8g/uHUnbv0if8S1TQ2Ftmd17jn33HMDyZk2tv0DV1bX1jc2C1vF7Z3dvX3r4LClo5EitEkiHqlOgDXlLKRNwwynHakoFgGn7WB4l/ntmCrNovDJjCXtCtwP2Ssj2Ewk33rnviewGSiRkGiQosSb3kz6Co9TdItqnmSoioSPUezjFHlYShW9IbeGvEs0i4o0G+fD5SxURbMlQVvpxUty5UyseGrFs+6eyK3Ut0p2xZ4CLRMnJyWQo+FbD14vIiNBQ0M41vrZsaXpJlgZRjhNi95IU4nJEPdpIsY504u6oUrorNxZrFomrVrFua64j26p7uZvFMAxOAVl4IAbUAf3oAGagIBfeALP4DnU8AN+wq//1RWYZ47AHOD3H7rJjDI=</latexit>

lcoh= 2ω/mava → 42 cm (ma/meV)→1(va/vdm)
→1

<latexit sha1_base64="JZyARvGDjSVBSXU73KhC1C8m5Zw=">AAAB9XicZU7LTsJAFJ3BF+Kr6tLNRDZgtLQN0bgwIXFjXGEij8RCMx1GmNBpm5lplTT9C7fujFu/x19xJdRiApzVuefce851Q49JZRjfsLC2vrG5Vdwu7ezu7R9oh0dtGUSC0BYJvEB0XSypx3zaUkx5tBsKirnr0Y47vp35nZgKyQL/UU1C2uN46LNnRrCaSo72phybYzUSPCHBKEWJnWUmQ4EnKbpBlh0yVEPcwSh2cN9KkY3DUASvyNSvkX2ObB7NA2Q6nRcDKrPDGkLzFU7babWfXJhTK86s+L9/wDPLSlNHKxu6kQGtEjMnZZCj6Wj39iAgEae+Ih6W8sk0QtVLsFCMeDQt2ZGkISZjPKQJn+RMLuuKCi5n5eZy1SppW7p5qdcf6uVGPX+jCE7AKagAE1yBBrgDTdACBPxABKvwDL7Ad/gBP/9WCzC/OQYLgF+/q02N5g==</latexit>

tcoh= 2ω/mav
2
a → 1.9µs (ma/meV)→1(va/vdm)

→2



For this talk, let’s focus on ma = 0.5 – 5 meV.

What makes meV axions so interesting?

Let’s think about production!
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Let’s make axions from misalignment

9

[graphic:  Shifman’s book]
[O’Hare review, 2403.17697]

initially away from zero: relaxes & oscillates around zero:

<latexit sha1_base64="oG33GM0uHS9ACCWp0JNL2f/nDlI=">AAABz3icZY5LTwIxFIVbQEV8jbp0M5ENLhxnEGFLdGPcCIk8EguTTi1DQzvTtEUlkzFu/X9u/CuuBJnECGf13XvOzbmB5Ewb1/2CuXxhY3OruF3a2d3bP7AOj7o6nipCOyTmseoHWFPOItoxzHDal4piEXDaCyY3C7/3TJVmcfRgZpIOBA4jNmIEm/nKtyJ0L2iIfWyPh1UbYSlV/Gq7jjcfAhaGvGKjkcIkQWZMDfZZmiDJ0qWpzoarMeHjNHEd9+rSRoJ2/4LJeeOinvpWeW7+yl4HL4MyyNTyrTv0FJOpoJEhHGv96LnSDBKsDCOcpiU01VRiMsEhTcQsI726N1QJvSj3VqvWoVt1vLpTa9fKzevsjSI4AaegAjzQAE1wC1qgAwj4BN8wDwuwDV/gG3xfRnMwuzkG/wQ/fgBmMn6G</latexit>

!ah
2 → 0.12

(
ωi
ε

)2( ma

0.053 meV

)→7/6

meV-scale mass
= 

misalignment production 
(nearly) saturates DM

relic abundance:
(for a QCD axion)

<latexit sha1_base64="/W5XkPcFJrLVbdTHaihQiKxxHxg=">AAACQ3icbZDLSsNAFIZPvNZ6q7p0M1gEQaiJiLoRCm5cKthaaEqYTCd2cCYJMydCCXkIn8atLnwIn8GduBWctlnY6oFhfr5z5Q9TKQy67rszN7+wuLRcWamurq1vbNa2ttsmyTTjLZbIRHdCargUMW+hQMk7qeZUhZLfhQ+Xo/zdI9dGJPEtDlPeU/Q+FpFgFC0Kaoe5Px6SW85jpEXuh4r4OOBIA1GQC2I/ckSigBZBre423HGQv8IrRR3KuA62HPD7CcuUncwkNabruSn2cqpRMMmLqp8ZnlL2YHd3rYyp4qaXjw8qyL4lfRIl2r4YyZj+7sipMmaoQlupKA7MbG4E/8t1M4zOe7mI0wx5zCaLokwSTMjIItIXmjOUQyso08LeStiAasrQGjm1RQ1LZYoZbkuVhVXrmTfr0F/RPm54p42Tm5N686p0rwK7sAcH4MEZNOEKrqEFDJ7gGV7g1XlzPpxP52tSOueUPTswFc73D1hPsLE=</latexit>

ωi = ai/fa

model building = Co, Gonzalez, & Harigaya, 1812.11192
phneo consequences = Arvanitaki et. al. 1909.11665
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Let’s make axions from defect networks

10

[graphic:  Minho Son, Dark World 2025]
[Kim, Park, Son, 2402.00741]

Figure 16: The analytic prediction of the axion abundance from strings with respect to the misalign-
ment with ω0 = 1 as a function of εω for varying x0 while logω = 64 and ϑ = 8 are fixed. The solid lines
correspond to those obtained with the IR momentum cuto! of kIR = x0H

→
εω whereas the dashed ones

are those with x0H. cn = 1.35, cV = 0.13, cm = 2.08 and cn
→ = 2.81 were taken from [14]. The right

panel is a zoomed-in version of the left one, and the color coding is the same as those in the left panel.

8.1 Bound on axion mass

The number of strings per Hubble patch around time log
ω
= 64 similarly to [14] is estimated from

our simulation result, and they are ωω = 13.4 (fat-string pre-evolution) and ωω = 16.6 (thermal

pre-evolution). Adopting fit values cn = 1.35, cV = 0.13, cm = 2.08 and cn→ = 2.81 from [14]

and setting ε = 8, the axion abundance with respect to the misalignment mechanism with

the unit angle, given in Eq. (75) along with Eq. (76) in Appendix E, can be estimated to give

(nstr,q>1

a
/nmis,ε0=1

a
)|tω ↑ 119 (fat-string pre-evolution) and (nstr,q>1

a
/nmis,ε0=1

a
)|tω ↑ 134 (thermal

pre-evolution) with the choice of x0 = 10 as an illustration. While analytic predictions as a

function of ωω for di!erent IR cuto!s kIR (with varying x0) is illustrated in Fig. 16, more general

expressions are given in Appendix E. The lower bound on the axion mass can be derived by

requiring that the axion dark matter abundance does not exceed the currently observed value.

Taking the reference value ”mis

a
h2

↓ 0.12 (28µeV/ma)
7/6 in the post-inflationary scenario as

in [14] where we assume ↔ϑ2
0
↗ ↑ 5 for translating it to ”mis,ε0=1

a
h2 9,

”str

a
h2

↓
nstr,q>1

a

nmis,ε0=1

a

”mis,ε0=1

a
h2

↘ 0.12 ≃






ma ↭ 420 (µeV) : fat-string pre-evolution

ma ↭ 470 (µeV) : thermal pre-evolution .
(21)

Using ma ↓ 5.7µeV(1012 GeV/(fa/NW )) [57], fa/NW ↘ 1.3⇐1010GeV (fat-string pre-evolution)

and fa/NW ↘ 1.1⇐ 1010GeV (thermal pre-evolution) for QCD axions are derived.

9The precise estimate of the contribution from the misalignment [7, 56, 57] amounts to shifting the bound.

26
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) *̇

) + () &* ) + (
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) + () &+ ) + ' +

+ +)
),*)

+ +
,*

*̇) + &* )

)× $
) *̇

) : stored in axions : stored in radial modes

3D volume (spatial) average

K- = K./. − K0 − K1
String energy density

oscillating loops of axion string are little 
“antennas” radiating axion particles

<latexit sha1_base64="6J8TflLLxf6yZv7cP1Soc+jM/pU=">AAABcHicZY7NSsNAFIXv1L9af5rqRnBhNRtxEZJStMuCG3FVwbQFU8Jkei1DJ5kwMxFKyJO41YfyNXwCbZ2N7Vl9nHPvPTfJBdfG979IbWt7Z3evvt84ODw6bjqtk6GWhWIYMimkGidUo+AZhoYbgeNcIU0TgaNkfr/MR2+oNJfZs1nkOEnpLOOvnFHza8VOs4xWR0qF06pNq9hxfc9fqb0JgQUXrAax8xhNJStSzAwTVOuXwM/NpKTKcCawakSFxpyyOZ1hmS4s6XXfoEr1sjxYr9qEYccLbr3uU9ft9+wbdTiHK7iGAO6gDw8wgBAYFPAOH/AJ3+SMXJDLv9EasTun8E/k5gciQl4v</latexit>a

<latexit sha1_base64="6J8TflLLxf6yZv7cP1Soc+jM/pU=">AAABcHicZY7NSsNAFIXv1L9af5rqRnBhNRtxEZJStMuCG3FVwbQFU8Jkei1DJ5kwMxFKyJO41YfyNXwCbZ2N7Vl9nHPvPTfJBdfG979IbWt7Z3evvt84ODw6bjqtk6GWhWIYMimkGidUo+AZhoYbgeNcIU0TgaNkfr/MR2+oNJfZs1nkOEnpLOOvnFHza8VOs4xWR0qF06pNq9hxfc9fqb0JgQUXrAax8xhNJStSzAwTVOuXwM/NpKTKcCawakSFxpyyOZ1hmS4s6XXfoEr1sjxYr9qEYccLbr3uU9ft9+wbdTiHK7iGAO6gDw8wgBAYFPAOH/AJ3+SMXJDLv9EasTun8E/k5gciQl4v</latexit>a

<latexit sha1_base64="6J8TflLLxf6yZv7cP1Soc+jM/pU=">AAABcHicZY7NSsNAFIXv1L9af5rqRnBhNRtxEZJStMuCG3FVwbQFU8Jkei1DJ5kwMxFKyJO41YfyNXwCbZ2N7Vl9nHPvPTfJBdfG979IbWt7Z3evvt84ODw6bjqtk6GWhWIYMimkGidUo+AZhoYbgeNcIU0TgaNkfr/MR2+oNJfZs1nkOEnpLOOvnFHza8VOs4xWR0qF06pNq9hxfc9fqb0JgQUXrAax8xhNJStSzAwTVOuXwM/NpKTKcCawakSFxpyyOZ1hmS4s6XXfoEr1sjxYr9qEYccLbr3uU9ft9+wbdTiHK7iGAO6gDw8wgBAYFPAOH/AJ3+SMXJDLv9EasTun8E/k5gciQl4v</latexit>a

meV-scale mass   =    axion string production saturates DM
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What’s the experimental status

of searches for meV axion dark matter?
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Let’s look at the big picture

The meV Gap

there is a lack of 
coverage to axion dark 

matter at the meV 
mass scale

[graphic:  Ciran O’Hare]
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Let’s understand why meV is challenging

• THz photodetection is tough --- This frequency of EM radiation falls into the gap 
between detector technologies that optimize for either wave-like or particle-like light

• THz resonance is tough --- In general, there is a lack of low-loss, tunable natural 
THz resonant materials (e.g, phonons, plasmons, etc.).

• THz tuning is tough --- Mechanical tuning (needed for scanning across axion 
masses) is harder to implement at shorter wavelengths.  

• SQWARE’s secret ingredient --- designer (“bespoke”) composite material 
(heterostructure) that allows magnetoplasmonic resonance at THz.  Well-studied 
in the solid state community but new in axions.
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photo-
detector

magnetic field

axion
field

electric
field

op
tio

na
l m

irr
or

focusercavity

W

MQW

W

D

induces
axion to
photon

conversion

tunes ENZ

Terahertz-Radiometer for AXions (T-RAX)

Employing advanced THz technology for detecting axion DM.

Andrey Baydin  
(Rice)

Henry Everitt  
(Rice)

Shengxi Huang  
(Rice)

Junichiro Kono  
(Rice)

Andrew Long 
(Rice)

Michael Manfra 
(Purdue) 

Kuver Sinha  
(Oklahoma)

Jaanita Mehrani  
(Rice)

2

Tao Xu
(Oklahoma)

lead author

Semiconductor Quantum Well Axion 
Radiometer Experiment
   è  multiple quantum well structure
   è  forms magnetoplasmonic cavity
   è  vary orientation of applied B-field
   è  tunable ENZ point to scan axion masses

[2509.14320 & PRL]

Let’s meet the team

cross-disciplinary collaboration
   è  particle physics expertise:  AL, Sinha, Xu
   è  everybody else are solid state experimentalists 
working in Rice’s Smalley-Curl Institute and/or the 
Rice Center for Quantum Materials
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So, how does it work?  

How are we going to detect 
these juicy meV dark axions?
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Let’s turn the darkness into light

<latexit sha1_base64="4jmZ95YZo4F1aUDtXC42piCLP90=">AAABtnicZY5NS8NAEIYn9avWr6hHL8FevFgSKdqLUBCK9FTBtAW3DZvtGJbuJkt2I5SQX+Yv8ehV/4SpBqTte5h5mI93JlSCa+O6H1Zta3tnd6++3zg4PDo+sU/PhjrJUoY+S0SSjkOqUfAYfcONwLFKkcpQ4CicPyz7ozdMNU/iZ7NQOJE0ivkrZ9SUpcD2iaKp4VQERGZOb5qXicRZ4dw7/WkJzrUTBTklEZWyioVDDBczzHvF//iKDQ3spttyf+VsgldBEyoNArtPZgnLJMaGCar1i+cqM8mXnkxg0SCZRkXZnEaYy0VFer1uMJW6KI9766c2YXjT8m5b7ad2s9up3qjDBVzCFXhwB114hAH4wOAdPuELvq2ONbXQiv5Ga1a1cw4rstQPeeh5uA==</latexit>

ωµF
µω = Jω → gaεεF̃

µωωµa

assume:
axions interact with electromagnetism

Maxwell’s equation:
gets a new “source” term

<latexit sha1_base64="X73cS0z1NFr19Uuf/3t3T5D34SY=">AAABmnicZY65TsNAEIbH4QrhMlBCYZGGBmsXReEQRSANRxNELgkHa70M1iq7tuXdICLLz8LT0ELN25CAG5J/pNGnf2b0T5BIoQ0h31ZpYXFpeaW8Wllb39jcsrd3ujoepRw7PJZx2g+YRiki7BhhJPaTFJkKJPaCYXM6771iqkUctc04wYFiYSReBGdmYvn2mWfwzWTNy4f2ee54kwr9jHkhU6rouXPhELdedzwjFGqHkqfsiJLct6vEJb9y5oEWUIVCLd++9Z5jPlIYGS6Z1o+UJGaQsdQILjGveCONCeNDFmKmxgXpWd9gqvQ0nM5GzUP32KV1t3ZfqzZOizfKsAcHcAgUTqAB19CCDnB4hw/4hC9r37qybqy7v9WSVdzswj9Z7R9feGtp</latexit>

CAST: gaωω < 0.66→ 10→10

𝑎

𝐵

γ

Inverse Primakoff Effect:
axions convert to photons

[see talk by Nirmalya Brama (astrophysics)]
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<latexit sha1_base64="/d5MhmRNsAvpSNuvw+aZPcaET9Q=">AAABvHicZY7NSsNAFIXv1L9a/6Iu3QS7cWNJpFQ3SkEoIi4q2B9oaphMp3HoTBJmJoUyzMP5GD6BW30D2xoXtmdx+Tj3XM6NMs6U9rwPVNrY3NreKe9W9vYPDo+c45OuSnNJaIekPJX9CCvKWUI7mmlO+5mkWESc9qLJ/WLfm1KpWJq86FlGhwLHCRszgvXcCp1BILB+U0SaJxsuWQrDEm3dW/fSDfRYYmJ8a+rWjUODgxgLUUzrYrcVmkDkQZLbeZbxETUt+/pnhU7Vq3lLuevgF1CFQu3QeQxGKckFTTThWKmB72V6aLDUjHBqK0GuaIbJBMfUiFlBatXXVAq1KPdXq9ahe1XzG7X6c73avCneKMMZnMMF+HANTXiANnSAwDt8whd8ozs0QhMkfqMlVNycwj+h6Q9BX3z8</latexit>

Lint = → 1
4gaωωaFµε F̃

µε
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Let’s estimate the flux

<latexit sha1_base64="j6emgMNnj3lyy1Y0IGtihiWQix4=">AAACQXicdY49T8MwEIZtPst3gZEloksZWsUF0Y4IJEBMINGChNvIMUewsJvIdhGVlV/Hr2BjZUOsLCQhEqKIG+xH5/e5c5hIYazvv+Cp6ZnZufnKwuLS8srqWnV9o2fikebQ5bGM9XXIDEgxhK4VVsJ1ooGpUMJV+HCUv189gjYiHl7acQJ9xaKhuBOc2awVVF+pYvaeM+mO06BgrRyo1KMsSXT85NFQRLLukWbbo1YoMB7xB67RyRJcZdDKwADPiKRFWO8UVy7RO824iwLHaMSUKs80dcUIkqsn0CvUbzeTB60J/TCPe/QSjGT/p1TAspxHFfR+Qq6xmwbVmt/0i/L+Aimhhso6D6pn9DbmIwVDyyUz5ob4ie07pq3gEtJFOjKQMP7AInBqXJKZ7FvQyuTLyeSqv9BrNcl+c+9ir3bQKb9RQVtoG9URQW10gE7ROeoijo+xxCP8iJ/xG37HH9/RKVw6m+hX4c8vcQepvw==</latexit>

Fem →
(
1.7↑ 10→8 cm→2 sec→1

)( gaωω
10→12 GeV→1

)2( B

10 T

)2( ma

1 meV

)→3

resultant EM radiation:
not very strong …. :( 

<latexit sha1_base64="7vkX4+JHD7gkMU6AeQRkYb7r8Gk=">AAAB+nicfY7LSgMxGEaTeqv1NurSTbAIFXSckaJuhKII0lUFewFThkyaDqFzM8kUypgHcetO3PoyPo32EgRb8Fskhz/5cuKnIZfKcb5gYWl5ZXWtuF7a2Nza3rF291oyyQRlTZqEiej4RLKQx6ypuApZJxWMRH7I2v7gdnLeHjIheRI/qlHKuhEJYt7nlKjxyLNeseoLQnOcEqE4CfUvIaVRjv0I3enKdBf6RB2ja3SKcBb3mPDHPZYHXk5wQKLIrKZ0o9G/LxPt5Zg9Z3yI8KxR1x4Zi4QRac8qO7YzDVoE10AZmDQ8q457Cc0iFisaEimfXCdV3XzipCHTJZxJlhI6IAHLo5EhOT9XTERyInfnVYvQOrfdC7v6UC3Xrsw3iuAAHIIKcMElqIF70ABNQME3PII2PIMv8A2+w4/Z1QI0nX3wJ/DzB6aWkpo=</latexit>

ω
ωtE(r, t) = → gaεεB

ω
ωta︸ ︷︷ ︸

→ Ja(r,t)

vacuum solution:
assuming a uniform B-field

<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B
<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B

<latexit sha1_base64="r4R1JrpBzinLT6h3vuBzSPmanmo=">AAABc3icZY7NTsJAFIXv4B/iX8UlG0Jd4MJmaoi6JHFjXGFigcSSZjpcyYRpO5mZGknTV3Grr+SDuFewG+Gsvpxz7z03VlIYS+kXqW1t7+zu1fcbB4dHxyfOaXNoslxzDHgmMz2OmUEpUgyssBLHSiNLYomjeH63zEevqI3I0ie7UDhJ2CwVL4Iz+2tFTrMIV0cKjdOyzbr2oowcl3p0pfYm+BW4UGkQOQ/hNON5gqnlkhnz7FNlJwXTVnCJZSPMDSrG52yGRbKoyKz7FnViluX+etUmDK88/9rrPfbc/m31Rh1a0IEu+HADfbiHAQTA4Q3e4QM+4Zu0SIec/43WSLVzBv9ELn8AZI9fEg==</latexit>

a(t)
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<latexit sha1_base64="G/7G9Y7oFhl/WLZx5lL5asFdPO8=">AAABq3icZY7LTsJAFIZP8YZ4Q126mQgLN2BLiLohITEmhhVGuUSHNNPhgBM6bZ2ZGkjTd/JpTFzpowjYjfCvvnznnPzHi3yhjW1/WbmNza3tnfxuYW//4PCoeHzS1WGsOHZ46Ieq7zGNvgiwY4TxsR8pZNLzsedNbhfz3jsqLcLgycwiHEg2DsRIcGbmyi22EupJcpe6VDLzqmTCpilpkApZ+lbqMnJJaChxzAh9i9mQUINTk4xCRcqZbxDpsnLqFkt21V6GrIOTQQmytOfldBjyWGJguM+0fnHsyAwSpozgPqYFGmuMGJ+wMSZylpFe9QaV1ItyZ7VqHbq1qnNVrT/US82b7I08nME5XIAD19CEe2hDBzh8wCd8w49VsR6tZ4v+reas7OYU/sXCXzRrcv0=</latexit>

Eax = →Ja/ω for ω = ma

<latexit sha1_base64="Q6VyvYyb+Nw0TXXEYAKnzgfeTEs=">AAABpHicZY7NTsJAFIVv8Q/xr+rSzUQS4wpbQtAlCdEY4wKjBRILzXS84oSZtpkZDKT0gXwat/I2IjYxwll9OefenBMmgmvjODOrsLa+sblV3C7t7O7tH9iHR20djxRDj8UiVt2QahQ8Qs9wI7CbKKQyFNgJh82fvPOOSvM4ejKTBHuSDiL+yhk1cyuwm76k5o1Rkd5kwYKVTFFmxKdJouIxmaZ+KMn1X0jH2bRfJRekSvxY4oCSwC47FWchsgpuDmXI1QrsO/8lZiOJkWGCav3sOonppVQZzgRmJX+kMaFsSAeYyklOetk3qKTO5uXuctUqtKsVt16pPdTKjat8RhFO4BTOwYVLaMAttMADBh/wCV8ws86se+vR8n5PC1b+cwz/ZPW/AWA6cjQ=</latexit>

Fem → |Eax|2/2ω



Andrew Long   (Rice University)SQWARE-ing the circle

Let’s estimate the flux

<latexit sha1_base64="j6emgMNnj3lyy1Y0IGtihiWQix4=">AAACQXicdY49T8MwEIZtPst3gZEloksZWsUF0Y4IJEBMINGChNvIMUewsJvIdhGVlV/Hr2BjZUOsLCQhEqKIG+xH5/e5c5hIYazvv+Cp6ZnZufnKwuLS8srqWnV9o2fikebQ5bGM9XXIDEgxhK4VVsJ1ooGpUMJV+HCUv189gjYiHl7acQJ9xaKhuBOc2awVVF+pYvaeM+mO06BgrRyo1KMsSXT85NFQRLLukWbbo1YoMB7xB67RyRJcZdDKwADPiKRFWO8UVy7RO824iwLHaMSUKs80dcUIkqsn0CvUbzeTB60J/TCPe/QSjGT/p1TAspxHFfR+Qq6xmwbVmt/0i/L+Aimhhso6D6pn9DbmIwVDyyUz5ob4ie07pq3gEtJFOjKQMP7AInBqXJKZ7FvQyuTLyeSqv9BrNcl+c+9ir3bQKb9RQVtoG9URQW10gE7ROeoijo+xxCP8iJ/xG37HH9/RKVw6m+hX4c8vcQepvw==</latexit>

Fem →
(
1.7↑ 10→8 cm→2 sec→1

)( gaωω
10→12 GeV→1

)2( B

10 T

)2( ma

1 meV

)→3

resultant EM radiation:
not very strong …. :( 

<latexit sha1_base64="7vkX4+JHD7gkMU6AeQRkYb7r8Gk=">AAAB+nicfY7LSgMxGEaTeqv1NurSTbAIFXSckaJuhKII0lUFewFThkyaDqFzM8kUypgHcetO3PoyPo32EgRb8Fskhz/5cuKnIZfKcb5gYWl5ZXWtuF7a2Nza3rF291oyyQRlTZqEiej4RLKQx6ypuApZJxWMRH7I2v7gdnLeHjIheRI/qlHKuhEJYt7nlKjxyLNeseoLQnOcEqE4CfUvIaVRjv0I3enKdBf6RB2ja3SKcBb3mPDHPZYHXk5wQKLIrKZ0o9G/LxPt5Zg9Z3yI8KxR1x4Zi4QRac8qO7YzDVoE10AZmDQ8q457Cc0iFisaEimfXCdV3XzipCHTJZxJlhI6IAHLo5EhOT9XTERyInfnVYvQOrfdC7v6UC3Xrsw3iuAAHIIKcMElqIF70ABNQME3PII2PIMv8A2+w4/Z1QI0nX3wJ/DzB6aWkpo=</latexit>

ω
ωtE(r, t) = → gaεεB

ω
ωta︸ ︷︷ ︸

→ Ja(r,t)

vacuum solution:
assuming a uniform B-field

<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B
<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B

<latexit sha1_base64="r4R1JrpBzinLT6h3vuBzSPmanmo=">AAABc3icZY7NTsJAFIXv4B/iX8UlG0Jd4MJmaoi6JHFjXGFigcSSZjpcyYRpO5mZGknTV3Grr+SDuFewG+Gsvpxz7z03VlIYS+kXqW1t7+zu1fcbB4dHxyfOaXNoslxzDHgmMz2OmUEpUgyssBLHSiNLYomjeH63zEevqI3I0ie7UDhJ2CwVL4Iz+2tFTrMIV0cKjdOyzbr2oowcl3p0pfYm+BW4UGkQOQ/hNON5gqnlkhnz7FNlJwXTVnCJZSPMDSrG52yGRbKoyKz7FnViluX+etUmDK88/9rrPfbc/m31Rh1a0IEu+HADfbiHAQTA4Q3e4QM+4Zu0SIec/43WSLVzBv9ELn8AZI9fEg==</latexit>

a(t)
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<latexit sha1_base64="Q6VyvYyb+Nw0TXXEYAKnzgfeTEs=">AAABpHicZY7NTsJAFIVv8Q/xr+rSzUQS4wpbQtAlCdEY4wKjBRILzXS84oSZtpkZDKT0gXwat/I2IjYxwll9OefenBMmgmvjODOrsLa+sblV3C7t7O7tH9iHR20djxRDj8UiVt2QahQ8Qs9wI7CbKKQyFNgJh82fvPOOSvM4ejKTBHuSDiL+yhk1cyuwm76k5o1Rkd5kwYKVTFFmxKdJouIxmaZ+KMn1X0jH2bRfJRekSvxY4oCSwC47FWchsgpuDmXI1QrsO/8lZiOJkWGCav3sOonppVQZzgRmJX+kMaFsSAeYyklOetk3qKTO5uXuctUqtKsVt16pPdTKjat8RhFO4BTOwYVLaMAttMADBh/wCV8ws86se+vR8n5PC1b+cwz/ZPW/AWA6cjQ=</latexit>

Fem → |Eax|2/2ω

<latexit sha1_base64="G/7G9Y7oFhl/WLZx5lL5asFdPO8=">AAABq3icZY7LTsJAFIZP8YZ4Q126mQgLN2BLiLohITEmhhVGuUSHNNPhgBM6bZ2ZGkjTd/JpTFzpowjYjfCvvnznnPzHi3yhjW1/WbmNza3tnfxuYW//4PCoeHzS1WGsOHZ46Ieq7zGNvgiwY4TxsR8pZNLzsedNbhfz3jsqLcLgycwiHEg2DsRIcGbmyi22EupJcpe6VDLzqmTCpilpkApZ+lbqMnJJaChxzAh9i9mQUINTk4xCRcqZbxDpsnLqFkt21V6GrIOTQQmytOfldBjyWGJguM+0fnHsyAwSpozgPqYFGmuMGJ+wMSZylpFe9QaV1ItyZ7VqHbq1qnNVrT/US82b7I08nME5XIAD19CEe2hDBzh8wCd8w49VsR6tZ4v+reas7OYU/sXCXzRrcv0=</latexit>

Eax = →Ja/ω for ω = ma



Andrew Long   (Rice University)SQWARE-ing the circle

Let’s not lose hope

<latexit sha1_base64="j6emgMNnj3lyy1Y0IGtihiWQix4=">AAACQXicdY49T8MwEIZtPst3gZEloksZWsUF0Y4IJEBMINGChNvIMUewsJvIdhGVlV/Hr2BjZUOsLCQhEqKIG+xH5/e5c5hIYazvv+Cp6ZnZufnKwuLS8srqWnV9o2fikebQ5bGM9XXIDEgxhK4VVsJ1ooGpUMJV+HCUv189gjYiHl7acQJ9xaKhuBOc2awVVF+pYvaeM+mO06BgrRyo1KMsSXT85NFQRLLukWbbo1YoMB7xB67RyRJcZdDKwADPiKRFWO8UVy7RO824iwLHaMSUKs80dcUIkqsn0CvUbzeTB60J/TCPe/QSjGT/p1TAspxHFfR+Qq6xmwbVmt/0i/L+Aimhhso6D6pn9DbmIwVDyyUz5ob4ie07pq3gEtJFOjKQMP7AInBqXJKZ7FvQyuTLyeSqv9BrNcl+c+9ir3bQKb9RQVtoG9URQW10gE7ROeoijo+xxCP8iJ/xG37HH9/RKVw6m+hX4c8vcQepvw==</latexit>

Fem →
(
1.7↑ 10→8 cm→2 sec→1

)( gaωω
10→12 GeV→1

)2( B

10 T

)2( ma

1 meV

)→3

resultant EM radiation:
not very strong …. :( 

<latexit sha1_base64="7vkX4+JHD7gkMU6AeQRkYb7r8Gk=">AAAB+nicfY7LSgMxGEaTeqv1NurSTbAIFXSckaJuhKII0lUFewFThkyaDqFzM8kUypgHcetO3PoyPo32EgRb8Fskhz/5cuKnIZfKcb5gYWl5ZXWtuF7a2Nza3rF291oyyQRlTZqEiej4RLKQx6ypuApZJxWMRH7I2v7gdnLeHjIheRI/qlHKuhEJYt7nlKjxyLNeseoLQnOcEqE4CfUvIaVRjv0I3enKdBf6RB2ja3SKcBb3mPDHPZYHXk5wQKLIrKZ0o9G/LxPt5Zg9Z3yI8KxR1x4Zi4QRac8qO7YzDVoE10AZmDQ8q457Cc0iFisaEimfXCdV3XzipCHTJZxJlhI6IAHLo5EhOT9XTERyInfnVYvQOrfdC7v6UC3Xrsw3iuAAHIIKcMElqIF70ABNQME3PII2PIMv8A2+w4/Z1QI0nX3wJ/DzB6aWkpo=</latexit>

ω
ωtE(r, t) = → gaεεB

ω
ωta︸ ︷︷ ︸

→ Ja(r,t)

vacuum solution:
assuming a uniform B-field

<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B
<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B

<latexit sha1_base64="r4R1JrpBzinLT6h3vuBzSPmanmo=">AAABc3icZY7NTsJAFIXv4B/iX8UlG0Jd4MJmaoi6JHFjXGFigcSSZjpcyYRpO5mZGknTV3Grr+SDuFewG+Gsvpxz7z03VlIYS+kXqW1t7+zu1fcbB4dHxyfOaXNoslxzDHgmMz2OmUEpUgyssBLHSiNLYomjeH63zEevqI3I0ie7UDhJ2CwVL4Iz+2tFTrMIV0cKjdOyzbr2oowcl3p0pfYm+BW4UGkQOQ/hNON5gqnlkhnz7FNlJwXTVnCJZSPMDSrG52yGRbKoyKz7FnViluX+etUmDK88/9rrPfbc/m31Rh1a0IEu+HADfbiHAQTA4Q3e4QM+4Zu0SIec/43WSLVzBv9ELn8AZI9fEg==</latexit>

a(t)
Maxwell in a medium:

introduce electric permittivity

<latexit sha1_base64="gnf4QncHhlGk8cjgMLvMonqumF4=">AAABgXicZY7NSsNAFIXvtP7U+hd16SaYjW5CUooKbgpuxFUF0xZMCZPptQydyYSZSaGEbH0at/ouvo0as7E9q49z7r3nprngxgbBF2m1t7Z3djt73f2Dw6Nj5+R0ZFShGUZMCaUnKTUoeIaR5VbgJNdIZSpwnC7uf/PxErXhKnu2qxynks4z/soZtT9W4rhlXB8pNc4qN15SjbnhQmVubLlEUyWOF/hBLXcTwgY8aDRMnMd4plghMbNMUGNewiC305Jqy5nAqhsXBnPKFnSOpVw1ZNZ9i1rW5eF61SaMen547fef+t7gtnmjA+dwAZcQwg0M4AGGEAGDN3iHD/gkbXJFAtL7G22RZucM/oncfQPKPGS2</latexit>ω→

<latexit sha1_base64="ziB0Ws2GmtVq0w1QBX9CztsWagY=">AAABhnicZY7NSsNAFIXv1L9Y/6Iu3RSD4MaQSLUuA27EVQXTFkwNk+m1DJ0kw8ykUEKewKdxq0/i21hjNrZn9XHOvffcRAqujed9k9bG5tb2jrXb3ts/ODyyj08GOi8Uw5DlIlejhGoUPMPQcCNwJBXSNBE4TGb3v/lwjkrzPHs2C4njlE4z/sYZNUsrti/KqD5SKpxUnWhOFUrNRZ69llf+0jA8RV3FtuO5Xq3OOvgNONCoH9uP0SRnRYqZYYJq/eJ70oxLqgxnAqt2VGiUlM3oFMt00ZBe9Q2qtC73V6vWYXDt+rdu96nrBHfNGxacwTlcgg89COAB+hACg3f4gE/4IhZxyQ3p/Y22SLNzCv9Egh9x5mac</latexit>

ω→1→

<latexit sha1_base64="/aKGZo8xs0jd1LMYIrBEdMwnBio=">AAABhnicZY7NSsNAFIXv1L9Y/6Iu3RSD4MaQlNa6DLgRVxXsD5gaJtNrGTpJhplJoYQ8gU/jVp/Et7HGbGzP6uOce++5sRRcG8/7Jo2t7Z3dPWu/eXB4dHxin54NdZYrhgOWiUyNY6pR8BQHhhuBY6mQJrHAUTy//81HC1SaZ+mzWUqcJHSW8jfOqFlZkX1VhNWRQuG0bIULqlBqLrL0tbhprwzDE9RlZDue61VqbYJfgwO1+pH9GE4zlieYGiao1i++J82koMpwJrBshrlGSdmczrBIljXpdd+gSqpyf71qE4Zt1791O08dJ7ir37DgAi7hGnzoQQAP0IcBMHiHD/iEL2IRl3RJ72+0Qeqdc/gnEvwAcutmnQ==</latexit>

ω →2→
<latexit sha1_base64="/aKGZo8xs0jd1LMYIrBEdMwnBio=">AAABhnicZY7NSsNAFIXv1L9Y/6Iu3RSD4MaQlNa6DLgRVxXsD5gaJtNrGTpJhplJoYQ8gU/jVp/Et7HGbGzP6uOce++5sRRcG8/7Jo2t7Z3dPWu/eXB4dHxin54NdZYrhgOWiUyNY6pR8BQHhhuBY6mQJrHAUTy//81HC1SaZ+mzWUqcJHSW8jfOqFlZkX1VhNWRQuG0bIULqlBqLrL0tbhprwzDE9RlZDue61VqbYJfgwO1+pH9GE4zlieYGiao1i++J82koMpwJrBshrlGSdmczrBIljXpdd+gSqpyf71qE4Zt1791O08dJ7ir37DgAi7hGnzoQQAP0IcBMHiHD/iEL2IRl3RJ72+0Qeqdc/gnEvwAcutmnQ==</latexit>
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the resonant corotating coupling of electrons with CR-active (CRA) 
circularly polarized radiation leads to the extensively studied VRS. 
Conversely, the counter-rotating coupling of electrons with the 
CR-inactive (CRI) mode leads to the time-reversed partner of the 
VRS, namely, the VBS shift, as we identified. Here, the separation 
of the VRS and the VBS shift into two time-reversed polarization 
states is analogous to the physics of valley-exclusive optical Stark 
shift and dynamical Bloch–Siegert shift observed in WS2 (ref. 9); see 
Supplementary Section 8.

Experimental scheme
Our scheme for probing the VRS and VBS shift is depicted in Fig. 
1b. The energy versus magnetic field (B) relations measured with 
RCP and LCP probes are mirror symmetric about the B =  0 axis. 
Note that a negative B means a change in polarity compared with a 
positive B. When we use a linearly polarized terahertz probe, that is, 
a mixture of 50% RCP and 50% LCP radiation, in the B >  0 region, 
the RCP component shows VRS, while the VBS shift appears for 
the LCP component due to the state repulsion9 between the cav-
ity mode (black dashed line) and the CR at negative B fields (blue 
dashed line). When an RCP terahertz probe is used, one can sep-
arately observe the VRS and the VBS shift in the B >  0 and B <  0 
regions, respectively. We demonstrated that the VBS shift exclu-
sively appears in the CRI mode dispersion and is distinguished from 
the other unique signature of the USC regime, that is, the photon-
field self-interaction effect due to the A2 (or diamagnetic) terms, 
where A is the vector potential, in the Hamiltonian20.

In our cavity QED setup, a 2DEG membrane containing ten 
GaAs quantum wells with a total electron density n =  3.2 ×  1012 cm−2 
was placed in a one-dimensional terahertz photonic crystal cavity. 
As shown in Fig. 1c, the cavity consisted of five silicon wafers whose 
thicknesses from left to right were 50 μ m, 50 μ m, 100 μ m, 50 μ m and 
50 μ m, respectively. Equal spacings of 195 μ m were created between, 
forming a spatially alternating refractive index. Because the central  

silicon layer was twice as thick as the other layers, it created defect 
cavity modes within the photonic bandgaps that would have 
resulted from a perfect photonic crystal structure. Figure 1d shows 
an experimental transmittance spectrum for a bare cavity without 
a 2DEG, exhibiting two sharp cavity modes with full width at half 
maximum of 2.2 GHz and 2.4 GHz, respectively. For each cavity 
mode, the electric field maximum overlapped with the 2DEG layer 
to ensure maximum coupling; see Fig. 1c for the electric field ampli-
tude distribution for the first cavity mode. We varied B to tune the 
cyclotron frequency of the 2DEG, ωc =  eB/m*, where m* is the elec-
tron effective mass and e is the elementary electric charge; see Fig. 1e 
for 2DEG magneto-transmittance spectra in free space, showing the 
linear evolution with B of a superradiance-broadened CR line21. The 
USC of CR with cavity photons occurs when ωc is tuned to coincide 
with a photonic mode frequency ωn

cav
z , where nz is the mode index.

Experimental results
Figure 2a shows linearly polarized terahertz transmittance spectra for 
the cavity containing the 2DEG at various B values in the first-order 
anticrossing region (around ωcav

1 ). This experiment maps out the solid 
lines in the positive B region of Fig. 1b. Three branches of transmission 
peaks are well resolved in the spectra. Two of them are ascribed to the 
Landau polaritons arising from the CRA circularly polarized mode 
that resonantly coupled with CR in a corotating manner through the 
optical conductivity σCRA(ω) =  (ne2/m*)/[γ −  i(ω −  ωc)] (where ω is 
the terahertz angular frequency and i is the unit imaginary number), 
which has a peak at ω =  ωc. They are labelled lower polariton (LP) 
and upper polariton (UP), respectively, based on their frequencies. 
We see anticrossing of the LP and UP peaks with a large splitting, 
ωUP −  ωLP, at zero detuning ω ω ωΔ = − =( 0)cav

1
c , where ωUP and ωLP 

are UP and LP frequencies, respectively. However, the value of the 
coupling strength g is not exactly equal to (ωUP −  ωLP)/2 at Δ ω =  0, due 
to the coupling of CR with other photonic modes, for example, the 
second-order cavity mode in the photonic bandgap or transmission  
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Fig. 1 | CR cavity QED setup. a, Schematic diagram for the two circularly polarized photon fields interacting with the CR of a 2DEG in a cavity. The 
corotating CRA mode exhibits VRS phenomena, while the counter-rotating CRI mode exhibits the VBS shift. b, Schematic diagram for simultaneously 
probing the VRS and the VBS shift in a Landau polariton system. The grey dashed line marks the upper polariton frequency at zero magnetic field. c, 
Schematic diagram for the experimental CR cavity structure. CR couples with terahertz cavity photons at coupling rate g. The black curve with a red shade 
shows the electric field intensity distribution of the first cavity mode. d, Transmittance spectrum for the cavity without a 2DEG, showing the first and 
second cavity modes with full-width at half-maximum values of 2.2!GHz and 2.4!GHz, respectively. e, Transmittance (T) spectra for the 2DEG in free space 
as a function of frequency and magnetic field. Inset: transmittance spectrum at 3!T, showing a CR line width of 340!GHz fit by a Lorentzian function.
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Let’s think about a stack of multiple quantum wells
[Millar, Redondo, Steffen (2017)]

<latexit sha1_base64="orkCDSAK1DwGXPvia3Y7FtBCNaQ=">AAABk3icZY7NSgMxFIVv6l+tf6Piys1gNy6kzNSigpuiLkQoVLA/YGrJxGsNTWZCkoplmPfwadzqK/g2tnU2tmf1cc6999xIS2FdEPyQwtLyyupacb20sbm1vePt7rVtMjIcWzyRielGzKIUMbaccBK72iBTkcRONLye5p03NFYk8YMba+wpNojFi+DMTay+V03p7Eg6MGycqSfKrPMp09ok735QCU5rPj3xqWLu1ai0ge0s63vlSTCTvwhhDmXI1ex7d/Q54SOFseOSWfsYBtr1Umac4BKzEh1Z1IwP2QBTNc7JzvsOjbLT8nC+ahHa1Up4Vqnd18r1i/yNIhzCERxDCOdQh1toQgs4fMAnfME3OSCX5Irc/I0WSL6zD/9EGr+1tWrM</latexit>

m→ → 0.034MeV
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E-field enhancement factor:
for radiation coming out of the MQW

<latexit sha1_base64="U0HEQa217c+PJXPnKFuxpo6Cwr4=">AAABp3icZY7LTsJAFIZP8YZ4q7p0M5GFusGWEHVjQiIk7sRELoklzXR6wAkzbTMzxZCmj+DTuNUH8W0E7Eb4V1/+c/7kCxLBtXGcH6u0sbm1vVPereztHxwe2ccnPR2nimGXxSJWg4BqFDzCruFG4CBRSGUgsB9MHhb3/hSV5nH0YmYJDiUdR3zEGTXzyrcvvBYKQ8k9qRMv4aRFrokn5vuQ+p6k5k3JTGKY+3bVqTnLkHVwC6hCkY5vcy+MWSoxMkxQrV9dJzHDjCrDmcC84qUaE8omdIyZnBWkV3uDSi7KCN9ZLCWNwsxrT5Hl2VIuGGXtfOHmrpqsQ69ec29qjedGtXlXWJbhDM7hEly4hSY8Qge6wOADPuELvq0r68nqWYO/15JVbE7hXyz6C5U3cmg=</latexit>

! = 2ωD/εmed

<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B
<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>

B

need to ensure 
D <~ lmed / 2

<latexit sha1_base64="ar1UfyLHijR1sF2ax1twdU5LjL4="></latexit>

ω =
→Eprop→
Evac

=
sin ε↑

2

∣∣∣∣
1

ϑMQW,CRI
↓ 1

∣∣∣∣

∣∣∣∣1 +
i

↑
ϑMQW,CRI

cot !
2

∣∣∣∣
→1

<latexit sha1_base64="lVMEYVNybyBWPXDhbUApz5qtEb8=">AAABz3icZY7LSsNAFIYn9VbrLerSTbAbF1KTUtSNUCgFXYit2As4JUwmp3XoTBJnpq0lRNz6QD6MuNX3sJe4sP1XH//5D3xexJnStv1pZFZW19Y3spu5re2d3T1z/6CpwoGk0KAhD2XbIwo4C6ChmebQjiQQ4XFoef3K9N4aglQsDB70OIKOIL2AdRklelK55h3mk7FPXCyIfpIiFuAn1pVVtHDErDNLuMTC6lnqGA+JhEgxPnmL/9a39VZyijW86Lhyf5MkiWvm7YI9i7UMTgp5lKbmmgz7IR0ICDTlRKlHx450JyZSM8ohyeGBgojQPulBLMYpqcVegxTTMoARDYUggR/j6hBoMjf1unF15uYsmixDs1hwzguleilfvkwts+gIHaMT5KALVEbXqIYaiKIP9IW+0Y9RN0bGq/E2n2aM9OcQ/Yvx/gteEoSk</latexit>

ωmed = 2ε/ma
→
ϑMQW,CRI

b = “boost factor”
signal ~ b^2
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Let’s scan over masses by rotating the stack
<latexit sha1_base64="MaZ/aWaxk4AQUhcBOplU2ARMhlE=">AAABynicdU5NS8NAEJ3Ur1q/oh69BHupl5pIUUGEgggiCi3YD3Br2GzXduluEna3xbDNzf/n2R/i1Y/UXGzxHYY3b+bNmyDmTGnXfbcKS8srq2vF9dLG5tb2jr2711bRWBLaIhGPZDfAinIW0pZmmtNuLCkWAaedYHSVzTsTKhWLwgedxLQn8CBkz4xg/SP5NjNodsQMJE7SS2dqUCCc69RHAuuhFEbifvpkKkjTF22QIs59s5MepVMHXTjHWfnXkbcTTLL91LfLbtWdwVkkXk7KkKPh27eoH5GxoKEmHCv16Lmx7hksNSOcpiU0VjTGZIQH1IgkZ2pe11QKlYV781GLpH1S9U6rtWatXD/P3yjCARxCBTw4gzrcQANaQOANPuATvqw7S1qJZX5XC1bu2Yc/sF6/AUXPgpA=</latexit> =
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<latexit sha1_base64="GAUGJ77F7Ksc2PcyEbLy5ZSPHQY=">AAABhHicZY7NTsJAFIXvoCLiX9Wlm4lsXJCmFUQ3GqIb4woT/hJLyHS81gkzbTMzmJCmD+DTuNVH8W0E7EY4qy/nnnvPDVMpjPW8H1La2Nwqb1d2qrt7+weHztFx3yRTzbHHE5noYcgMShFjzworcZhqZCqUOAgn94v54B21EUnctbMUR4pFsXgVnNm5NXZqWbA8kkWazXJ6R29oo0WDOg0Us29aZd08n6c811uKroNfQA0KdcbOY/CS8KnC2HLJjHn2vdSOMqat4BLzajA1mDI+YRFmalaQWfUtamUW5f5q1Tr0L1y/5TafmrX2dfFGBU7hDM7BhytowwN0oAccPuATvuCblEmdNMjlX7REip0T+Cdy+wugimQw</latexit>

B = 36T

<latexit sha1_base64="dKfXR+/QQawWjLsRaF0LZsg5WXc=">AAABhXicZY7NSsNAFIXv1J/W+hd16SZYFy60ZCRUN2JBF+KqgmkLppTJeK1DZ5IwMxFCyAv4NG71TXwbbc3G9qw+zrn3nhulUhjred+ktrK6tl5vbDQ3t7Z3dp29/b5JMs0x4IlM9DBiBqWIMbDCShymGpmKJA6i6c0sH7yhNiKJH22e4kixSSxeBGf21xo7x0U4P1JMNMtL99a9cqnnhqduqJh91apQqizHTstre3O5y0AraEGl3ti5D58TnimMLZfMmCfqpXZUMG0Fl1g2w8xgyviUTbBQeUVm0beolZmV08WqZeift2mn7T/4re5l9UYDDuEIToDCBXThDnoQAId3+IBP+CJ1ckZ80vkbrZFq5wD+iVz/AE+KZLo=</latexit>

D = 10mm

<latexit sha1_base64="iAvwjk0bm2f0B8oDaiDZBgZzHy0=">AAABiXicZY7NSsNAFIXv1L/a+hN16SaYTRcSMlJsEYRCN+Kqgv0BU8pkvNahM0mYmQgh5BV8Grf6Hr6NtmZje1Yf59x7z41SKYwNgm9S29re2d2r7zeaB4dHx87J6cgkmeY45IlM9CRiBqWIcWiFlThJNTIVSRxHi/4yH7+hNiKJH22e4lSxeSxeBGf215o5rSJcHSnmmuWlG1qWubcu9TtueOmGitlXrYrYlOXM8QI/WMndBFqBB5UGM+c+fE54pjC2XDJjnmiQ2mnBtBVcYtkIM4Mp4ws2x0LlFZl136JWZllO16s2YXTl02u//dD2et3qjTqcwwW0gEIHenAHAxgCh3f4gE/4Ik1CSZfc/I3WSLVzBv9E+j+2jGaA</latexit>

ω = 1.7 ns

<latexit sha1_base64="XdQeVm2Pa0dOM7TbCpd8i2qtVBQ=">AAABm3icZY7NSsNAFIXv1L9a/6IuRRjsxoWWTC0qglDoRoqLCqYtmBom47UOzSRhZiqUkHfxadzq1rexrdnYntXHOffec8M0ksa67g8prayurW+UNytb2zu7e87+QdckYy3QE0mU6H7IDUYyRs9KG2E/1chVGGEvHLVmee8dtZFJ/GgnKQ4UH8byVQpup1bg3GT+/Eg21HyS0zhAeksvqG+lQkOZ+5ydM5ZT/4z6its3rTKh8qlZz/PAqbo1dy66DKyAKhTqBE7bf0nEWGFsRcSNeWJuagcZ11aKCPOKPzaYcjHiQ8zUpCCz6FvUyszK2WLVMnTrNXZZazw0qs3r4o0yHMEJnAKDK2jCHXTAAwEf8Alf8E2OSYu0yf3faIkUO4fwT8T7BTJnbQU=</latexit>

ne = 3→ 10→11 cm→2
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• B_parallel
è  the component || to surface
è  sin q 
è creates axion-induced current 

• B_perpendicular
è  the component _|_ to surface
è  cos q 
è  controls cyclotron frequency 
(allows for tuning of axion mass)

<latexit sha1_base64="/i68ZbwO6zdBr/cfIFws49bJKKk=">AAABd3icZY7NSsNAFIXv1L9a/6KCGxcGA9JVSEpRl0U34qqCaQumhJnxWobOJGFmIpSYl3GrL+SjuNPWbGzP6uOce++5LJfC2CD4Io219Y3NreZ2a2d3b//AOTwamKzQHCOeyUyPGDUoRYqRFVbiKNdIFZM4ZNPbeT58RW1Elj7aWY5jRSepeBGc2l8rcU7KeHGkZLLAyi1jptybqkocL/CDhdxVCGvwoFY/ce7j54wXClPLJTXmKQxyOy6ptoJLrFpxYTCnfEonWKpZTWbZt6iVmZeHy1WrMOj44aXffeh6vev6jSacwjm0IYQr6MEd9CECDm/wDh/wCd/kjFyQ9t9og9Q7x/BPJPwB3CxhBg==</latexit>
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ω
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Let’s scan over masses by rotating the stack
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= ma,res/!ma,res
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ω



How well could SQWARE do at 
testing meV axion dark matter?
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Let’s discuss sensitivity projections

Theoretically Favored
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dark count and quantum efficiency directly set the experi-
ment’s sensitivity. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ω and low dark count rates !dark
in the → O(1)meV range [60–64]. Configurations 1 and 2 as-
sume ω → 0.07 (shown experimentally) and ω → 0.2 (with
better antenna coupler), respectively, both with !dark → 1

mHz [62], while Config. 3 assumes ω → 0.35 (shown experi-
mentally for higher frequencies) [65], with !dark → 0.1mHz,
which may be feasible in the future, as theoretically expected
dark counts reach µHz for next-generation QD detectors [62].

Parameter Config. 1 Config.2 Config. 3
(HM) (LM) (LM-S)

D [mm] 2 10 20

B [T] 36 36 50

ε [ns] 1.7 1.7 4

!dark [mHz] 1 1 0.1
ω [%] 7 20 35

TABLE I. Summary of parameters for three benchmark SQWARE
configurations: HM (High Mass), LM (Low Mass), and LM-S (Low
Mass Sensitive). As the MQW cavities get thicker and scattering
times reduce, larger signal boosts are possible, optimized at lower
frequencies. For all scenarios, the temperature T = 0.3K, electron
density ne = 3→1011 cm→2, quantum well width dQW = 30 nm, lens
efficiency ωlens = 100%, and total observation time ttot = 300 days.

Sensitivity—The projected SQWARE sensitivity to axion
DM is set by requiring a 95% confidence exclusion. In
the background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise,
approximated from Poisson statistics. The dominant noise is
the photodetector’s dark count rate !dark, with other sources
(e.g., thermal photons or cosmic rays) rendered negligible by
sub-Kelvin operation and sufficient shielding. The minimum
detectable signal rate is thus !signal > 2

√
!dark/tobs, where

tobs is the measurement time [15, 66]. In background-free sce-
narios (e.g., with a next-generation detector with dark count
less than 1 per observation time), a threshold of 3 detected
photons is required [4, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ω, lens focusing efficiency
ωlens (set to 100%), boost factor ϑ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ω|E|

2W 2/2ϖ, where
|E| = ϑgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore

gaωω > 5↑ 10
→14 GeV→1

[
36T
|B|

] [
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ϑ(ma)

] [
20%

ω

] 1
2

(6)

↑
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9 cm2

W 2

] 1
2
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] 1
4 [ ma
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] 3
2
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] 1
4

.

The boost factor ϑ(ϖ, ϱ) = ϑ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and
angle ϱ. A similar formula can be derived for the background-

free regime, which applies to Config. 3 for wide scans. In
Fig. 3, we show the projected sensitivity of SQWARE for the
three benchmark experimental configurations provided in Ta-
ble I. For narrow scans, we assume a total exposure time of
tobs = 30 days, where the detector sits at a fixed angle and res-
onance frequency, portrayed as narrow lines at ma = 1meV
and 3.5meV for Configs. 1 and 2, respectively. For wide
scans, we assume a ttot = 300 day sweep covering a range of
axion masses, corresponding to several thousand scans, each
with individual exposure time tobs = 84, 34, and 7minutes,
for the three configurations, respectively. The conservative
and realistic designs Configs. 1 and 2 are already projected to
achieve leading limits, surpassing the CAST helioscope for
axion masses 0.6 ↓ 5meV, and the aggressive Config. 3 can
optimistically probe the QCD axion band at axion masses of
0.6↓2meV [1]. SQWARE can simultaneously probe dark pho-
ton DM, which does not require a magnetic field for photon-
dark photon generation [67, 68]; see Sec. D in Appendix for
projected sensitivities.
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FIG. 3. Projected sensitivity of SQWARE to the axion mass ma

and axion-photon coupling gaωω for three proposed configurations
(in yellow, blue, and striped navy) for 300 day wide mass sweeps and
30 day fixed resonance runs, generating significant coverage of the
axion parameter space beyond current experimental constraints, with
CAST limits shown in the top gray band [1]. For optimistic config-
urations, theoretically favorable QCD axion models can be probed,
with DFSZ/KSVZ benchmarks [5] shown in the diagonal light gray
band.

Conclusion—We have introduced SQWARE, a new ap-
proach for direct axion DM detection at meV masses, lever-
aging recent advances in quantum semiconductor heterostruc-
tures to create high-quality magnetoplasmonic cavities with
simple tunable ENZ response. This platform offers a feasi-
ble path to probe unexplored axion parameter space, including
the QCD axion band, with near-term technology. Details, ex-
tended calculations, simulations, and additional physics reach
are provided in Appendix.

Acknowledgements—This material is based upon work
supported (in part: K.S. and T.X.) by the National Science
Foundation under Grant No. PHY-2514896, (in part: A.J.L.)
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dark count and quantum efficiency directly set the experi-
ment’s sensitivity. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ω and low dark count rates !dark
in the → O(1)meV range [60–64]. Configurations 1 and 2 as-
sume ω → 0.07 (shown experimentally) and ω → 0.2 (with
better antenna coupler), respectively, both with !dark → 1

mHz [62], while Config. 3 assumes ω → 0.35 (shown experi-
mentally for higher frequencies) [65], with !dark → 0.1mHz,
which may be feasible in the future, as theoretically expected
dark counts reach µHz for next-generation QD detectors [62].

Parameter Config. 1 Config.2 Config. 3
(HM) (LM) (LM-S)

D [mm] 2 10 20

B [T] 36 36 50

ε [ns] 1.7 1.7 4

!dark [mHz] 1 1 0.1
ω [%] 7 20 35

TABLE I. Summary of parameters for three benchmark SQWARE
configurations: HM (High Mass), LM (Low Mass), and LM-S (Low
Mass Sensitive). As the MQW cavities get thicker and scattering
times reduce, larger signal boosts are possible, optimized at lower
frequencies. For all scenarios, the temperature T = 0.3K, electron
density ne = 3→1011 cm→2, quantum well width dQW = 30 nm, lens
efficiency ωlens = 100%, and total observation time ttot = 300 days.

Sensitivity—The projected SQWARE sensitivity to axion
DM is set by requiring a 95% confidence exclusion. In
the background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise,
approximated from Poisson statistics. The dominant noise is
the photodetector’s dark count rate !dark, with other sources
(e.g., thermal photons or cosmic rays) rendered negligible by
sub-Kelvin operation and sufficient shielding. The minimum
detectable signal rate is thus !signal > 2

√
!dark/tobs, where

tobs is the measurement time [15, 66]. In background-free sce-
narios (e.g., with a next-generation detector with dark count
less than 1 per observation time), a threshold of 3 detected
photons is required [4, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ω, lens focusing efficiency
ωlens (set to 100%), boost factor ϑ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ω|E|

2W 2/2ϖ, where
|E| = ϑgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore
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The boost factor ϑ(ϖ, ϱ) = ϑ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and
angle ϱ. A similar formula can be derived for the background-

free regime, which applies to Config. 3 for wide scans. In
Fig. 3, we show the projected sensitivity of SQWARE for the
three benchmark experimental configurations provided in Ta-
ble I. For narrow scans, we assume a total exposure time of
tobs = 30 days, where the detector sits at a fixed angle and res-
onance frequency, portrayed as narrow lines at ma = 1meV
and 3.5meV for Configs. 1 and 2, respectively. For wide
scans, we assume a ttot = 300 day sweep covering a range of
axion masses, corresponding to several thousand scans, each
with individual exposure time tobs = 84, 34, and 7minutes,
for the three configurations, respectively. The conservative
and realistic designs Configs. 1 and 2 are already projected to
achieve leading limits, surpassing the CAST helioscope for
axion masses 0.6 ↓ 5meV, and the aggressive Config. 3 can
optimistically probe the QCD axion band at axion masses of
0.6↓2meV [1]. SQWARE can simultaneously probe dark pho-
ton DM, which does not require a magnetic field for photon-
dark photon generation [67, 68]; see Sec. D in Appendix for
projected sensitivities.
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FIG. 3. Projected sensitivity of SQWARE to the axion mass ma

and axion-photon coupling gaωω for three proposed configurations
(in yellow, blue, and striped navy) for 300 day wide mass sweeps and
30 day fixed resonance runs, generating significant coverage of the
axion parameter space beyond current experimental constraints, with
CAST limits shown in the top gray band [1]. For optimistic config-
urations, theoretically favorable QCD axion models can be probed,
with DFSZ/KSVZ benchmarks [5] shown in the diagonal light gray
band.

Conclusion—We have introduced SQWARE, a new ap-
proach for direct axion DM detection at meV masses, lever-
aging recent advances in quantum semiconductor heterostruc-
tures to create high-quality magnetoplasmonic cavities with
simple tunable ENZ response. This platform offers a feasi-
ble path to probe unexplored axion parameter space, including
the QCD axion band, with near-term technology. Details, ex-
tended calculations, simulations, and additional physics reach
are provided in Appendix.
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achievable values, using ω = 4 ns for lower loss and better
sensitivity [22, 39, 43, 44, 47, 48]. See Sec. II F in Supplemen-
tal Material for the effects of electron density non-uniformity
in the 2DEGs on the boost factor.

Magnet Design—A strong uniform DC magnetic field B is
crucial both for axion–photon conversion and for tuning the
ENZ resonance. T-RAx will employ a rotatable sample stage
in a fixed high-field magnet, allowing the sample to tilt such
that B→ and B↑ can be dynamically adjusted for efficient mass
scanning. Such a tilting probe is available in the 36-T NMR
magnet at the National High Magnetic Field Laboratory [49].
To perform an axion search with zero mechanical movement,
the total magnet field strength could instead be dynamically
tuned using the current at a fixed sample orientation, but this
will sacrifice the sensitivity at some masses. A future itera-
tion of T-RAx may also employ vector magnets [50]. A key
requirement for T-RAx is exceptional magnetic field homo-
geneity across the plasmonic cavity. The ENZ resonance can
be sharply tuned, making the signal highly sensitive to vari-
ations in B. Inhomogeneities of even a hundred ppm across
the sample can broaden or shift the resonance, reducing the
effective signal and degrading sensitivity. Both Configs. 1 and
2 use the 36-T NMR magnet, which boasts a 1-ppm inhomo-
geneity over a 3-cm sample region, while Config. 3 assumes a
next-generation 50-T magnet to generate larger signals [49].

Operation and Scanning— Mass scanning is performed by
varying the angle ε between the surface normal of the plas-
monic cavity and the magnetic field, thereby shifting the ENZ
point and resonance frequency. The scan rate is determined
by the full-width-half-maximum (FWHM) or quality factor
Q of the boost factor resonance as a function of frequency,
at a given angle of the plasmonic cavity relative to the field.
T-RAx can simultaneously search for several axion masses
within a frequency band because the detector resonance width,
set by the quality factor O(10

4
), is still much wider than

the cold DM axion linewidth, with quality factor O(10
6
) [1].

With optimized MQW geometry and magnetic field control,
the experiment can efficiently scan large regions of parameter
space in a practical runtime, for total time ttot and measure-
ment time tobs. The scan protocol can be adapted to prior-
itize regions of greatest theoretical or experimental interest.
T-RAx can be dynamically calibrated using ellipsometry or
reflection/transmission spectroscopy to account for drifts or
shifted resonances [51, 52].

Lens and Photodetector—Signal photons emitted from the
surface of the plasmonic cavity are focused with an ideal lens
or other focusing element with focusing efficiency ϑlens =

100% [53–57]; see Sec. III C in Supplemental Material. The
photons are then measured with a THz photodetector, and the
dark count and efficiency directly set the experiment’s sensi-
tivity and scan rate. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ϑ and ultra-low dark count rates
!dark in the → O(1)meV range. Configurations 1 and 2 as-
sume ϑ → 0.07 (as shown experimentally) and ϑ → 0.2 (with
a better antenna coupler), respectively, both with !dark → 1

mHz, while Configuration 3 assumes !dark → 0.1mHz, which

may be feasible in the future, as theoretically expected dark
count rates may reach µHz for next-generation QD detectors,
and ϑ → 0.35 (experimentally demonstrated for a CSIP detec-
tor using a germanium hemispherical mirror) [58–63].

Parameter Config. 1 Config. 2 Config. 3

B [T] 36 36 50
ω [ns] 1.7 1.7 4

W [cm] 3 3 5
D [mm] 2 10 20
dBarrier [nm] 90 150 90
!dark [mHz] 1 1 0.1
ϑ [%] 7 20 35
ϖoptimal [meV] 5.0 1.6 1.1
εoptimal [deg] 86 72 60
ϱoptimal 70 115 390
Qoptimal [103] 6 10 50
tobs [min] 84 34 7
mirror [yes/no] no no yes

TABLE I. A comparison of parameters for three different con-
figurations for experimental searches, with optimal values yielding
the largest signal enhancement in each. As the MQWs get thicker
and scattering times reduce, larger signal boosts and higher qual-
ity factors are possible and are optimized for lower frequencies.
For all scenarios, the temperature T = 0.3K, electron density
ne = 3 → 1011 cm→2, quantum well width dQW = 30 nm, lens effi-
ciency ωlens = 100%, and total observation time tobs = 300 days.

Sensitivity—The projected T-RAx sensitivity to axion DM
is set by requiring a 95% confidence exclusion. In the
background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise, ap-
proximated from Poisson statistics. The dominant noise is the
photodetector’s dark count rate !dark, with other sources (e.g.,
thermal photons or cosmic rays) rendered negligible by sub-
Kelvin operation and sufficient shielding. The minimum de-
tectable signal rate is thus !signal > 2

√
!dark/tobs, where tobs

is the measurement time [15, 64]. In background-free scenar-
ios (e.g., with a next-generation detector with dark count less
than 1 per observation time), a threshold of 3 detected pho-
tons is required [4, 15, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ϑ, lens focusing efficiency
ϑlens (set to 100%), boost factor ϱ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ϑ|E|

2W 2/2ϖ, where
|E| = ϱgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore

gaωω > 5↑ 10
↓14 GeV↓1
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The boost factor ϱ(ϖ, ε) = ϱ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and

MQW structure
• GaAs QWs, Si monolayer doping, AlGaAs barriers
• thickness:  D = Nlayer (dQW + dBarrier)
• optimal:  D ~ lmed / 2 ~ 1-10 mm @ THz
• layers:  need Nlayer ~ 10^5 (a challenge)
• fabrication:  molecular beam epitaxy (MBE)
• time scale:  weeks-months @ 1 µm/hr growth

High-field magnet
• National High Magnetic Field Lab (NHMFL)
• strength:  36 T & 45 T NMR magnets
• equipped with rotating probe
• high degree of homogeneity  ~ good for resonance

Photodetector
• a developing field:  the “THz technology gap”
• needs:  high efficiency, low dark count rate
• must function in strong B-field & cryogenic temps
• e.g., quantum dot photodetector
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achievable values, using ω = 4 ns for lower loss and better
sensitivity [22, 39, 43, 44, 47, 48]. See Sec. II F in Supplemen-
tal Material for the effects of electron density non-uniformity
in the 2DEGs on the boost factor.

Magnet Design—A strong uniform DC magnetic field B is
crucial both for axion–photon conversion and for tuning the
ENZ resonance. T-RAx will employ a rotatable sample stage
in a fixed high-field magnet, allowing the sample to tilt such
that B→ and B↑ can be dynamically adjusted for efficient mass
scanning. Such a tilting probe is available in the 36-T NMR
magnet at the National High Magnetic Field Laboratory [49].
To perform an axion search with zero mechanical movement,
the total magnet field strength could instead be dynamically
tuned using the current at a fixed sample orientation, but this
will sacrifice the sensitivity at some masses. A future itera-
tion of T-RAx may also employ vector magnets [50]. A key
requirement for T-RAx is exceptional magnetic field homo-
geneity across the plasmonic cavity. The ENZ resonance can
be sharply tuned, making the signal highly sensitive to vari-
ations in B. Inhomogeneities of even a hundred ppm across
the sample can broaden or shift the resonance, reducing the
effective signal and degrading sensitivity. Both Configs. 1 and
2 use the 36-T NMR magnet, which boasts a 1-ppm inhomo-
geneity over a 3-cm sample region, while Config. 3 assumes a
next-generation 50-T magnet to generate larger signals [49].

Operation and Scanning— Mass scanning is performed by
varying the angle ε between the surface normal of the plas-
monic cavity and the magnetic field, thereby shifting the ENZ
point and resonance frequency. The scan rate is determined
by the full-width-half-maximum (FWHM) or quality factor
Q of the boost factor resonance as a function of frequency,
at a given angle of the plasmonic cavity relative to the field.
T-RAx can simultaneously search for several axion masses
within a frequency band because the detector resonance width,
set by the quality factor O(10

4
), is still much wider than

the cold DM axion linewidth, with quality factor O(10
6
) [1].

With optimized MQW geometry and magnetic field control,
the experiment can efficiently scan large regions of parameter
space in a practical runtime, for total time ttot and measure-
ment time tobs. The scan protocol can be adapted to prior-
itize regions of greatest theoretical or experimental interest.
T-RAx can be dynamically calibrated using ellipsometry or
reflection/transmission spectroscopy to account for drifts or
shifted resonances [51, 52].

Lens and Photodetector—Signal photons emitted from the
surface of the plasmonic cavity are focused with an ideal lens
or other focusing element with focusing efficiency ϑlens =

100% [53–57]; see Sec. III C in Supplemental Material. The
photons are then measured with a THz photodetector, and the
dark count and efficiency directly set the experiment’s sensi-
tivity and scan rate. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ϑ and ultra-low dark count rates
!dark in the → O(1)meV range. Configurations 1 and 2 as-
sume ϑ → 0.07 (as shown experimentally) and ϑ → 0.2 (with
a better antenna coupler), respectively, both with !dark → 1

mHz, while Configuration 3 assumes !dark → 0.1mHz, which

may be feasible in the future, as theoretically expected dark
count rates may reach µHz for next-generation QD detectors,
and ϑ → 0.35 (experimentally demonstrated for a CSIP detec-
tor using a germanium hemispherical mirror) [58–63].

Parameter Config. 1 Config. 2 Config. 3

B [T] 36 36 50
ω [ns] 1.7 1.7 4

W [cm] 3 3 5
D [mm] 2 10 20
dBarrier [nm] 90 150 90
!dark [mHz] 1 1 0.1
ϑ [%] 7 20 35
ϖoptimal [meV] 5.0 1.6 1.1
εoptimal [deg] 86 72 60
ϱoptimal 70 115 390
Qoptimal [103] 6 10 50
tobs [min] 84 34 7
mirror [yes/no] no no yes

TABLE I. A comparison of parameters for three different con-
figurations for experimental searches, with optimal values yielding
the largest signal enhancement in each. As the MQWs get thicker
and scattering times reduce, larger signal boosts and higher qual-
ity factors are possible and are optimized for lower frequencies.
For all scenarios, the temperature T = 0.3K, electron density
ne = 3 → 1011 cm→2, quantum well width dQW = 30 nm, lens effi-
ciency ωlens = 100%, and total observation time tobs = 300 days.

Sensitivity—The projected T-RAx sensitivity to axion DM
is set by requiring a 95% confidence exclusion. In the
background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise, ap-
proximated from Poisson statistics. The dominant noise is the
photodetector’s dark count rate !dark, with other sources (e.g.,
thermal photons or cosmic rays) rendered negligible by sub-
Kelvin operation and sufficient shielding. The minimum de-
tectable signal rate is thus !signal > 2

√
!dark/tobs, where tobs

is the measurement time [15, 64]. In background-free scenar-
ios (e.g., with a next-generation detector with dark count less
than 1 per observation time), a threshold of 3 detected pho-
tons is required [4, 15, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ϑ, lens focusing efficiency
ϑlens (set to 100%), boost factor ϱ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ϑ|E|

2W 2/2ϖ, where
|E| = ϱgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore
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The boost factor ϱ(ϖ, ε) = ϱ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and

MQW structure
• GaAs QWs, Si monolayer doping, AlGaAs barriers
• thickness:  D = Nlayer (dQW + dBarrier)
• optimal:  D ~ lmed / 2 ~ 1-10 mm @ THz
• layers:  need Nlayer ~ 10^5 (a challenge)
• fabrication:  molecular beam epitaxy (MBE)
• time scale:  weeks-months @ 1 µm/hr growth

High-field magnet
• National High Magnetic Field Lab (NHMFL)
• strength:  36 T & 45 T NMR magnets
• equipped with rotating probe
• high degree of homogeneity  ~ good for resonance

Photodetector
• a developing field:  the “THz technology gap”
• needs:  high efficiency, low dark count rate
• must function in strong B-field & cryogenic temps
• e.g., quantum dot photodetector
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achievable values, using ω = 4 ns for lower loss and better
sensitivity [22, 39, 43, 44, 47, 48]. See Sec. II F in Supplemen-
tal Material for the effects of electron density non-uniformity
in the 2DEGs on the boost factor.

Magnet Design—A strong uniform DC magnetic field B is
crucial both for axion–photon conversion and for tuning the
ENZ resonance. T-RAx will employ a rotatable sample stage
in a fixed high-field magnet, allowing the sample to tilt such
that B→ and B↑ can be dynamically adjusted for efficient mass
scanning. Such a tilting probe is available in the 36-T NMR
magnet at the National High Magnetic Field Laboratory [49].
To perform an axion search with zero mechanical movement,
the total magnet field strength could instead be dynamically
tuned using the current at a fixed sample orientation, but this
will sacrifice the sensitivity at some masses. A future itera-
tion of T-RAx may also employ vector magnets [50]. A key
requirement for T-RAx is exceptional magnetic field homo-
geneity across the plasmonic cavity. The ENZ resonance can
be sharply tuned, making the signal highly sensitive to vari-
ations in B. Inhomogeneities of even a hundred ppm across
the sample can broaden or shift the resonance, reducing the
effective signal and degrading sensitivity. Both Configs. 1 and
2 use the 36-T NMR magnet, which boasts a 1-ppm inhomo-
geneity over a 3-cm sample region, while Config. 3 assumes a
next-generation 50-T magnet to generate larger signals [49].

Operation and Scanning— Mass scanning is performed by
varying the angle ε between the surface normal of the plas-
monic cavity and the magnetic field, thereby shifting the ENZ
point and resonance frequency. The scan rate is determined
by the full-width-half-maximum (FWHM) or quality factor
Q of the boost factor resonance as a function of frequency,
at a given angle of the plasmonic cavity relative to the field.
T-RAx can simultaneously search for several axion masses
within a frequency band because the detector resonance width,
set by the quality factor O(10

4
), is still much wider than

the cold DM axion linewidth, with quality factor O(10
6
) [1].

With optimized MQW geometry and magnetic field control,
the experiment can efficiently scan large regions of parameter
space in a practical runtime, for total time ttot and measure-
ment time tobs. The scan protocol can be adapted to prior-
itize regions of greatest theoretical or experimental interest.
T-RAx can be dynamically calibrated using ellipsometry or
reflection/transmission spectroscopy to account for drifts or
shifted resonances [51, 52].

Lens and Photodetector—Signal photons emitted from the
surface of the plasmonic cavity are focused with an ideal lens
or other focusing element with focusing efficiency ϑlens =

100% [53–57]; see Sec. III C in Supplemental Material. The
photons are then measured with a THz photodetector, and the
dark count and efficiency directly set the experiment’s sensi-
tivity and scan rate. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ϑ and ultra-low dark count rates
!dark in the → O(1)meV range. Configurations 1 and 2 as-
sume ϑ → 0.07 (as shown experimentally) and ϑ → 0.2 (with
a better antenna coupler), respectively, both with !dark → 1

mHz, while Configuration 3 assumes !dark → 0.1mHz, which

may be feasible in the future, as theoretically expected dark
count rates may reach µHz for next-generation QD detectors,
and ϑ → 0.35 (experimentally demonstrated for a CSIP detec-
tor using a germanium hemispherical mirror) [58–63].

Parameter Config. 1 Config. 2 Config. 3

B [T] 36 36 50
ω [ns] 1.7 1.7 4

W [cm] 3 3 5
D [mm] 2 10 20
dBarrier [nm] 90 150 90
!dark [mHz] 1 1 0.1
ϑ [%] 7 20 35
ϖoptimal [meV] 5.0 1.6 1.1
εoptimal [deg] 86 72 60
ϱoptimal 70 115 390
Qoptimal [103] 6 10 50
tobs [min] 84 34 7
mirror [yes/no] no no yes

TABLE I. A comparison of parameters for three different con-
figurations for experimental searches, with optimal values yielding
the largest signal enhancement in each. As the MQWs get thicker
and scattering times reduce, larger signal boosts and higher qual-
ity factors are possible and are optimized for lower frequencies.
For all scenarios, the temperature T = 0.3K, electron density
ne = 3 → 1011 cm→2, quantum well width dQW = 30 nm, lens effi-
ciency ωlens = 100%, and total observation time tobs = 300 days.

Sensitivity—The projected T-RAx sensitivity to axion DM
is set by requiring a 95% confidence exclusion. In the
background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise, ap-
proximated from Poisson statistics. The dominant noise is the
photodetector’s dark count rate !dark, with other sources (e.g.,
thermal photons or cosmic rays) rendered negligible by sub-
Kelvin operation and sufficient shielding. The minimum de-
tectable signal rate is thus !signal > 2

√
!dark/tobs, where tobs

is the measurement time [15, 64]. In background-free scenar-
ios (e.g., with a next-generation detector with dark count less
than 1 per observation time), a threshold of 3 detected pho-
tons is required [4, 15, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ϑ, lens focusing efficiency
ϑlens (set to 100%), boost factor ϱ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ϑ|E|

2W 2/2ϖ, where
|E| = ϱgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore
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The boost factor ϱ(ϖ, ε) = ϱ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and

MQW structure
• GaAs QWs, Si monolayer doping, AlGaAs barriers
• thickness:  D = Nlayer (dQW + dBarrier)
• optimal:  D ~ lmed / 2 ~ 1-10 mm @ THz
• layers:  need Nlayer ~ 10^5 (a challenge)
• fabrication:  molecular beam epitaxy (MBE)
• time scale:  weeks-months @ 1 µm/hr growth

High-field magnet
• National High Magnetic Field Lab (NHMFL)
• strength:  36 T & 45 T NMR magnets
• equipped with rotating probe
• high degree of homogeneity  ~ good for resonance

Photodetector
• a developing field:  the “THz technology gap”
• needs:  high efficiency, low dark count rate
• must function in strong B-field & cryogenic temps
• e.g., quantum dot photodetector
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achievable values, using ω = 4 ns for lower loss and better
sensitivity [22, 39, 43, 44, 47, 48]. See Sec. II F in Supplemen-
tal Material for the effects of electron density non-uniformity
in the 2DEGs on the boost factor.

Magnet Design—A strong uniform DC magnetic field B is
crucial both for axion–photon conversion and for tuning the
ENZ resonance. T-RAx will employ a rotatable sample stage
in a fixed high-field magnet, allowing the sample to tilt such
that B→ and B↑ can be dynamically adjusted for efficient mass
scanning. Such a tilting probe is available in the 36-T NMR
magnet at the National High Magnetic Field Laboratory [49].
To perform an axion search with zero mechanical movement,
the total magnet field strength could instead be dynamically
tuned using the current at a fixed sample orientation, but this
will sacrifice the sensitivity at some masses. A future itera-
tion of T-RAx may also employ vector magnets [50]. A key
requirement for T-RAx is exceptional magnetic field homo-
geneity across the plasmonic cavity. The ENZ resonance can
be sharply tuned, making the signal highly sensitive to vari-
ations in B. Inhomogeneities of even a hundred ppm across
the sample can broaden or shift the resonance, reducing the
effective signal and degrading sensitivity. Both Configs. 1 and
2 use the 36-T NMR magnet, which boasts a 1-ppm inhomo-
geneity over a 3-cm sample region, while Config. 3 assumes a
next-generation 50-T magnet to generate larger signals [49].

Operation and Scanning— Mass scanning is performed by
varying the angle ε between the surface normal of the plas-
monic cavity and the magnetic field, thereby shifting the ENZ
point and resonance frequency. The scan rate is determined
by the full-width-half-maximum (FWHM) or quality factor
Q of the boost factor resonance as a function of frequency,
at a given angle of the plasmonic cavity relative to the field.
T-RAx can simultaneously search for several axion masses
within a frequency band because the detector resonance width,
set by the quality factor O(10

4
), is still much wider than

the cold DM axion linewidth, with quality factor O(10
6
) [1].

With optimized MQW geometry and magnetic field control,
the experiment can efficiently scan large regions of parameter
space in a practical runtime, for total time ttot and measure-
ment time tobs. The scan protocol can be adapted to prior-
itize regions of greatest theoretical or experimental interest.
T-RAx can be dynamically calibrated using ellipsometry or
reflection/transmission spectroscopy to account for drifts or
shifted resonances [51, 52].

Lens and Photodetector—Signal photons emitted from the
surface of the plasmonic cavity are focused with an ideal lens
or other focusing element with focusing efficiency ϑlens =

100% [53–57]; see Sec. III C in Supplemental Material. The
photons are then measured with a THz photodetector, and the
dark count and efficiency directly set the experiment’s sensi-
tivity and scan rate. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ϑ and ultra-low dark count rates
!dark in the → O(1)meV range. Configurations 1 and 2 as-
sume ϑ → 0.07 (as shown experimentally) and ϑ → 0.2 (with
a better antenna coupler), respectively, both with !dark → 1

mHz, while Configuration 3 assumes !dark → 0.1mHz, which

may be feasible in the future, as theoretically expected dark
count rates may reach µHz for next-generation QD detectors,
and ϑ → 0.35 (experimentally demonstrated for a CSIP detec-
tor using a germanium hemispherical mirror) [58–63].

Parameter Config. 1 Config. 2 Config. 3

B [T] 36 36 50
ω [ns] 1.7 1.7 4

W [cm] 3 3 5
D [mm] 2 10 20
dBarrier [nm] 90 150 90
!dark [mHz] 1 1 0.1
ϑ [%] 7 20 35
ϖoptimal [meV] 5.0 1.6 1.1
εoptimal [deg] 86 72 60
ϱoptimal 70 115 390
Qoptimal [103] 6 10 50
tobs [min] 84 34 7
mirror [yes/no] no no yes

TABLE I. A comparison of parameters for three different con-
figurations for experimental searches, with optimal values yielding
the largest signal enhancement in each. As the MQWs get thicker
and scattering times reduce, larger signal boosts and higher qual-
ity factors are possible and are optimized for lower frequencies.
For all scenarios, the temperature T = 0.3K, electron density
ne = 3 → 1011 cm→2, quantum well width dQW = 30 nm, lens effi-
ciency ωlens = 100%, and total observation time tobs = 300 days.

Sensitivity—The projected T-RAx sensitivity to axion DM
is set by requiring a 95% confidence exclusion. In the
background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise, ap-
proximated from Poisson statistics. The dominant noise is the
photodetector’s dark count rate !dark, with other sources (e.g.,
thermal photons or cosmic rays) rendered negligible by sub-
Kelvin operation and sufficient shielding. The minimum de-
tectable signal rate is thus !signal > 2

√
!dark/tobs, where tobs

is the measurement time [15, 64]. In background-free scenar-
ios (e.g., with a next-generation detector with dark count less
than 1 per observation time), a threshold of 3 detected pho-
tons is required [4, 15, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ϑ, lens focusing efficiency
ϑlens (set to 100%), boost factor ϱ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ϑ|E|

2W 2/2ϖ, where
|E| = ϱgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore

gaωω > 5↑ 10
↓14 GeV↓1

[
36T
|B|

] [
100

ϱ(ma)

] [
0.2

ϑ

] 1
2

(6)

↑

[
9 cm2

W 2

] 1
2
[
!dark

1mHz

] 1
4 [ ma

1meV

] 3
2

[
30 days
tobs

] 1
4

.

The boost factor ϱ(ϖ, ε) = ϱ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and

MQW structure
• GaAs QWs, Si monolayer doping, AlGaAs barriers
• thickness:  D = Nlayer (dQW + dBarrier)
• optimal:  D ~ lmed / 2 ~ 1-10 mm @ THz
• layers:  need Nlayer ~ 10^5 (a challenge)
• fabrication:  molecular beam epitaxy (MBE)
• time scale:  weeks-months @ 1 µm/hr growth

High-field magnet
• National High Magnetic Field Lab (NHMFL)
• strength:  36 T & 45 T NMR magnets
• equipped with rotating probe
• high degree of homogeneity  ~ good for resonance

Photodetector
• a developing field:  the “THz technology gap”
• needs:  high efficiency, low dark count rate
• must function in strong B-field & cryogenic temps
• e.g., quantum dot photodetector
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Let’s check on the recent progress
currently testing the dielectric response 

of two MQW stacks in the lab at Rice

6mm x 9mm, single GaAs QW

[image:  Jorge Vidal, Rice Media]

• getting set up:  THz TDS system (time-domain 
spectroscopy), magnet (7T), cryostat (1.6K)

• getting samples:  10 MQW & 30 MQW stacks 
provided by Manfra group at Purdue University

• goals for August:  measure CRI ENZ resonance 
quality and measure tunability with a B-field 
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Let’s check on the recent progress
[image:  Jorge Vidal, Rice Media]

• next steps:  

• Run 10- & 30-QW samples from 0-7 T to measure 
ENZ CRI res. quality & tunability.  (Summer 2026)

• Compare with 3D COMSOL sims to test sensitivity 
to electron density inhomogeneity.  (Fall 2026)

• Run 1, 10, & 30-QW samples up to 36 T at the 
NHMFL.  (Late 2026 / Early 2027)

• Simulate and manufacture optimal MQW configs. 
at Purdue, 10x 30-QW stacks.  (Summer 2027)

• Manufacture THz quantum dot photodetectors at 
NSRC or Rice.  (Summer 2027)

• Combine all of the moving parts at Rice and set a 
very preliminary constraint. (Late 2027)

Jaanita Mehrani (applied physics 
PhD student at Rice)

working on the THz optics
… dreaming about graduating (Spring 2028)
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Let me explain … no there is too much, let me sum up 
• meV axion dark matter = theoretically compelling 

 (post-inflationary production from axion string-wall network)

• but detection = especially challenging
 (meV mass gap … need a tunable resonance at THz)

• “bespoke” materials allow for tunable response
 (using stacks of many nm-thick quantum wells)

• SQWARE team at Rice is gearing up!
 (ask your local material scientists to build their own)

photo-
detector

magnetic field

axion
field

electric
field

op
tio

na
l m

irr
or

focusercavity

W

MQW

W

D

induces
axion to
photon

conversion

tunes ENZ
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Validation w/ COMSOL sims
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COMSOL solves the in-medium Maxwell Eqns.

It was used to perform various checks / validations:   

• validation of effective medium theory
• validation of large width approximation
• validation of homogenous axion approx.
• validation of homogenous B-field approx.
• validation of homogeneous e-density approx.

(see discussions in the paper)
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Dark photons
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4

dark count and quantum efficiency directly set the experi-
ment’s sensitivity. Quantum dot (QD) detectors offer state-
of-the-art quantum efficiency ω and low dark count rates !dark
in the → O(1)meV range [60–64]. Configurations 1 and 2 as-
sume ω → 0.07 (shown experimentally) and ω → 0.2 (with
better antenna coupler), respectively, both with !dark → 1

mHz [62], while Config. 3 assumes ω → 0.35 (shown experi-
mentally for higher frequencies) [65], with !dark → 0.1mHz,
which may be feasible in the future, as theoretically expected
dark counts reach µHz for next-generation QD detectors [62].

Parameter Config. 1 Config.2 Config. 3
(HM) (LM) (LM-S)

D [mm] 2 10 20

B [T] 36 36 50

ε [ns] 1.7 1.7 4

!dark [mHz] 1 1 0.1
ω [%] 7 20 35

TABLE I. Summary of parameters for three benchmark SQWARE
configurations: HM (High Mass), LM (Low Mass), and LM-S (Low
Mass Sensitive). As the MQW cavities get thicker and scattering
times reduce, larger signal boosts are possible, optimized at lower
frequencies. For all scenarios, the temperature T = 0.3K, electron
density ne = 3→1011 cm→2, quantum well width dQW = 30 nm, lens
efficiency ωlens = 100%, and total observation time ttot = 300 days.

Sensitivity—The projected SQWARE sensitivity to axion
DM is set by requiring a 95% confidence exclusion. In
the background-dominant scenario, the expected axion signal
must exceed twice the standard deviation of detector noise,
approximated from Poisson statistics. The dominant noise is
the photodetector’s dark count rate !dark, with other sources
(e.g., thermal photons or cosmic rays) rendered negligible by
sub-Kelvin operation and sufficient shielding. The minimum
detectable signal rate is thus !signal > 2

√
!dark/tobs, where

tobs is the measurement time [15, 66]. In background-free sce-
narios (e.g., with a next-generation detector with dark count
less than 1 per observation time), a threshold of 3 detected
photons is required [4, 18]. The signal rate detected by a pho-
todetector with quantum efficiency ω, lens focusing efficiency
ωlens (set to 100%), boost factor ϑ, magnetic field |B| , and
plasmonic cavity area W 2 is !signal = ω|E|

2W 2/2ϖ, where
|E| = ϑgaωω |B|a0. The sensitivity to the axion-photon cou-
pling in the background-dominated regime, over a measure-
ment time, tobs, is therefore

gaωω > 5↑ 10
→14 GeV→1

[
36T
|B|

] [
100

ϑ(ma)

] [
20%

ω

] 1
2

(6)

↑

[
9 cm2

W 2

] 1
2
[
!dark

1mHz

] 1
4 [ ma

1meV

] 3
2

[
30 days
tobs

] 1
4

.

The boost factor ϑ(ϖ, ϱ) = ϑ(ma) depends on the axion mass
ma implicitly through the resonance frequency ϖ = ma and
angle ϱ. A similar formula can be derived for the background-

free regime, which applies to Config. 3 for wide scans. In
Fig. 3, we show the projected sensitivity of SQWARE for the
three benchmark experimental configurations provided in Ta-
ble I. For narrow scans, we assume a total exposure time of
tobs = 30 days, where the detector sits at a fixed angle and res-
onance frequency, portrayed as narrow lines at ma = 1meV
and 3.5meV for Configs. 1 and 2, respectively. For wide
scans, we assume a ttot = 300 day sweep covering a range of
axion masses, corresponding to several thousand scans, each
with individual exposure time tobs = 84, 34, and 7minutes,
for the three configurations, respectively. The conservative
and realistic designs Configs. 1 and 2 are already projected to
achieve leading limits, surpassing the CAST helioscope for
axion masses 0.6 ↓ 5meV, and the aggressive Config. 3 can
optimistically probe the QCD axion band at axion masses of
0.6↓2meV [1]. SQWARE can simultaneously probe dark pho-
ton DM, which does not require a magnetic field for photon-
dark photon generation [67, 68]; see Sec. D in Appendix for
projected sensitivities.

Theoretically Favored

Config. 1
Config. 2

 Config. 3

Scan Time
300 days
30 days

1 2 510 14

10 13

10 12

10 11

10 10 0.2 0.4 0.6 0.8 1.0 1.2
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Axion Mass: [meV]

[G
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]1

Frequency: [THz]

10 14
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10 10

FIG. 3. Projected sensitivity of SQWARE to the axion mass ma

and axion-photon coupling gaωω for three proposed configurations
(in yellow, blue, and striped navy) for 300 day wide mass sweeps and
30 day fixed resonance runs, generating significant coverage of the
axion parameter space beyond current experimental constraints, with
CAST limits shown in the top gray band [1]. For optimistic config-
urations, theoretically favorable QCD axion models can be probed,
with DFSZ/KSVZ benchmarks [5] shown in the diagonal light gray
band.

Conclusion—We have introduced SQWARE, a new ap-
proach for direct axion DM detection at meV masses, lever-
aging recent advances in quantum semiconductor heterostruc-
tures to create high-quality magnetoplasmonic cavities with
simple tunable ENZ response. This platform offers a feasi-
ble path to probe unexplored axion parameter space, including
the QCD axion band, with near-term technology. Details, ex-
tended calculations, simulations, and additional physics reach
are provided in Appendix.

Acknowledgements—This material is based upon work
supported (in part: K.S. and T.X.) by the National Science
Foundation under Grant No. PHY-2514896, (in part: A.J.L.)
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Appendix D: Sensitivity to dark photon dark matter

The SQWARE detector will also be sensitive to dark photon dark matter (DM) at meV masses. Dark photons may interact with
ordinary electromagnetic photons through a kinetic mixing, which is parametrized by a dimensionless mixing parameter ω [67].
In contrast to axion-photon conversion, dark photon-photon conversion occurs spontaneously, without requiring a background
magnetic field. SQWARE, like many axion detectors, is able to search for dark photon DM at the same time as it searches for
axion DM [68]. As the plasmonic cavity is rotated in the fixed magnetic field, the resonance frequency varies, which scans across
DM masses. Alternatively, one could optimize the search for dark photon DM by holding the plasmonic cavity fixed in place,
with the magnetic field oriented normal to its surface, and scan across dark photon masses by varying the strength of the field.
We estimate the projected sensitivity of SQWARE to dark photon DM following Ref. [18]. The signal is calculated by adapting
the formula for axion DM Eq. (6) with the replacements

gaωωB→ → mA→ω and ma → mA→ and a0 → a0/
↑
3 , (D.1)

where mA→ is the dark photon mass, and the factor of
↑
3 accounts for the dark photon’s random polarization. The dark photon

sensitivity is

ω > 6↓ 10
↑16

[
100

ε(mA→)

] [
0.2

ϑ

] 1
2
[
9 cm2

w2

] 1
2
[
!dark

1mHz

] 1
4 [ mA→

1meV

] 1
2

[
30 days
tobs

] 1
4

(D.2)

In Fig. D.1 we show the projected sensitivity of SQWARE to dark photon DM for the three design configurations in Table I.
By comparing data from runs optimized for axion sensitivity, SQWARE will be able to place competitive limits on dark photon
DM in the meV mass range simultaneously, with no changes required to the experimental configuration beyond the analysis
framework.
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FIG. D.1. Projected sensitivity of SQWARE to the dark photon mass mA→ and dark photon-photon mixing ω for three proposed configurations
(in yellow, blue, and navy) for 300 day wide mass sweeps and 30 day fixed resonance runs.
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FIG. 1. Schematic of the SQWARE detector. A magnetoplasmonic
cavity with area W 2 and thickness D is an MQW structure consisting
of ultrahigh-mobility 2DEGs in GaAs quantum wells with thickness
dQW and AlGaAs barriers with thickness dBarrier. An applied mag-
netic field B with tilt angle ω induces electromagnetic radiation from
the axion DM (via component B→) and sweeps the ENZ resonance
frequency (via B↑). THz-frequency electromagnetic radiation from
the surface of the cavity is focused onto a photodetector.

length ω → mm, frequency f → THz, and axion mass
ma → meV) are well-matched to the engineered ENZ reso-
nance of the MQW, where the permittivity approaches zero.
Under these conditions, the axion-induced electric field inside
the material is resonantly enhanced, substantially increasing
the emitted electromagnetic power on the order of → 10

4,
which can be measured with a photodetector coupled to the
device. Crucially, the ENZ resonance is tunable. By vary-
ing the orientation of the MQW within the external magnetic
field, one can independently optimize the magnetic field com-
ponents: the component parallel to the sample controls the
axion-induced current and thus the signal strength, while the
component perpendicular to the sample tunes the ENZ fre-
quency, allowing for mass scanning. This dual control enables
efficient exploration of the (ma, gaωω) parameter space with-
out complicated mechanical adjustment. Figure 1 illustrates
the core SQWARE concept. The remainder of this Letter de-
tails the underlying physical principles and presents projected
sensitivities to axion DM across the meV mass window.

General Concept—The axion-photon coupling modifies
Maxwell’s equations by introducing a source term propor-
tional to the axion field and external magnetic field; see
Sec. A 1 in Appendix. For a nonrelativistic axion DM back-
ground, the axion field can be approximated as spatially ho-
mogeneous on the scale of the experiment, a(t) = a0e→imat,
with amplitude a0 =

↑
2εa/ma, where εa is the local ax-

ion DM density. In a medium with a complex electric per-
mittivity tensor ϑ(ϖ) (real part ϑ↑ and imaginary part ϑ↑↑), the
induced electric field E oscillates at the axion Compton fre-

quency ϖa = ma and obeys

ϑ(ϖ)E = ↓gaωωBa0, (1)

where B is the applied DC magnetic field.
The axion-induced electric field can be dramatically ampli-

fied in media where the permittivity approaches zero. In this
regime, the field in the medium Emed is enhanced by a factor

Emed

Evac
=

1

|ϑ|
, (2)

where Evac = gaωω |B|a0 is the axion-induced field in
vacuum [6]. Thus, minimizing |ϑ| produces a large electro-
magnetic response to the axion; see Sec. A 2 in Appendix.
This enhancement is central to the SQWARE concept: by
engineering a tunable ENZ resonance in a semiconductor
magnetoplasma, the signal can be resonantly boosted and
efficiently measured by a photodetector.

Boost Factor—Whereas the homogeneous electric field in
an infinite medium is enhanced by a factor of 1/|ϑ|, the boost
factor is somewhat reduced when considering the propagating
radiation emitted from a finite volume in a real experiment.
The SQWARE design uses an anisotropic magnetoplasmonic
cavity at an angle ϱ relative to the applied magnetic field to
generate a tunable ENZ mode in one of the two chiral per-
mittivity components. Following similar steps as Ref. [6], the
boost factor ς in the radiated field from such a cavity is

ς(ϖ, ϱ) =

∣∣∣∣↓
(1↓ ϑ) sin(!/2)

ϑ sin(!/2) + i
↑
ϑ cos(!/2)

∣∣∣∣
sin ϱ
↑
2
, (3)

where ! = 2φD/ωmed is the phase depth of a cavity with
thickness D, ωmed = ωvac/nmed is the in-medium wave-
length, nmed = Re[

↑
ϑ] is the refractive index, and ωvac =

2φc/ϖ is the vacuum wavelength.

FIG. 2. The boost factor ε, given by Eq. (3), from a plasmonic cav-
ity with a fixed thickness D = 5ϑvac as a function of the complex
permittivity ϖ = ϖ↓ + iϖ↓↓, evaluated at ω = 90deg. The resonant
boost factor occurs at the ENZ point, and decreasing loss (or equiva-
lently ϖ↓↓) maximizes the achievable boost, which can be quite large.
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<latexit sha1_base64="C92ZrjunTzlQli7KzbNk7nMJgdM=">AAABkXicZY67TsNAEEVnwyuElyElTUQaKstGEY8CKYIGQRMQeUixZa03Q1hl115215Eiy7/B19DCP/A3BDAFya3O3JnRvbES3FjP+ySVldW19Y3qZm1re2d3z9k/6Jk00wy7LBWpHsTUoOAJdi23AgdKI5WxwH48uf7e96eoDU+TRztTGEo6TvgTZ9TOrcjxkiiQ1D5rmUscFY3Lxt/4gMUwMC/a5sGUalSGizQpwshpeq73o8Yy+CU0oVQncm6DUcoyiYllghoz9D1lw5xqy5nAohZkBhVlEzrGXM5KMou+RS1NMQ/3F6OWoXfi+qdu677VbJ+XNapwCEdwDD6cQRtuoANdYPAKb/AOH6ROLkibXP2eVkj5U4d/IndfVF5ruQ==</latexit>

nmed = Re[
→
ω]

<latexit sha1_base64="1fYmC5e/s+TgZdyKllULu1E1f4k=">AAABiHicZY7NSsNAFIXv1L9a/6Iu3Qx2oauYlGJ1IRTdiKsK9gdMCZPpNQ6dScLMpFBCHsGncasP4ttYNRvbs/o491zOiTIpjPW8L1JbW9/Y3KpvN3Z29/YPnMOjgUlzzbHPU5nqUcQMSpFg3worcZRpZCqSOIymdz/34Qy1EWnyZOcZjhWLE/EiOLMLK3TOArkIT1gYKGZftSpmjJf0hrZokAnK6QUNUoUxC52m53q/oqvgV9CESr3QeQgmKc8VJpZLZsyz72V2XDBtBZdYNoLcYMb4lMVYqHlFZtm3qJUpF+X+ctUqDFquf+m2H9vN7lU1ow4ncArn4EMHunAPPegDhzd4hw/4JA3ikQ65/ovWSPVzDP9Ebr8Bmi1lhw==</latexit>

ωvac = 2εc/ϑ

<latexit sha1_base64="NDFPu/GNhWOv4XaMC4Q2I/gyLLc=">AAABm3icZY7NSsNAFIXv1L9a/6IuRQhmIwghkVJFEArdSHFRwbQFU8NkvJahk8wwMymU0nfxadzq1rex1iy0PavvnnMv56ZKcGOD4ItU1tY3Nreq27Wd3b39A+fwqGtkoRlGTAqp+yk1KHiOkeVWYF9ppFkqsJeOWj95b4zacJk/2onCQUaHOX/ljNq5lTg38ZhqVIYLmbu37p/pOVaaZ+heuDHnS8EiSRwv8IOF3FUIS/CgVCdx2vGLZEWGuWWCGvMUBsoOplRbzgTOanFhUFE2okOcZpOSzLJvUWdmNi8Pl6tWoXvphw2//lD3mtflG1U4gTM4hxCuoAl30IEIGLzBO3zAJzklLdIm97+rFVLeHMM/kegbOllu6A==</latexit>

ω = ω→ + iω→→

boost factor:
enhancement in E-field amplitude

maximal boost:
b = |1/e – 1| when D = p, 3 p, 5 p, … 

<latexit sha1_base64="+oLFULkWpXUVcg2fU0RkfYZVbfQ=">AAABiXicZY7NSsNAFIXv1L/a+hN16SbYTd2ERFotglCoC3FVwf6AKWEyvcahM0mYmRRKyCv4NG71PXwbW83G9qw+zj2Hc8NUcG1c95tUtrZ3dveq+7X6weHRsXVyOtRJphgOWCISNQ6pRsFjHBhuBI5ThVSGAkfhrLe6j+aoNE/iZ7NIcSJpFPNXzqhZWoHV9EMeiaZ9b9/ZbdsXy+aUBr6k5k3JfE5ZYa8S6jKwGq7j/sreBK+EBpTqB9ajP01YJjE2TFCtXzw3NZOcKsOZwKLmZxpTymY0wlwuStLrvkEldbEc99anNmF45XjXTuup1eh2yjeqcA4X0AQPbqALD9CHATB4hw/4hC9SJx7pkNu/aIWUnTP4J9L7AfGYZdc=</latexit>(
D = 5ωvac

)

[derivation:  Millar, Redondo, Steffen (2017)]
[plot:  SQWARE, 2509.14320]Epsilon Near Zero
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• Detecting THz photons is tough.  
• Current thinking:  use the Komiyama quantum dot detector design (measure the change in 

conductance of a quantum dot when a photon excites an electron in the QD).  
• We’re following BREAD’s lead … this tech. is part of their proposal.  

• People at Rice are beginning the design process (see below), with the idea of possibly doing the 
fabrication at Rice next year.  
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G. Summary of T-RAx’s advantages and potential challenges

The T-RAx experiment presents a compelling and feasible path toward probing axion DM in the meV mass range, leveraging
state-of-the-art advances in quantum semiconductor materials and photodetection. Here, we summarize the primary advantages
and challenges of the proposed approach.

Advantages

• Feasibility and Accessibility: Multiple Quantum Wells (MQWs) are a mature platform in condensed matter physics,
with established, high-quality fabrication techniques including Molecular Beam Epitaxy (MBE). Prototypes can be rapidly
realized using widely available infrastructure, making the experiment highly accessible to a broad range of laboratories.

• Electromagnetic Tunability: The resonant properties of MQWs can be tuned dynamically and precisely using an exter-
nal magnetic field, enabling flexible frequency coverage either with simple mechanical adjustment or possibly with no
mechanical motion at all.

• Customizability: The layered structure of MQWs allows for unprecedented flexibility in device design. Material com-
position, layer thickness, and doping can be systematically engineered, and complex structures potentially consisting
of thousands of layers may be optimized using modern machine learning techniques to maximize signal boost across a
targeted frequency range.

• Reproducibility and Modularity: MQW-based detectors are inherently modular and reproducible. Any laboratory
equipped for MBE growth and standard cryogenics can fabricate and test these devices, enabling parallel efforts and
rapid scaling. The compact design obviates the need for large-volume, high-field magnets; low-field and prototype setups
can be tailored for various frequency ranges. Moreover, a given sample can be tested in multiple magnets or upgraded
setups as new technologies become available.

• High Sensitivity: Large electromagnetic boost factors are attainable with high-quality MQW structures, enabling com-
petitive sensitivities with presently achievable materials and fabrication standards.

• Rapid Scan Rate: The combination of strong signal enhancement and minimal reliance on mechanical motion allows for
high scan rates, facilitating fast coverage of broad axion mass ranges.

Challenges and limitations

• Long Fabrication Times: High-quality MQW structures, especially those requiring many layers or large surface areas,
can require substantial time investments for growth and processing.

• Sample Uniqueness and Value: Each fabricated sample is a valuable asset, as its properties are fixed post-fabrication
and cannot be substantially modified (other than by varying the applied magnetic field). Damage or fabrication error can
result in significant loss of effort and resources.

• Limited Magnet Access: High-field magnet time is in high demand and can be prohibitively expensive unless dedicated
instrumentation is secured. Scheduling access may constrain experimental throughput.

• Post-Fabrication Inflexibility: Once the MQW is fabricated, practical tuning is limited primarily to adjustments of the
external magnetic field; in situ modifications to layer structure or composition are not possible.

Taken together, these considerations position T-RAx as a highly promising, accessible, and scalable platform for meV axion
searches, whose strengths in modularity, sensitivity, and scan rate outweigh the primary challenges associated with sample
fabrication and magnet access.

IV. SENSITIVITY TO DARK PHOTON DARK MATTER

The T-RAx detector will also be sensitive to dark photon dark matter (DM) at meV masses. Dark photons may interact with
ordinary electromagnetic photons through a kinetic mixing, which is parametrized by a dimensionless mixing parameter ω [77].
In contrast to axion-photon conversion, dark photon-photon conversion occurs spontaneously, without requiring a background
magnetic field. T-RAx, like many axion detectors, is able to search for dark photon DM at the same time as it searches for axion
DM [78]. As the plasmonic cavity is rotated in the fixed magnetic field, the resonance frequency varies, which scans across DM
masses. Alternatively, one could optimize the search for dark photon DM by holding the plasmonic cavity fixed in place, with
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G. Summary of T-RAx’s advantages and potential challenges

The T-RAx experiment presents a compelling and feasible path toward probing axion DM in the meV mass range, leveraging
state-of-the-art advances in quantum semiconductor materials and photodetection. Here, we summarize the primary advantages
and challenges of the proposed approach.

Advantages

• Feasibility and Accessibility: Multiple Quantum Wells (MQWs) are a mature platform in condensed matter physics,
with established, high-quality fabrication techniques including Molecular Beam Epitaxy (MBE). Prototypes can be rapidly
realized using widely available infrastructure, making the experiment highly accessible to a broad range of laboratories.

• Electromagnetic Tunability: The resonant properties of MQWs can be tuned dynamically and precisely using an exter-
nal magnetic field, enabling flexible frequency coverage either with simple mechanical adjustment or possibly with no
mechanical motion at all.

• Customizability: The layered structure of MQWs allows for unprecedented flexibility in device design. Material com-
position, layer thickness, and doping can be systematically engineered, and complex structures potentially consisting
of thousands of layers may be optimized using modern machine learning techniques to maximize signal boost across a
targeted frequency range.

• Reproducibility and Modularity: MQW-based detectors are inherently modular and reproducible. Any laboratory
equipped for MBE growth and standard cryogenics can fabricate and test these devices, enabling parallel efforts and
rapid scaling. The compact design obviates the need for large-volume, high-field magnets; low-field and prototype setups
can be tailored for various frequency ranges. Moreover, a given sample can be tested in multiple magnets or upgraded
setups as new technologies become available.

• High Sensitivity: Large electromagnetic boost factors are attainable with high-quality MQW structures, enabling com-
petitive sensitivities with presently achievable materials and fabrication standards.

• Rapid Scan Rate: The combination of strong signal enhancement and minimal reliance on mechanical motion allows for
high scan rates, facilitating fast coverage of broad axion mass ranges.

Challenges and limitations

• Long Fabrication Times: High-quality MQW structures, especially those requiring many layers or large surface areas,
can require substantial time investments for growth and processing.

• Sample Uniqueness and Value: Each fabricated sample is a valuable asset, as its properties are fixed post-fabrication
and cannot be substantially modified (other than by varying the applied magnetic field). Damage or fabrication error can
result in significant loss of effort and resources.

• Limited Magnet Access: High-field magnet time is in high demand and can be prohibitively expensive unless dedicated
instrumentation is secured. Scheduling access may constrain experimental throughput.

• Post-Fabrication Inflexibility: Once the MQW is fabricated, practical tuning is limited primarily to adjustments of the
external magnetic field; in situ modifications to layer structure or composition are not possible.

Taken together, these considerations position T-RAx as a highly promising, accessible, and scalable platform for meV axion
searches, whose strengths in modularity, sensitivity, and scan rate outweigh the primary challenges associated with sample
fabrication and magnet access.

IV. SENSITIVITY TO DARK PHOTON DARK MATTER

The T-RAx detector will also be sensitive to dark photon dark matter (DM) at meV masses. Dark photons may interact with
ordinary electromagnetic photons through a kinetic mixing, which is parametrized by a dimensionless mixing parameter ω [77].
In contrast to axion-photon conversion, dark photon-photon conversion occurs spontaneously, without requiring a background
magnetic field. T-RAx, like many axion detectors, is able to search for dark photon DM at the same time as it searches for axion
DM [78]. As the plasmonic cavity is rotated in the fixed magnetic field, the resonance frequency varies, which scans across DM
masses. Alternatively, one could optimize the search for dark photon DM by holding the plasmonic cavity fixed in place, with

1 µm/hr => 3 weeks for D = 1 mm


