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Electromagnetic Detection of Ultralight Bosons and HFGW

~Je↵ in a cavity or shield room: ⇤~A = ~Je↵ .

Dark photon A
0:

~Je↵ = ✏m2
A0 ~A0;

No background field.

Axion a:
~Je↵ = ga�

~B0@ta;

Background ~B0.

GW h:
~Je↵ ⇠ @(h F0);

Background ~E0 or ~B0.

I Resonant cavity: !rf ⇠ !Jeff .

I Circuit/magnetometer: B ⇠ | ~Je↵V
1/3

| from ~Je↵ where 1/!Jeff � V
1/3.

ΦΨ

Cavity LC circuit

⃗Jeff

⃗B0⃗B0 a Ψ

 readout

single-mode 

sensor

γr
α

⃗Jeff

e.g. ADMX, HAYSTAC, CAPP, ORGAN, DM radio...

Jeff

B

a b

Suzhou

Harbin

31.299379N,
120.619585E

45.756967N,
126.642464E1692 km

zx
y

Sensor
Magnetic shield

Magnetic field

Intensity

2 
m

[Jiang et al, Nature Commun, 2305.00890]



Electromagnetic Single-Mode Resonator

I Resonator: significant response to signal at narrow bandwidth.

Trade-o↵ between peak response and bandwidth.

e.g. cavity or circuit for capturing ~Je↵ .

I Require multiple scans to cover ultralight dark matter mass window;

I Challenge for transient high-frequency gravitational wave sources.



Standard Quantum Limit for Resonant Detection

I Power law detection:

Noise PSD: resonant intrinsic noise Sint / kT + flat readout noise Sr ⇠ ~! .

I Responses to Ssig and Sint are the same.

Scan rate / �!r within which Sint � Sr.

I Standard quantum limit: [Chaudhuri et al 18’]

Optimizing readout coupling Qcpl:

� ⌘ Q0/Qcpl = 2 for quantum-noise limited kT ⌧ ~! [Krauss et al 85’].

� ⇡ 2nocc for nocc ⇡ kT/(~!) � 1 and �!r / nocc [e.g., Chaudhuri et al 18’,

Berlin et al 19’].

Sint / Cauchy distribution

�!r



Beyond Standard Quantum Limit

I Power law detection:

Noise PSD: resonant intrinsic noise Sint / kT + flat readout noise Sr ⇠ ~! .

I Responses to Ssig and Sint are the same.

Scan rate / �!r within which Sint � Sr.

I Beyond standard quantum limit:

Squeezing Sr, e.g., HAYSTAC Phase II.

Increasing the sensitivity to Ssig, e.g., white light cavity in
optomechanics/GW detection [Miao et al 15’].

Qubit.

Sint / Cauchy distribution

�!r



White Light Optical-Cavity [Wicht et al 97’]

I Negative dispersion medium cancels the frequency-dependent phase shift:

Achieves simultaneously large response and broad bandwidth.

I Microwave cavity?



Multi-Mode Resonators

I Toy model: DC-Josephson e↵ects to couple 2 circuit modes:

I Realization through Josephson ring modulator [Bergeal et al 10]:

• !0 = |!1 � !2| ! beam-splitting: ~gâ1â†
2 + h.c.

• !0 = !1 + !2 ! non-degenerate squeezing: ~Gâ1â2 + h.c.

H

= �I0'0 cos [!0t + (�1 + �2)/'0]
= I0

'0
cos[!0t]�1�2 + · · ·



White Light Haloscope [Li et al 20’]
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Φ(t)

a, a†b, b†c, c†

signal

TXDQWXP�DPSOLÀHU FRQYHQWLRQDO�GHWHFWRU

DPSOLÀHG�UHDGRXW FRQYHQWLRQDO�UHDGRXW

I Beam-splitting: ~g(âb̂† + â
†
b̂).

I Non-degenerate parametric interaction: ~G(b̂ĉ + b̂
†
ĉ

†).

I PT -symmetry (â $ ĉ
†
) emerges when g = G .

( ˙̂a+ ˙̂c†) = �i(g � G)b̂ � i↵ + · · · ;

˙̂
b = ��r b̂ � ig(â+ ĉ

†) + · · · .

I Double resonance when g � intrinsic dissipation �:
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Response Width for Multi-mode Resonators

Broadened response in multi-mode resonators:
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†
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I |g | > |G | to make the system stable.

I Large J ⌘
p

|g |2 � |G |2 to flatten the response as required by dynamic
range and robustness.

[YC et al, PRR 2103.12085, Rept.Prog.Phys. 2309.12387]
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Response Width for Multi-mode Resonators

Broadened response in multi-mode resonators:
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I New sensitivity limit for multi-mode resonators, optimal for SRF cavity:
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[YC et al, PRR 2103.12085, Rept.Prog.Phys. 2309.12387]



Chain and Binary Tree

Non-hermitian chain [McDonald et al 18’,

YC et al Rept.Prog.Phys. 2309.12387]

Binary tree [YC et al, PRR 2103.12085,

Rept.Prog.Phys. 2309.12387]
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• Single-quadrature amplification

• Phase fluctuations & nonlinearities?

• Both quadratures experience gain

• Compatible with sensor networks

I HAYSTAC Phase IV, CEASEFIRE: prototype calibration for N = 1
non-hermitian chain with g ⇠ MHz [Wurtz et al 21’, Jiang et al 23’].



Heterodyne Upconversion

I Heterodyne upconversion [Goryachev et al 19’, Berlin et al 19’, UPLOAD 19’ 23’]:

injecting AC pump mode: !rf � !0 ⇡ !a or !h.

I Resonant scan: tune !rf � !0 from Hz to GHz:
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FIG. 2. The anticipated reach to axion dark matter in the ga�� � ma plane, for various experimental configurations, compared

to existing constraints, shown in gray. Along the right axis, we relate the axion-photon coupling to the symmetry breaking scale

fa by ga�� ⇠ ↵em/2⇡fa. As two representative examples, we show the projected sensitivity assuming an intrinsic quality factor

and readout-pump mode coupling (see Section V B) of Qint = 10
10

, 10
12

and ✏1d = 10
�5

, 10
�7

, respectively. The dashed line

shows the thermal noise limited sensitivity for Qint = 10
12

and ✏1d = 10
�7

. In all cases, we assume a pump mode frequency of

!0/2⇡ = GHz, a cavity volume of V = 1 m
3
, a peak magnetic field of B0 = 0.2 T, a mode overlap of ⌘10 = 1 (see Eq. (20)),

a cavity temperature of T = 1.8 K, an average wall displacement of qrms = 10
�1

nm (as defined in Section V C), and an e-fold

time of te = 10
7
s. The orange band denotes the range of couplings and masses as motivated by the strong CP problem. Along

the red band, axion production through the misalignment mechanism is consistent with the observed dark matter energy density,

assuming an O(1) initial misalignment angle. As discussed in Section V C, the feature near ma ⇠ kHz is due to our assumption

that there are no mechanical resonances below a kHz.

However, frequency conversion in SRF cavities is particularly powerful because of the combination of high Q-factors
and the large amount of stored energy in the pump mode. In this work, we highlight the parametric advantages of this
approach at low axion masses, discuss scenarios for realizing the mode overlap and tunability requirements for such an
experiment, and analyze key sources of noise. In the latter two aspects, we benefit from the decades-long e↵ort to detect
kHz-to-MHz gravitational waves with SRF cavity resonators [42]. The results from the prototypes of Refs. [43–46] are
particularly useful in anticipating the experimental challenges of our proposed approach.

Our study shows that axion-induced frequency conversion in SRF cavities could be sensitive to QCD axions for
10�8 eV . ma . 10�6 eV and axion DM as light as ma ⇠ 10�14 eV. The projected sensitivity for two representative
sets of experimental parameters is shown in Figure 2, with a larger set of parameters shown in Figure 5. Compared to
traditional resonant searches, fixing the signal to GHz frequencies leads to several advantages for lower axion masses:

1. High frequency readout leverages the large quality factors of SRF cavities, which are typically of order Q & 1010.
In this case, the signal power saturates once Q & (GHz/ma) Qa, unlike static-field detectors whose signal power
saturates once Q & Qa.

2. Only a small fraction of the signal power (ma/GHz ⌧ 1) is sourced directly by the axion DM field. Therefore, the
signal is not suppressed by the small axion mass when its Compton wavelength is much larger than the detecting
apparatus. This is unlike static-field electromagnetic resonators, where the signal power scales as ma in this limit.

3. Operating readout electronics near the standard quantum limit has been demonstrated at GHz frequencies [18].

3

[Berlin et al 19’]
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I Both EM and mechanical coupling from GW [Berlin et al 21’ 23’].

I Jing Shu’s talk for SHANHE collaboration’s experimental progress.



Simultaneous Resonant and Broadband Detection

I e-fold time: 107 s.

I Solid lines: single-mode resonators

with �!r ⇠ nocc!rf/Q0.

I Dashed lines: multi-mode resonators

with �!r ! !rf .

I DC cavity and LC circuits:

SNR2
MM

SNR2
SM

'
Q0
nocc

.

High nocc of LC circuits at low frequency
made enhancement ine↵ective.

[YC et al, Rept.Prog.Phys. 2309.12387]



Simultaneous Resonant and Broadband Detection

I SRF heterodyne upconversion:
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I Ine↵ective enhancement for GW mechanical

resonance near kHz due to high n
e↵
occ. [YC et al, Rept.Prog.Phys. 2309.12387]



Summary

I Resonant cavities or circuits are powerful

detectors for ultralight bosons and HFGW.

I Multi-mode resonantors have broadened response.

! Simultaneous resonant and broadband detection for SRF-based
upconversion.
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Thank you!


