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What is a quantum sensor?

Quantum 1.0 

• Detecting a single quantum of something (classically) 

• Using quantum mechanics to sense small (classical) things 

Quantum 2.0 

• Both at once 

• Making use of quantum squeezing, non-demolition, entanglement… 

    for better sensitivity or noise performance



Why quantum sensors (for dark matter)
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Wave-like DM candidates
• Axion (ALPs) 

 

• Dark photon 
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• Due to the limited coherence time << than the mixing period, the DM wave displaces the 
cavity vacuum state by an amount much smaller than the zero-point fluctuations

Vacuum Force from DM
(Exaggerated)

Standard quantum limit (SQL)

Heisenberg uncertainty principle

ΔXΔP ≥ 1/4

n̄SQL = 1

displacement 
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• Squeezing: reduce uncertainty in one quadrature 

• Single Photon Counter:  

    measure only displacement amplitude  

    disregard phase (since it is randomized)

Force from DM

Backes et al. Nature 590.7845 (2021): 238-242

ΔnΔϕ ≥ 1

A. Dixit et al. PRL 126.14 (2021): 141302

Beyond the SQL
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Photon counting device
• DM act as a displacement operator: 

 , where  

• Cavity QED: 

 

• quantum non demolition readout 

• Sensitivity limited by 

e−iHDMt ≡ D̂(β) = eβa†−β*a |β | = ρDMmDMVeffϵτ

HCQ = ωca†a +
1
2

ωqσz+χa†aσz = ωca†a + ( 1
2

ωq + χa†a) σz

n̄th ≈ 10−3 ∼ Teff = 20 mK

P. Zheng, Y. Cai, BX et al., arXiv:2507.23538

where σz = |e⟩⟨e | − |g⟩⟨g |
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Enhancement by stimulated emission
For vacuum initial state:  

For Schrödinger’s  cat states:  

We obtain an 8.1-fold speed up for ,  
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Quantum Coherence measurement
Coherent excitation due to DM, but noise uncorrected  

Measuring the coherence between  

  

Projecting to :  

 

Noise free with full correlation information included!

|W⟩ = ( |e1g2⟩ + |g1e2⟩)/ 2

ρ0 = |g1g2⟩⟨g1g2 | → ρ̄η =
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For N quantum sensors, there are  coherence channels: signal  enhanced 

Use of the W state:  

O(N2) N2
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J. Shu, BX, and Y. Xu, arXiv:2410.22413



Conclusion

• Detection of dark matter benefit from quantum technologies. 

• Surpass SQL via single-photon detection. 

• Enhance scan rate using non-classical (cat) states. 

• Suppress incoherent noise via entangled (W) states. 

• Outlook: probing the quantum nature of DM and GWs.



Thank you!


