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Why Dark Matter?
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Evidence for dark matter
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the universe

Rotation of a disc 
galaxy

Theory

Observed



How dark matter might couple to normal matter
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Weakly Interacting Massive Particle 
(WIMP) 

Mass [eV]10!" 10#10$

Axions and Dark Photons



Coupled pendulums exchange energy
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Dark matter haloscope
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© Nature
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Challenges with current dark matter experiments
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𝑉~𝑓!"
Detector volume shrinks at higher frequencies

⇒ signal diminishes

Large magnetic field for axion conversion
⇒ low Q-factor cavities

Low-noise amplifiers for readout
⇒ noise overwhelms the signal

Signal

Noise



Outline

Ankur Agrawal | Fermilab 2023 9

Counting photons to subvert quantum limit

Signal enhancement with stimulated emission

Dark photon search

ℏ𝜔!

𝐸!



Counting photons to evade quantum limit

Ankur Agrawal | Fermilab 2023 10

§ Information about both amplitude and phase

§ Adds minimum noise as per the Heisenberg 

uncertainty principle, 'n#$% = 1

𝑥

𝑝
ℏ
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Linear amplifier

§ No Information about the phase

§ Very precise measurement of the amplitude 
with very little noise

𝑥

𝑝
ℏ
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Photon counter



Meet the photon counter
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Qubit 4.749 GHz

Storage  6.011 GHz

Readout  8.052 GHz

1.9 cm

5.7 cm

7.0 cm

!ℋ = 𝜔𝑐 𝑎/𝑎 + 𝜔𝑞
0$
1
+ 𝜒 𝑎/𝑎 0$

1

Flute cavity: Phys. Rev. Lett. 127, 107701 (2021)

0.48 cm

99.99996% Pure Al



Superconducting qubit

Ankur Agrawal | Fermilab 2023 12

|𝑔⟩

|𝑒⟩

|𝑓⟩

e e

ee







 

ℎ𝜔

ℎ𝜔-𝛼

𝑈= 𝐸� cosΦ
Φ

𝐿 𝐶

|𝑔⟩

|𝑒⟩

|𝑓⟩

e e

ee







 

ℎ𝜔

ℎ𝜔-𝛼

𝑈= 𝐸� cosΦ
Φ

𝐿 𝐶

Josephson Junction

Scanning Electron Microscope (SEM) Image



Engineering the qubit-cavity interaction
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Cavity occupation imprinted on qubit frequency
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!ℋ = 𝜔𝑐 𝑎/𝑎 + (𝜔𝑞 + 𝜒𝑎/𝑎)
%&

&

Perform either a number selective π-
pulse or a Ramsey type experiment to
infer the cavity occupation

Qubit transition frequency is photon
number dependent

𝜒
𝜒

⟩|0⟩|1

⟩|2
⟩|3



Parity sequence
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𝜏 = 𝜋/𝜒



Spurious qubit errors
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False positives

False negatives



Repeated measurements to mitigate errors
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!ℋ = 𝜔𝑐 𝑎/𝑎 + 𝜔𝑞
0$
1
+ 𝜒 𝑎/𝑎 0$

1

Ask the qubit same question multiple times to boost the confidence and assign a probability

AV Dixit, AA et al. 
PRL 126, 141302, 2021



Photon counting protocol
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





𝒟(α)

X
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Parity measurement
Mock Injection



Calibrated photon injection
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4.740
Frequency (GHz)

4.744 4.7484.955  4.960  4.965
Frequency (GHz)



Detector characterization
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𝑛𝑚𝑒𝑎𝑠 = 𝜂 𝑛𝑖𝑛𝑗 + 𝛿

𝜂 = 65%

𝛿
𝜂
= 3.3×10%6



2700x speed up of dark matter search
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!𝑛! = 3.3×10"# !𝑛$%& = 1

𝑅'𝑡 > 𝑅!𝑡

𝑡 >
𝑅!
𝑅'(



Outline
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Counting photons to subvert quantum limit

Signal enhancement with stimulated emission

Dark photon search

ℏ𝜔!

𝐸!



Stimulated emission with Fock states

Ankur Agrawal | Fermilab 2023 25

⟩|10 → ⟩|11 = 0.11

𝛼 = 0.1𝛼 = 0.1

⟩|0 → ⟩|1 = 0.01

𝑛 + 1 <𝐷 α 𝑛
1
~ 𝛼1(𝑛 + 1)



Creating Fock states in a (non)linear system

Ankur Agrawal | Fermilab 2023 26

<ℋ = 𝜔𝑐 + 𝜒 0!
1
𝑎/𝑎 + 𝜔𝑞

0!
1

⟩|𝑔, 0 → ⟩|𝑔, 1



Verifying the state preparation
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Qubit spectroscopy with a number resolved
𝜋 pulse



Stimulated emission protocol
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Mock Injection

False positive probability < 3%



Signature of enhancement
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This is the first demonstration so 

far showing signal enhancement 
with ⟩|n = ⟩|4 Fock state

⟩|𝒏 ⟩|𝒏 + 𝟏

𝑛'()

Look out for preprint on arxiv!



Outline
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Counting photons to subvert quantum limit

Signal enhancement with stimulated emission

Dark photon search

ℏ𝜔!

𝐸!



Dark photon search
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𝜏
𝑁78#9 ∝ 𝑎: 𝑛 + 1 𝜏 + 𝑏: + 𝑐3

Coherent 

Incoherent 

State prep.

Could be dark matter?

𝜀 ∝
𝑎:
𝑚;<



Dark photon exclusion limit
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Dark photon search
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Stimulated emission



Summary
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§ Achieved 18.3 dB metrological gain with photon
counting, 2700× speed up of dark matter
searches

§ Signal enhanced by a factor of 2.5× (4 dB) by
preparing cavity in Fock states

§ High-Q photonic bandgap cavity with Q> 10, ,
signal enhancement of 100×

Combined all together results in  > 10, 000×
speed up
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