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Gravitational Waves

OUTLINE 

2

• Theory
• Gertsenshtein effect
• Heterodyne experiment
• Noise and Sensitivity 

Dark Photons
• Theory
• Dixit et al.’s experiment
• Experiments of photons parity measurements at SQMS?
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• This talk is mainly based on :

Preface 

3

Sebastian Ellis, Revisiting Gravitational Wave Detection in a SRF Cavity (DESY-Talk, March 11, 2021) 
Asher Berlin et al., Detecting High-Frequency Gravitational Waves with Microwave Cavities (2021) 
Asher Berlin et al., Axion Dark Matter Detection by Superconducting Resonant Frequency Conversion (2019)
Asher Berlin et al., Searches for New Particles, Dark Matter, and Gravitational Waves with SRF cavities (2022)
Akash Dixit et al., Searching for Dark Matter with a Superconducting Qubit (2020)

                                                                                  … and ideas developed on the road in this two months 
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• Theorized by A. Einstein in the Theory of General Relativity, 1915.
• First observation by LIGO and Virgo in the regime of Hz-kHz, 2016.

Gravitational Waves, a long story…

4

• The Universe is expected to be 
populated by GW over decades in 
frequency.

➡ Development of RF cavities for  GW 
detection to explore a larger regime of 
frequencies. Pegorato et al. (1978).

• In the last few years, Superconducting 
RF cavities for GW and Dark Matter 
detection. Berlin et al. 

Coherent

Stocastic
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The linearized theory of GR is invariant under the Poincaré group

Gravitational Waves - Theory

5

gμν = ημν + hμν |hμν | ≪ 1

Einstein equations : 

Rμν −
1
2

gμνR =
8πG
c4

Tμν
□ h̄μν = −

16πG
c4

Tμν

∂νh̄μν = 0

GW equation of motion :

(Lorentz gauge)

A GW can most easily described in the TT-gauge : ∂μhμν = 0, h μ
μ = 0, h00 = h0i = 0

R0i0j = −
1
2

··hTT
ij

hTT
μν = Hμνeiω(t−z), Hμν =

0 0 0 0
0 h+ h× 0
0 h× h+ 0
0 0 0 0

Monochromatic 
GW in z-direction
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Electromagnetism in presence of gravity : ∂μ → ∇μ

Gravitational Waves - Theory

6

∇μFμν = −
4π
c

Jν

∇[μFνρ] = 0

∂μFμν ≃ Jν(1 +
h α

α

2 ) − hναJα +
∂μ(h α

α Fμν)
2

+

+∂μ(hμαFν
α + hναF μ

α )

A variation of metric (GWs) acts as EM sources 

• GR-EM interaction is encapsulated in the Einstein-Hilbert action :

𝒮 = −
1
4 ∫ d4x −ggμαgνβFμνFαβ ∝ ∫ hF2

Inverse-
Gertsenshtein effect

∼ h ⃗B ⋅ ⃗B 0
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• Formalism of effective current

Gertsenshtein effect, a classical interpretation

7

Ldet ∼ 1/ωg

𝒮[𝒪(h)] = −
1
2 ∫ d4xjμ

eff Aμ

jμ
eff ≡ ∂ν( 1

2
hFμν + hν

αFαμ − hμ
αFαν)

• GW is on-resonant with an eigenmode 
of the cavity and couples to a static B-
field 

• Good method to detect high-frequency 
GW,  

• Method already established in ADMX
f ∼ 𝒪(GHz)

GW - cavity interaction 
• Direct interaction : inverse-

Gertsenshtein effect
• Indirect or mechanical interaction : 

GW perturbs the cavity wall, 
ω0 ∼ 𝒪(1)/Ldet

(not invariant under gauge transf.)
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• Coupling of GW to electromagnetic field can be described in weak field limit by 

Gertsenshtein effect - electromagnetic interaction

8

ℒ = −
1
4

FμνFμν −
1
2

jμ
eff Aμ

jμ
eff ≡ ∂ν( 1

2
hFμν + hν

αFαμ − hμ
αFαν)• The GW inducted current was given by

• We define a normalized current  as⃗j+,×
⃗jeff( ⃗x ) := B0ω2

gV1/3
cav(h+ ⃗j+( ⃗x ) + h× ⃗j×( ⃗x ))

• A GW on resonant with a cavity mode  induces a signal ⃗E n

Psig =
1
2

Qω3
gV5/3

cav(ηnh0B0)2

h0 = h+ or h×

ηn ≡
∫

V
d3xE*n ⋅ ̂j+,×

V1/2( ∫
V

d3x |En |2 )1/2
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• The GW is on-resonant with the frequency difference of two cavity modes and couples to 
both E- and B- field.

Heterodyne experiments 

9

•
•
• Tunability 

ω0 ∼ 𝒪(GHz)
Qint ≃ 109 ÷ 1012

δω ∼ MHz

Cylinder for illustrative purposes only!
Resonant B-field 
in the cavity

The effect of  are different 
depending on the  :

⃗B sig ⃗B 0

ΔBsig ∼ hB0 Q min [
ω2

g

ω2
0

,1]
ΔBsig ∼ hB0 Q min [

ω2
g

ω2
0

ωg

ω0
,1]

(oscill)

(static)
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• Estimation of the the projected sensitivity of axion cavity haloscope experiments to high-
frequency coherent gravitational waves. 

High Frequency Sensitivity 

10

A.Berlin et al.

<latexit sha1_base64="LQaMo3AMOM4/pEZsdcw/vFq3Q/k=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQsJN6FoJZBC1NGMCaQO8LeZhIX9/aO3TkxHvkDNv4VGwtFbO3t/DduYgq/Hgw83pthZl6YSGHQdT+cqemZ2bn53EJ+cWl5ZbWwtn5h4lRzaPBYxroVMgNSKGigQAmtRAOLQgnN8Opk5DevQRsRq3McJBBErK9ET3CGVuoUtv04gj7r9PfLfiKoLxRte3vlgPrUR7jB7LR2O+wUim7JHYP+Jd6EFMkE9U7h3e/GPI1AIZfMmLbnJhhkTKPgEoZ5PzWQMH7F+tC2VLEITJCNvxnSHat0aS/WthTSsfp9ImORMYMotJ0Rw0vz2xuJ/3ntFHtHQSZUkiIo/rWol0qKMR1FQ7tCA0c5sIRxLeytlF8yzTjaAPM2BO/3y3/JRbnkHZQqZ5Vi9XgSR45ski2ySzxySKqkRuqkQTi5Iw/kiTw7986j8+K8frVOOZOZDfIDztsnGUWaVQ==</latexit>

!g/2⇡ 2 [1, 2] GHz

<latexit sha1_base64="2e8AJ0r9828entFeAgBv9XDYfyQ=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvXhswX7Adi3ZNNuGJpslyQpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2JNOYtp2zDDaS9RFIuQ0244uZv73SeqNJPxg5kmNBB4FLOIEWys5LdQXzOBPPexPihX3Kq7AFonXk4qkKM5KH/1h5KkgsaGcKy177mJCTKsDCOczkr9VNMEkwkeUd/SGAuqg2xx8gxdWGWIIqlsxQYt1N8TGRZaT0VoOwU2Y73qzcX/PD810U2QsThJDY3JclGUcmQkmv+PhkxRYvjUEkwUs7ciMsYKE2NTKtkQvNWX10nnqurVq7VWrdK4zeMowhmcwyV4cA0NuIcmtIGAhGd4hTfHOC/Ou/OxbC04+cwp/IHz+QOCxpAc</latexit>

Q ⇠ 106
<latexit sha1_base64="Tjr2lfq1u+KLIXfwdZRa9twyIsw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRSHxuh1I3LCn1BE8JkOmmHTh7M3EhL6K+4caGIW3/EnX/jtM1CWw9cOJxzL/fe4yeCK7Csb6Owsbm1vVPcLe3tHxwemcfljopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr++H7ud5+YVDyOWjBNmBuSYcQDTgloyTPLDc/Cd/gKO9gBNoGsNfPMilW1FsDrxM5JBeVoeuaXM4hpGrIIqCBK9W0rATcjEjgVbFZyUsUSQsdkyPqaRiRkys0Wt8/wuVYGOIilrgjwQv09kZFQqWno686QwEitenPxP6+fQnDrZjxKUmARXS4KUoEhxvMg8IBLRkFMNSFUcn0rpiMiCQUdV0mHYK++vE46l1X7ulp7rFXqjTyOIjpFZ+gC2egG1dEDaqI2omiCntErejNmxovxbnwsWwtGPnOC/sD4/AGvW5L0</latexit>

B0 = 5 T
<latexit sha1_base64="plIZeIXkqRC4wWQClWpAALri2dA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEiroRim5cuKhgH9CEMJlO26GTBzM3xRLixl9x40IRt/6FO//GaZuFth64cDjnXu69x48FV2BZ30ZhaXllda24XtrY3NreMXf3mipKJGUNGolItn2imOAhawAHwdqxZCTwBWv5w+uJ3xoxqXgU3sM4Zm5A+iHvcUpAS5550PRSSkYZvsS2ZWEHO8AeIL3NPLNsVawp8CKxc1JGOeqe+eV0I5oELAQqiFId24rBTYkETgXLSk6iWEzokPRZR9OQBEy56fSDDB9rpYt7kdQVAp6qvydSEig1DnzdGRAYqHlvIv7ndRLoXbgpD+MEWEhni3qJwBDhSRy4yyWjIMaaECq5vhXTAZGEgg6tpEOw519eJM3Tin1Wqd5Vy7WrPI4iOkRH6ATZ6BzV0A2qowai6BE9o1f0ZjwZL8a78TFrLRj5zD76A+PzB2kjlZo=</latexit>

Vcav = 100 L
<latexit sha1_base64="wfFNqdnYFcy79VMJbawNRyq+Ybo=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRS1GXRjeCmQl/QhDCZTtqhkwczN2IJwY2/4saFIm79Cnf+jdM2C209cOFwzr3ce4+fCK7Asr6NpeWV1bX10kZ5c2t7Z9fc22+rOJWUtWgsYtn1iWKCR6wFHATrJpKR0Bes44+uJ37nnknF46gJ44S5IRlEPOCUgJY887DpZWqscuwoHmIbO9gB9gDZbe6ZFatqTYEXiV2QCirQ8Mwvpx/TNGQRUEGU6tlWAm5GJHAqWF52UsUSQkdkwHqaRiRkys2mL+T4RCt9HMRSVwR4qv6eyEio1Dj0dWdIYKjmvYn4n9dLIbh0Mx4lKbCIzhYFqcAQ40keuM8loyDGmhAqub4V0yGRhIJOraxDsOdfXiTts6p9Xq3d1Sr1qyKOEjpCx+gU2egC1dENaqAWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w9nJpbO</latexit>

Tsys ⇠ 1 K
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• Advantage of heterodyne setup: noise sources are well investigated

Noise sources 

11

• Every noise sources drives additional power 
into the signal mode described by PSD.

• Thermal Noise (cavity walls):

• Amplifier Noise:

Sth(ω) =
Q1

Qint

4πTkB(ωω1/Q1)2

(ω2 − ω2
1)2 + (ωω1/Q1)2

Sql(ω) = 4πℏω1

1
Q1

=
1

Qint
+

1
Qcpl
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Noise sources

12

• Phase Noise (Oscillator):

Sphase(ω) ≃
1
2

ϵ2
1d Sϕ(ω − ω0)

Input Oscillator

(ωω1/Q1)2

(ω2 − ω2
1)2 + (ωω1/Q1)2

Cavity response (B−W)

ω0Q1

ω0Q0
Pin

Overall Normalization

• Mechanical Noise : 

Smech(ω) = ∑
n=0,1

S(n)
mech(ω) ≃

ϵ2
1d

4
ω0

Q0
Pin ∑

n=0,1

Wall Displacement

(Sqm
(ω − ω0) /V 2/3)(ωn /Qn)ω4

nω2

[(ω2 − ω2
n)2 + (ωωn /Qn)2][(ω2

0 − ω2
n)2 + (ω0ωn /Qn)2]

CavityResponseAll PSDs can be summed up  

Snoise(ω) = Sql(ω) +
Q1

Qcpl
(Sth(ω) + Sphase(ω) + S(1)

mech(ω)) +
Q0

Qcpl
S(0)

mech(ω)
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Plot of different noises 
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Summed PSDs of noises
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Quantum Sensors for GW: Cavity-qubit system and Squbit

14

†

† ultra-preliminary

†

†

• Cavity-qubit system : the suggestion is that SNR → SNR ×
Tcav

TR

readout on qubit

Problem : not enough sensitivity in phase’s 
measurements

• Squbit - GW : draft idea is to to find a 
mapping between the spinor field of the QED 
in the chiral representation and the two level 
states of the qubit.

<latexit sha1_base64="pEnOurlkLH6Twq3GYjuy6TRpFKo="></latexit>

| i = |gi|1i+ |ei|0i

<latexit sha1_base64="iwYVrpvmcRhKMGSvIAQcG6oXhLU="></latexit>

 =

✓
 R

 L

◆
<latexit sha1_base64="bqtIdyqzk+Y5vkAZMNBW86fPfT4="></latexit>

 R 7! |0i, L 7! |1i
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Quantum Sensors for GW: Cavity-qubit system and Squbit

15

†

† ultra-preliminary

†

†

• Squbit - GW

<latexit sha1_base64="Z6ZRiAOArP3TUNyxarCIAGJOkSg=">AAACBXicdVDLSgMxFM3UV62vUZe6CBahggwZ7XMhFN24rGAf0NaSSdM2NJkZkoxQhm7c+CtuXCji1n9w59+YPgQVPXDhcM693HuPF3KmNEIfVmJhcWl5JbmaWlvf2Nyyt3dqKogkoVUS8EA2PKwoZz6taqY5bYSSYuFxWveGFxO/fkulYoF/rUchbQvc91mPEayN1LH3W4r1Bb6JWyIawzOYcY/hXGJHHTuNHJTPolIOIieH3OKpOyOlQgG6DpoiDeaodOz3VjcgkaC+Jhwr1XRRqNsxlpoRTsepVqRoiMkQ92nTUB8Lqtrx9IsxPDRKF/YCacrXcKp+n4ixUGokPNMpsB6o395E/MtrRrpXbMfMDyNNfTJb1Is41AGcRAK7TFKi+cgQTCQzt0IywBITbYJLmRC+PoX/k9qJ4+ad7FU2XT6fx5EEe+AAZIALCqAMLkEFVAEBd+ABPIFn6956tF6s11lrwprP7IIfsN4+Aefel5M=</latexit>

�µ = (1,�i)

<latexit sha1_base64="Pi2hOGAhnxwEXMjxO/BxbJ5h/A0="></latexit>

LQED
dip,int = ⇤ ̄�µ⌫�5 Fµ⌫ = ⇤( †

R, 
†
L)

✓
0 1
1 0

◆
�µ⌫

✓
1 0
0 �1

◆✓
 R

 L

◆
Fµ⌫

= ⇤( †
L, 

†
R)�

µ⌫

✓
 R

� L

◆
⌘µ↵h⌫�F↵� + . . . / ⇤( †

L R �  †
R L)⌘µ↵h⌫�F↵� + . . .

<latexit sha1_base64="bt+bTDsJgzDZIhcyBwDeE87eGgQ="></latexit>

�µ⌫ =
i

2
(�̄µ�⌫ � �̄⌫�µ)
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• It is a massive photon , a gauge boson of  
symmetry.

• Group symmetry of extended SM :

• Any heavy particle that is charged, both photons 
will generate mixing.

mdf U(1)

SU(3) × SU(2) × U(1) × U(1)

Dark Photons 

16

• The only renormalizable interaction between the dark and visible photons that 
we can construct is the kinetic mixing term.

ρDM ≃ 0.4 GeV/cm3
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An oscillating EM field is a source of dark photons, and vice versa.

Dark Photons

17

<latexit sha1_base64="a3sESxRzpPr/sFyxj3H9GL3SwUk="></latexit>

L = LSM � 1

4
F 0
µ⌫F

0µ⌫ +
1

2
m2

A0A0
µA

0µ + ✏Fµ⌫F 0
µ⌫ � ✏( ~E · ~E0 + ~B · ~B0)

<latexit sha1_base64="uhQSFVb7fpDgAhZW5CceccF9gZ0="></latexit>

Lint / �e✏JEM
µ A0µ

(kinetic mixing)

There are two different kind of experiment for dark photon search 
• Light-shining-through a wall: Dark SRF 
• Parity measurement of photons number in a SRF cavity : Dixit Experiment

dark portal
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Dark SRF : the first simple setup
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• Setup: cavity-quibit system for parity 
measurements of photons number.

• Qubit-based photon counter : QND 
techniques.

Dixit et al.’s experiment 

19

<latexit sha1_base64="WLTtnED9PvZq8EE2NTZlN7YPg6M=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFclaTUqguh6MZlBfuAJobJdNIOnZmEmYlQQhdu/BU3LhRx60e482+cthFU9MCFwzn3cu89YcKo0o7zYS0sLi2vrBbWiusbm1vb9s5uW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdDH1O7dEKhqLaz1OiM/RQNCIYqSNFNglbxgiCb2YkwEKMDyDPMj60QTim2pgl52KMwOcE7dqyJHjntbr0M2tMsjRDOx3rx/jlBOhMUNK9Vwn0X6GpKaYkUnRSxVJEB6hAekZKhAnys9mT0zggVH6MIqlKaHhTP0+kSGu1JiHppMjPVS/van4l9dLdXTiZ1QkqSYCzxdFKYM6htNEYJ9KgjUbG4KwpOZWiIdIIqxNbkUTwten8H/SrlbceqV2VSs3zvM4CqAE9sEhcMExaIBL0AQtgMEdeABP4Nm6tx6tF+t13rpg5TN74Aest09JZ5c+</latexit>

~!c = mdfc
2

<latexit sha1_base64="0TNmQAA20NpGdZ0u9uT7BU4ozlc="></latexit>

H/~ ' !ca
†
a+

1

2
(!q + 2�a†a)�z

<latexit sha1_base64="bc8BoVvczTkCWPEsKk+FUiAAk7U=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiB4Gno06y2oB48RTAxkhtDT6Uma9Cx01whhyG948aCIV3/Gm39jZxFU9EHB470qqur5iRQaCPmwciura+sb+c3C1vbO7l5x/6Cj41Qx3maxjFXXp5pLEfE2CJC8myhOQ1/yO398OfPv7rnSIo5uYZJwL6TDSASCUTCSO8SulNi94hJov1giNqmWSaOCiV0hTv3cWZBGrYYdm8xRQku0+sV3dxCzNOQRMEm17jkkAS+jCgSTfFpwU80TysZ0yHuGRjTk2svmN0/xiVEGOIiVqQjwXP0+kdFQ60nom86Qwkj/9mbiX14vhaDuZSJKUuARWywKUokhxrMA8EAozkBODKFMCXMrZiOqKAMTU8GE8PUp/p90zmynapdvyqXmxTKOPDpCx+gUOaiGmugatVAbMZSgB/SEnq3UerRerNdFa85azhyiH7DePgGHxZFj</latexit>

g ⌧ �

Frequency qubit shift <latexit sha1_base64="VQLgnFfaerN6tc5LrK4P0wS9FqQ=">AAACAHicdVBNS8NAEN3Ur1q/oh48eFksgqeSlFr1IBS9eKxgP6CtZbLdpks3m7C7EUrIxb/ixYMiXv0Z3vw3btsIKvpg4PHeDDPzvIgzpR3nw8otLC4tr+RXC2vrG5tb9vZOU4WxJLRBQh7KtgeKciZoQzPNaTuSFAKP05Y3vpz6rTsqFQvFjZ5EtBeAL9iQEdBG6tt73RHoRKT4HMNt0h2A71OZYujbRafkzIDnxC0bcuy4Z9UqdjOriDLU+/Z7dxCSOKBCEw5KdVwn0r0EpGaE07TQjRWNgIzBpx1DBQRU9ZLZAyk+NMoAD0NpSmg8U79PJBAoNQk80xmAHqnf3lT8y+vEenjaS5iIYk0FmS8axhzrEE/TwAMmKdF8YggQycytmIxAAtEms4IJ4etT/D9plktutVS5rhRrF1kcebSPDtARctEJqqErVEcNRFCKHtATerburUfrxXqdt+asbGYX/YD19gk7tZYy</latexit>

n̂ = a†a
<latexit sha1_base64="llAMsoDLO0h4bboG5rvZoQHJ8MQ=">AAACDnicdVDLSgMxFM3UV62vUZdugqXgQsqk1KoLoejGZRXbCp2hZNJMG5rJDElGKUO/wI2/4saFIm5du/NvzLQVVPSEwMk593Jzjx9zprTjfFi5ufmFxaX8cmFldW19w97caqkokYQ2ScQjee1jRTkTtKmZ5vQ6lhSHPqdtf3iW+e0bKhWLxJUexdQLcV+wgBGsjdS1S66PZSrG0OUcIuhm55L1BxpLGd2alzhx9lHXLjplZwI4JahiyIGDjms1iGZWEczQ6Nrvbi8iSUiFJhwr1UFOrL0US80Ip+OCmygaYzLEfdoxVOCQKi+drDOGJaP0YBBJc4WGE/V7R4pDpUahbypDrAfqt5eJf3mdRAdHXspEnGgqyHRQkHCoI5hlA3tMUqL5yBBMJDN/hWSAJSbaJFgwIXxtCv8nrUoZ1crVi2qxfjqLIw92wC7YAwgcgjo4Bw3QBATcgQfwBJ6te+vRerFep6U5a9azDX7AevsENmyaUQ==</latexit>

n̄ ⌧ 1 ) n = 0, 1

(1) We go to the rotating - frameωq
<latexit sha1_base64="5vP45Nr9Ya9/cvZreVSHYf4GcwU=">AAACE3icdZA9SwNBEIb3/Izx69TSZjAIYhHuJEbtgjaWCkaF3BH2NnNxcW/v2N0TwpH/YONfsbFQxNbGzn/j5kNR0SmWl+edYWfeKBNcG897dyYmp6ZnZktz5fmFxaVld2X1XKe5YthkqUjVZUQ1Ci6xabgReJkppEkk8CK6Phr4FzeoNE/lmellGCa0K3nMGTUWtd3twLoGuhAoKrsCIYBUgX1HHL84QNuteFVvWDAS/o4Vu55/UK+DP7YqZFwnbfct6KQsT1AaJqjWLd/LTFhQZTgT2C8HucaMsmvaxZaVkiaow2J4Ux82LelAbJeJU2lgSL9PFDTRupdEtjOh5kr/9gbwL6+Vm3g/LLjMcoOSjT6KcwEmhUFA0OEKmRE9KyhT3O4K7IoqyoyNsWxD+LwU/hfnO1W/Xq2d1iqNw3EcJbJONsgW8ckeaZBjckKahJFbck8eyZNz5zw4z87LqHXCGc+skR/lvH4A1OicPw==</latexit>

|gi or |ei
<latexit sha1_base64="qvlRddTFCKlIQpxVx1A1TcxOHWk=">AAACHHicdVDLSgMxFM3UV62vUZdugkUQhDJTa9Vd0Y3LCvYBnVIyaaYNzWTG5I5Qhn6IG3/FjQtF3LgQ/BvTF6jogcDhnHOT3OPHgmtwnE8rs7C4tLySXc2trW9sbtnbO3UdJYqyGo1EpJo+0UxwyWrAQbBmrBgJfcEa/uBy7DfumNI8kjcwjFk7JD3JA04JGKljH3vdQBGaeiYEuIc9RWRPMHyEpwqbK6PU07cK0uJo1LHzTsGZAE+JWzTkxHHPy2Xszqw8mqHasd+9bkSTkEmggmjdcp0Y2ilRwKm5OeclmsWEDkiPtQyVJGS6nU6WG+EDo3RxEClzJOCJ+n0iJaHWw9A3yZBAX//2xuJfXiuB4KydchknwCSdPhQkAkOEx03hLleMghgaQqji5q+Y9okpC0yfOVPCfFP8P6kXC265ULou5SsXszqyaA/to0PkolNUQVeoimqIonv0iJ7Ri/VgPVmv1ts0mrFmM7voB6yPLw+Hogc=</latexit>

|gi+ |eip
2

precedes with a frequency 
if there is one photon.

|2χ |
<latexit sha1_base64="ZgMf7hkzxzDVsffsWSrQyvyrMfI=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQ3jpna567oxmUF+4B2KJk004ZmMjHJFErpd7hxoYhbP8adf2P6EFT0wIXDOfdy7z2B5EwbhD6cldW19Y3N1FZ6e2d3bz9zcNjQcaIIrZOYx6oVYE05E7RumOG0JRXFUcBpMxhez/zmiCrNYnFnxpL6Ee4LFjKCjZX8jmQXOXgOZcI17WayyEXFPKoUIHILyCtfegtSKZWg56I5smCJWjfz3unFJImoMIRjrdseksafYGUY4XSa7iSaSkyGuE/blgocUe1P5kdP4alVejCMlS1h4Fz9PjHBkdbjKLCdETYD/dubiX957cSEZX/ChEwMFWSxKEw4NDGcJQB7TFFi+NgSTBSzt0IywAoTY3NK2xC+PoX/k0bO9Ypu/jafrV4t40iBY3ACzoAHSqAKbkAN1AEB9+ABPIFnZ+Q8Oi/O66J1xVnOHIEfcN4+Ab+AkXg=</latexit>

⇡/2� pulse

Ramsey measurements 
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(2) if there is the photon, after a time  the state was flipped in the plane.t = π /2χ

20

Dixit et al.’s experiment 

(3) we make a projection on   axis, with a  pulse.̂z −π /2

If there are zero photons in the cavity, the qubit 
remains in its initial state. If there is one photon in 
the cavity, the qubit state is flipped ( ).|g⟩ ↔ |e⟩

V = 11.8 cm3

ρDM ≃ 0.4 GeV/cm3

ndf ≃ ρDM /mdf ⇒ Ndf ≃ ndf ⋅ V ≃ (0.4 GeV
cm3 ) × ( 1

μeV ) × 11.8 cm3 ≃ 1015
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The experiment has excluded 
dark photon candidates with 
mass centred around 

and   by 
using a superconducting qubit 
to repeatedly measure the 
same photon.

Integration time :

mdf ∼ 24.86 μeV (6.011 GHz)
ϵ ≥ 1.68 × 10−15

21

Dixit et al.’s experiment 

Ts
1 = 8.33 s
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• We prepare the cavity with a  photons (Fock 
state).

• After an amount of time  the photons 
population is expected to go to zero.

• We can do  parity measurements.

Nph

Tc
1

≃ Tc
1 /Ts

1

What about using Fock states of photons?

22

Dark photon creation ?

Hold on…is there an advantage using 
this protocol?

There are many 
other possible 
effects 

<latexit sha1_base64="funeC67ej5chTvm1jIXKgreI8vY="></latexit>

df�
dt

= ��0!�(1 + f�)� ��!�0(1 + f�0)

/ f�0(1 + f�)� f�(1 + f�0)

= f�0 � f� ' f�0
<latexit sha1_base64="MLSQ+pguKVJBloXUvNiVb+8MA10=">AAAB+nicdVDJSgNBEO2JW4zbRI9eGoPgaejRrLegF08SwSyQDENPpydp0rPQ3aOEcT7FiwdFvPol3vwbO4ugog8KHu9VUVXPizmTCqEPI7eyura+kd8sbG3v7O6Zxf2OjBJBaJtEPBI9D0vKWUjbiilOe7GgOPA47XqTi5nfvaVCsii8UdOYOgEehcxnBCstuWbxyk2HfgYHoxHUNB5nrllCFqqWUaMCkVVBdv3MXpBGrQZtC81RAku0XPN9MIxIEtBQEY6l7NsoVk6KhWKE06wwSCSNMZngEe1rGuKASiedn57BY60MoR8JXaGCc/X7RIoDKaeBpzsDrMbytzcT//L6ifLrTsrCOFE0JItFfsKhiuAsBzhkghLFp5pgIpi+FZIxFpgonVZBh/D1KfyfdE4tu2qVr8ul5vkyjjw4BEfgBNigBprgErRAGxBwBx7AE3g27o1H48V4XbTmjOXMAfgB4+0TLV+T+w==</latexit>

Ndf � Nph ⇒ Answer: NO
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Conclusion and next steps…

23

Gravitational Waves

• More studies to understand is the cavity-quibit system can have an 
advantage in the sensitivity

• Theoretical work: understand the qubit-GW interaction. It means 
to unify linearized GR with quantum formalism of qubit.

Dark Photons

• No advantage in using Multiphotons Fock states.
• Reproduce the Dixit experiment : use SQMS cavities of different sizes to 

explore a larger regime of . The biggest cavity has a volume of 
, i.e. a resonant frequency of   .

mdf
209.367 cm3 ≃ 3 GHz ⇒ Ndf ≃ 1017
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Thank you for listening !

24

Special thanks to S. Zorzetti, A. Grassellino, 
R. Harnik, A. Berlin and especially to 5 SAUK


