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quantum science technologies (QST) in particle physics

=⇒ the role of quantum science and technology in fundamental physics

=⇒ beyond standard model (BSM) physics
⊙ matter-antimatter asymmetry
⊙ dark matter
⊙ CP violation in QCD
⊙ . . .

=⇒ feeble interactions with SM particles (or none at all)

=⇒ sensing is the most consolidated QST,
with enormous potential to increase the sensitivity of our experiments



QUANTUM SENSING: a definition
A quantum machine is a device whose degrees of freedom are intrinsically quantum mechanical
S. M. Girvin, Les Houches Circuit QED lectures

→ Examples of classical machines, because their operational degrees of freedom are purely classical
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QUANTUM 2.0

“Quantum sensors are individual systems or ensembles of systems that use
quantum coherence, interference and entanglement to determine physical
quantities of interest.”
Rev. Mod. Phys. 89, 035002 (2017)

“A device whose measurement (sensing) capability is enabled by our ability to
manipulate and readout its quantum states.”
M. Safranova and D. Budker

measurementrandom interaction with fieldinitialised
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QUANTUM 2.0

Quantum sensors have been realised in multiple physical systems with very different operating principles.

Solid-state spins Atomic ensemblesSuperconducting circuits

It might take some more time to adapt them in real-world settings, but they are already in use in the lab.
Applied to problems in which significant gain (up to 1000s) compared to conventional detectors is required.



QUANTUM MICROWAVES in DM search



quantum microwaves in DARK MATTER search

QUANTUM  2.0 < few photons/s
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to

consist of quanta with an enormous range of masses. Here we classify these candidates as particle-

like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical

models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

m ≳ 10 eV
individual particles scattering off a detector
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The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1
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sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

m ≲ 10 eV
classical field oscillating at the Compton frequency 10−6 coherence



1. 3D microwave resonator for resonant amplification
-think of an HO driven by an external force-

2. with tunable frequency to match the axion mass
(δνc ∼ MHz, target 100 MHz range at KSVZ)

3. the resonator is within the bore of a SC magnet → B0
multi-tesla field

4. it is readout with a low noise receiver
delfridge operation at mK temperatures



quantum-limited readout

kBTsys = hν
(

1
ehν/kBT − 1

+
1
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)
, Na ⩾ 0.5

Tsys = Tc + Ta
Tc cavity physical temperature
Ta effective noise temperature of the amplifier
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a poor S/N ratio

In these searches, the signal is much smaller than noise

Pn = kBT∆ν ≫ Ps ∝ B2 Veff QL ∼ 10−23 W

To increase sensitivity we rely on averaging several
spectra recorded at the same cavity frequency over a
certain integration time.
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Heavier (axions) & Harder (life)
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ρ0 = 0.45 GeV cm−3

⊙ heavier axions are well motivated,
BUT
the scan rate df/dt scales unfavourably with f

df
dt

∝
g4

aγγB4 V2
eff QL

T2
sys

∝ f−4

(asm. quantum noise, SC cavities, relax r/L)

⊙ (df/dt)DFSZ ∼ 50 (df/dt)KSVZ

DIELECTRIC CAVITY 
(higher order modes) THIN SHELL

MULTI-CELL 
(pizza cavity)

DIELECTRIC CAVITY 
(higher order modes)

→ new cavities with larger Veff compared to a
pill-box cavity

→ QIS technologies and methods to reduce the noise
(parametric amplifiers, photon counters)



photon counting vs parametric amplification at standard quantum limit (SQL)

IDEAL PHOTON DETECTOR

Rcounter

RSQL
≈ QL

Qa
e

hν
kBT

Ex. at 7 GHz, 40 mK → gain by 103

S. K. Lamoreaux et al., Phys Rev D 88 035020 (2013)

REAL DETECTOR WITH DARK COUNTS Γdc

Rcounter

RSQL
≈ η2 ∆νa

Γdc
Γdc dark counts

η photon counter efficiency
∆νa axion linewidth

→ (×100s) gain [Γdc ∼ 10s count/s, η2 ∼ 70%]

- can probe in a day the same range a linear amplifier at SQL would
take more than 3 months-

https://arxiv.org/abs/2403.02321

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035020


SMPDS in the microwave range

Detection of individual microwave photons is a challenging task because of their low energy
e.g. hν = 2.1 × 10−5 eV for ν = 5 GHz

Requirements for dark matter search:

◦ detection of itinerant photons due to involved intense B fields

◦ lowest dark count rate Γ < 100 Hz

◦ ≳ 40 − 50 % efficiency

◦ large “dynamic” bandwidth ∼ cavity tunability



DETECTION OF QUANTUM MICROWAVES

The detection of individual microwave photons has been pioneered by atomic cavity quantum electrodynamics
experiments and later on transposed to circuit QED experiments

In both cases two-level atoms interact directly with a microwave field mode in the cavity



Cavity-QED for photon counting

Can the field of a single photon have a large effect on the artificial atom?

Interaction: H = −d⃗ · E⃗, E(t) = E0 cosωqt

It’s a matter of increasing the coupling strength g between the atom and the field g = E⃗ · d⃗:

→ work with large atoms

→ confine the field in a cavity

E⃗ ∝ 1√
V
, V volume

κ rate of cavity photon decay
γ rate at which the qubit loses its excitation
to modes ̸= from the mode of interest

g ≫ κ, γ ⇐⇒ regime of strong coupling
coherent exchange of a field quantum between the atom (matter) and the cavity (field)



from cavity-QED to circuit-QED

g is significantly increased compared to Rydberg atoms:

→ artificial atoms are large (∼ 300µm)
=⇒ large dipole moment

→ E⃗ can be tightly confined
E⃗ ∝

√
1/λ3

ω2λ ≈ 10−6 cm3 (1D) versus λ3 ≈ 1 cm3 (3D)
=⇒ 106 larger energy density

8 CHAPTER 2. REVIEW AND THEORY

[Leek07], coupling of two qubits via a cavity bus [Majer07, Sillanpää07], observation of
the

p
n nonlinearity of the Jaynes-Cummings ladder [Fink08], observation of the Lamb

shift [Fragner08], cooling and amplification with a qubit [Grajcar08], controlled symme-
try breaking in circuit QED [Deppe08], generation of Fock states [Hofheinz08] and arbi-
trary superpositions of Fock states [Hofheinz09], observation of collective states of up to 3
qubits [Fink09b], observation of Autler-Towns and Mollow transitions [Baur09], high drive
power nonlinear spectroscopy of the vacuum Rabi resonance [Bishop09], demonstration
of two qubit entanglement using sideband transitions [Leek09], demonstration of gates
and basic two qubit quantum computing algorithms [DiCarlo09], violation of Bell’s in-
equality [Ansmann09], demonstration of single shot qubit readout [Mallet09], implemen-
tation of separate photon storage and qubit readout modes [Leek10], measurement of the
quantum-to-classical transition and thermal field sensing in cavity QED [Fink10], quan-
tum non-demolition detection of single microwave photons [Johnson10], implementa-
tion of optimal qubit control pulse shaping [Motzoi09, Chow10a, Lucero10], preparation
and generation of highly entangled 2 and 3-qubit states [Chow10b, Neeley10, DiCarlo10]
and the first measurement of microwave frequency photon antibunching [Bozyigit10c,
Bozyigit10b] using linear amplifiers and on-chip beam splitters.

Similarly, strong interactions have also been observed between superconducting
qubits and freely propagating photons in microwave transmission lines. This includes
the observation of resonance fluorescence [Astafiev10a], quantum limited amplification
[Astafiev10b] and electromagnetically induced transparency [Abdumalikov10] with a sin-
gle artificial atom. The rapid advances in circuit QED furthermore inspired and enabled
the demonstration of single phonon control of a mechanical resonator passively cooled to
its quantum ground state [O´Connell10].

We will now review the basics of circuit QED using transmon type charge qubits and
coplanar waveguide resonators.

L=19 mm

a

b

Figure 2.1: Schematic of an experimental cavity QED (a) and circuit QED (b) setup. a, Optical analog of circuit
QED. A two-state atom (violet) is coupled to a cavity mode (red). b, Schematic of the investigated circuit QED
system. The coplanar waveguide resonator is shown in light blue, the transmon qubit in violet and the first
harmonic of the standing wave electric field in red. Typical dimensions are indicated.

(a) (g/2π)cavity ∼ 50 kHz

(b) (g/2π)circuit ∼ 100 MHz (typical)

104 larger coupling than in atomic systems



Jaynes-Cummings model

Interaction of a two state system with quantized radiation in a cavity

HJC = 1
2ℏωqσ̂z + ℏωrâ†â + ℏg(âσ̂+ + â†σ̂−)

Parameter space diagram for cavity-QED

∆ = |ωr − ωq|
Γ = min{γ, κ, 1/T}

− ωr ∼ ωq resonance case

− ∆ = |ωr − ωq| ≫ g dispersive limit case



Dispersive regime of detuning g/∆ ≪ 1

χ =
g2

∆

→ ℏχσ̂z dispersive qubit state readout

→ 2χa†a number splitting

→ qubit frequency is a function of the cavity photon number

→ measuring the qubit frequency is equivalent to measuring the number of photons in the cavity



cavity photon detector

Phys. Rev. Lett. 126, 141302 (2021) 

CAVITY PHOTONS
SMPD - qubit coupled to 3D resonators

potential X 1300 scan rate
exclusion limit for dark photons at fixed freq. (6 GHz)
A. Dixit et al., Phys. Rev. Lett. 126, 141302 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302


itinerant vs cavity photon detector in axion experiments

transmon-based detectors do not tolerate intense B fields

Phys. Rev. Lett. 126, 141302 (2021) 

CAVITY PHOTONS SMPD

ITINERANT PHOTONS

→ in axion detection, itinerant photon detection is preferred, as the SMPD is located in a region
where it can be screened by the B field (but anyway at the MC stage)



TRAVELING QUANTUM MICROWAVES

SMPD

ITINERANT PHOTONS

Phys. Rev. X 10, 021038 (2020) ← 1.3 counts/ms
Nature 600, 434–438 (2021) ← spin fluorescence detection
Nature 619, 276–281 (2023) ← single spin flip
Phys. Rev. Appl. 21, 014043 (2024) ← 85 counts/s

⊙ wave mixing (4WM) process: the incoming
photon is converted into an excitation of the qubit

⊙ readout of the qubit state with quantum
information science (QIS) methods

⊙ efficiency η ∼ 0.5,
dark counts Γd ∼ 85 s−1

⊙ ∼ 100 MHz tuning range

⊙ on/off resonance → monitor the dark counts,
which set the background in these experiments



ωb + ωp = ωq + ωw

https://arxiv.org/abs/2403.02321



EXP SETUP

⊙ a transmon-based single microwave
photon detector (SMPD) is used to
readout the cavity mode

⊙ TWPA for dispersive readout of the qubit
state

⊙ hybrid (normal-superconducting) cavity
TM010 at 7.37 GHz
tunable by a triplet of rods
Q0 = 9 × 105 at 2 T-field

⊙ T=14 mK
@ fridge Quantronics lab (CEA, Saclay)

→ investigated the background,
and set a limit to gaγγ [0.5 MHz band]

https://arxiv.org/abs/2403.02321



→ 2 RF lines more than plain JPA/TWPA cavity
readout

→ dilution refrigerator base temperature must not
exceed ∼ 20 mK

→ used only passive screening due to the relatively
low field employed (B = 2 T).
Bucking coil necessary to run at higher fields.



readout protocol: the SMPD is operated through nested cycles

=⇒ multi-core pulse processing unit (OPX+): classical
calculation and quantum control pulses in real time

→ basic block (d) is detection + qubit readout
∼ (10 + 2)µs

→ measure SMPD efficiency and cavity parameters

→ control the nanopositioner for cavity frequency
tuning

→ monitor dark counts under different conditions:
at resonance ωb = ωc and at 4 sidebands
ωb = ωc ± 1 MHz, ωb = ωc ± 2 MHz



How long can we integrate to improve S/N?
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⊙ counts at ωb = ωc registered in a time interval of 28.6 s
(set by readout protocol structure)
⇐⇒ average ∼ 90 Hz dark count rate

⊙ both the counts at resonance and on sidebands
ωb = ωc ± 1, 2 MHz vary beyond statistical uncertainty
expected for poissonian counts

⊙ notice a correlation between the two channels

⊙ and a systematic excess at cavity frequency
→ the cavity sits at a higher T

https://arxiv.org/abs/2403.02321



Long-term stability

We compute the Allan variance to assess the long term stability of the detector
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→ counts fluctuations decrease as 1/τ , up to a
maximum observation time τm of about
10 min

→ for τ > τm the Allan variance increases →
system drifts

→ the differential channel follows the 1/τ
trend up to a longer time interval
τ ∼ 30 min → small correlation

→ no additional noise in the data recorded
between successive step motion intervals
compared to unperturbed cavity



beyond SMPD diagnostics: UPDATING THE EXCLUSION PLOT FOR gaγγ

→ data analysed in 420 kHz ≃ 14∆νc range

→ reached the extended QCD axion band with a short integration time (10 min), in spite of the small B-field

⊙⊙ x20 gain [conservative] in scan speed vs linear amplifiers https://arxiv.org/abs/2403.02321



beyond cavity haloscopes: DIELECTRIC HALOSCOPES

arXiv:2409.11777v1 [hep-ex] 18 Sep 2024

→ extend TWPAs and microwave photon counting technologies to frequencies above 10 GHz



WRAP UP

⊙ lab-scale, tabletop vs conventional “scaling up” approach

⊙ importing metrological methods from QIS in particle physics
→ J(TW)PA, SMPD to increase the sensitivity of our experiments

⊙ there is room for further improvement:
→ circuit design and fabrication, extension to higher frequencies

⊙ new instruments are new fundamental physics probes





SQL IN LINEAR AMPLIFICATION

The quantum noise is a consequence of the base that we want to use to measure the EM field in the cavity. A
linear amplifier measures the amplitudes in phase and in quadrature.
Any narrow bandwidth signal ∆νc ≪ νc can in fact be written as:

V(t) = V0[X1 cos(2πνct) + X2 sin(2πνct)] X1 and X2 signal quadratures

= V0/2[a(t) exp(−2πiνct) + a∗(t) exp(+2πiνct)]

LINEAR AMPLIFIER READOUT

Alternatively, with [X1,X2] =
i
2

the hamiltonian of the HO is written as:

H =
hνc

2
(X2

1 + X2
2)

PHOTON COUNTER: measuring N

a, a∗ → to operators a, a† with [a, a†] = 1 and N = aa†
Hamiltonian of the cavity mode is that of the HO:

H = hνc

(
N +

1
2

)

Photon counting is a game changer (high frequency, low T): in the energy eigenbasis there is no intrinsic limit


