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Quantum sensor applications to 
(low and high)-energy physics

M. Doser,  CERN

“Sala TV” but no popcorn…
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What are the challenges?
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Some words on the landscape

Quantum sensors for low energy particle physics

Quantum sensors for new particle physics experiments

Quantum detectors for high energy particle physics

Clarification of terms
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It is recommended that several “blue-sky” R&D activities be pursued. The development of solid state photon detectors from 
novel materials is an important future line of research, as is the development of cryogenic superconducting photosensors for 
accelerator- based experiments. Regarding advances in PID techniques, gaseous photon detectors for visible light should be 
advanced. Meta-materials such as photonic crystals should be developed, giving tune-able refractive indices for PID at high 
momentum. Finally, for TRD imaging detectors, the detection of transition radiation with silicon sensors is an important line of 
future research.

RECFA Detector R&D roadmap 2021

Chapter 4: Particle Identification and Photon Detectors

Chapter 5: Quantum and Emerging Technologies Detectors 
108 CHAPTER 5. QUANTUM AND EMERGING TECHNOLOGIES DETECTORS

Must happen or main physics goals cannot be met Important to meet several physics goals Desirable to enhance physics reach R&D needs being met

Quantum materials
Metamaterials, 0/1/2D-materials
Atom nterfer  i ometry
Atoms/molecules/ions
Optomechanical sensors
Superconducting sensors
Spin-based sensors
Kinetic detectors
Clocks and clock networks
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Figure 5.1: Schematic timeline of categories of experiments employing detectors from
the quantum sensing and emerging technology areas discussed in Section 5.3. A wide
range of related topics are grouped under a common heading (e.g. tests of fundamental
interactions also includes measurement of neutrino properties). The colour coding is
linked not to the intensity of the required e↵ort but to the potential impact on the
intended physics programme and experiments. Must happen or main physics goals
cannot be met (red, largest dot); Important or required to meet several physics goals
(orange, large dot); Desirable to enhance physics reach (yellow, medium dot); R&D
needs being met (green, small dot); Not applicable or fundamentally new approaches
needed (blank).

tween the large energy scale, f , whose inverse sets the overall size of the feeble cou-
plings of the axion to the Standard Model (SM) and the particle mass ma ' 6meV
(109GeV/f' 1.5THz) [Ch5-4]. Axion-like-particles (ALPs), a generalisation of the QCD
axion, have interactions again parametrically set by 1/f , but now the ALP mass is a
free parameter. The theoretical attractiveness of the QCD axion and ALPs is enhanced
both by their natural, symmetry-protected light mass, and their ubiquitous presence in
realistic completions of the SM and gravity, especially string theory [Ch5-5], [Ch5-6].
The details of their couplings and the relation between 1/f and their mass provides
information on extremely high energy scales, potentially including Planck-scale physics.
Importantly, both provide attractive DM candidates with natural early-universe produc-
tion mechanisms [Ch5-7], [Ch5-8], [Ch5-9], [Ch5-10].

Massive spin-1 “dark photons” (ultra-light dark Z
0), A

0µ, are another attractive
DM candidate with motivated production mechanisms [Ch5-11], [Ch5-12], [Ch5-13],
as well as couplings to the SM, particularly kinetic mixing ✏Fµ⌫F

0µ⌫ with the pho-
ton [Ch5-14], [Ch5-15], [Ch5-16], [Ch5-17]. Here ✏ ⌧ 1 is sensitive to physics even at
the highest energy scales. Similarly to axions, vector bosons, either broken (massive) or

https://cds.cern.ch/record/2784893

quantum sensing & particle physics
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Anna Grassellino, Marcel Demarteau, Michael Doser, Caterina 
Braggio, Stafford Withington, Peter Graham, John March-

Russel, Andrew Geraci


14 presentations


first block covering 
physics landscape


following blocks

focusing on 
technologies


discussion of three

important points

ECFA Detector R&D Roadmap Symposium of Task Force 5: Quantum and emerging technologies

Monday 12 Apr 2021, 09:00 → 18:30 Europe/Zurich

09:00 → 09:15 Introduction

09:15 → 11:00 science targets – Overview and Landscape

9:15 EDM searches & tests of fundamental symmetries   Peter Fierlinger / TU Munich

9:45  Tests of QM [wavefunction collapse, size effects, temporal separation, decoherence] 

10:15 Multimessenger detection [including atom interferometer or magnetometer networks]  Giovanni Barontoni / Birmingham

10:45 Axion and other DM (as well as non-DM Ultra-light) particle searches Mina Arvanitaki / Perimeter Institute

11:15 → 11:30  Coffee break 

11:30 → 12:30  Experimental methods and techniques - Overview and Landscape

11:30 Precision spectroscopy and clocks, networks of sensors and of entangled systems [optical atomic clocks] David Hume / NIST

12:00 Novel ionic, atomic and molecular systems [RaF, multiatomic molecules, exotic atoms]  Marianna Safranova / U. Delaware

12:30 → 13:30  Lunch break 

13:30 → 16:00 Experimental and technological challenges, New Developments

13:30 Superconducting platforms [detectors: TES, SNSPD, Haloscopes, including single photon detection] 

14:00 High sensitivity superconducting cryogenic electronics, low noise amplifiers  Stafford Withington / Cambridge

14:30 Broadband axion detection Kent Irwin / Stanford

15:00 Mechanical / optomechanical detectors Andrew Geraci / Northwestern

15:30 Spin-based techniques, NV-diamonds, Magnetometry    Dima Budker / Mainz

16:00 → 16:15   Coffee break 

16:15 → 18:30  Experimental and technological challenges, New Developments

16:15  Calorimetric techniques for neutrinos and axions potential speaker identified

16:35  Quantum techniques for scintillators potential speaker identified 

16:55  Atom interferometry at large scales (ground based, space based)  Jason Hogan / Stanford

17:25 → 18:15 Discussion session : discussion points
  • Scaling up from table-top systems  
  • Networking – identifying commonalities with neighboring communities                         
  • Applying quantum technologies to high energy detectors 

18:15 → 18:30 Wrap-up 

ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

https://indico.cern.ch/event/999818/ Symposium: April 12, 2022
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quantum sensing & particle physics

• Assess the areas of 
potential quantum 
advantage in HEP 
applications (QML, 
classification, anomaly 
detection, tracking) 

• Develop common 
libraries of algorithms, 
methods, tools; 
benchmark as technology 
evolves 

• Collaborate to the 
development of shared, 
hybrid classic-quantum 
infrastructures 

•

Computing & Algorithms 

• Identify and develop 
techniques for quantum 
simulation in collider 
physics, QCD, cosmology 
within and beyond the SM 

• Co-develop quantum 
computing and sensing 
approaches by providing 
theoretical foundations 
to the identifications of 
the areas of interest 

•

Simulation & Theory 

• Develop and promote 
expertise in quantum 
sensing in low- and high-
energy physics 
applications 

• Develop quantum sensing 
approaches with 
emphasis on low-energy 
particle physics 
measurements 

• Assess novel 
technologies and 
materials for HEP 
applications  

•

Sensing, Metrology & 
Materials 

• Co-develop CERN 
technologies relevant to 
quantum infrastructures 
(time synch, frequency 
distribution, lasers) 

• Contribute to the 
deployment and 
validation of quantum 
infrastructures 

• Assess requirements and 
impact of quantum 
communication on 
computing applications 
(security, privacy) 

Communications & 
Networks 

CERN quantum initiative

https://quantum.web.cern.ch/

https://quantum.web.cern.ch/

5/68

currently: 2.5 PhD’s

https://quantum.web.cern.ch
https://quantum.web.cern.ch
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quantum sensors register a change of quantum state caused by the interaction with 
an external system: 

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; 

     focus on CERN activities both in low energy and high energy particle physics

(I will not however be talking about entanglement and its potential applications)

6/68
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Quantum sensors for low energy particle physics

particle physics: what are we talking about?

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Background
• Light DM candidate have large mode volume occupation number -> can be treated as
classical fields

• QCD Axions and ALPs ℒ𝑎 ⊃ ∑𝑓 Λ
𝜕𝜇𝑎 ̅𝑓𝛾𝜇𝛾 𝑓 → H ∝ ∑𝑓𝜵𝑎 𝑺𝒇

• 𝜵𝑎 acts as a pseudo magnetic field -> can be detected by atomic magnetometers

• Scalar fields ℒ 𝑐𝑎 𝑎 ⊃ 𝜙
Λ

𝐹𝜇 𝐹𝜇 − ∑𝑓
𝜙
Λ

𝑚𝑓 ̅𝑓𝑓

• Λ𝛾 alter the fine structure constant 𝛼, Λ𝑓 the fermionic masses -> manifest as
variations of fundamental constants

Giovanni Barontini (Birmingham)

• symmetry violations probed via precision measurements (CP, CPT, Lorenz, WEP, …)    SME/ / / /
D. Colladay, V.A. Kostelecký, "CPT violation and the standard model". 
Physical Review D. 55 (11) (1997) 6760–6774. arXiv:hep-ph/9703464

7/68
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Axions, ALP’s, DM & non-DM 
UL-particle searches

Quantum sensors for low energy particle physics

quantum sensors & particle physics: what are we talking about?

EDM searches & tests of 
fundamental symmetries

search for NP / BSM

tests of QM wavefunction collapse, 
decoherence

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

domains of physics quantum technologies

superconducting devices (TES, 
SNSPD, …) / cryo-electronics

spin-based, NV-diamonds

optical clocks

ionic / atomic / molecular

optomechanical sensors

metamaterials, 0/1/2-D materials

8/68
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superconducting devices (TES, 
SNSPD, …) / cryo-electronics1

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

superconducting bolometers in the form of a transition edge sensor (TES) : 1990
invention of kinetic inductance detectors (KID): 2000’s

introduction of the travelling wave parametric amplifier (TWPA) for quantum noise 
limited coherent amplification of large bandwidth: 2010
Superconducting qubits for quantum computing, superconductor/spin-system 
quantum memory elements: 2020 Microwave Submillimetre Far infrared Optical High energy

10 – 100 GHz
3 cm- 3 mm

100 GHz – 1 THz
3 mm – 300 µm

1 – 10 THz
300 – 30  µm

2 µm – 300 nm UV, ϒray and 
Xray

SIS mixers •
HEB •

CEB •
TES • • • • •
KID • • • •
SNSPD • •
SQUID •
JJPA •
TWPA • •

Primary device types (an electromagnetic perspective ): 
– survived evolutionary down-selection 
– some use the superconducting coherent state, some use pair breaking

Stafford Withington (Cambridge)

Superconducting quantum interference device

Josephson junction parametric amplifier

Superconducting nanowire single photon detector

Superconducting device physics is a 
whole technology, based on thin film 

deposition techniques and lithographic 
patterning and allowing large scale 

integration with high degree of 
functionality

Quantum sensors for low energy particle physics

9/68

Photons incident on a strip of superconducting material break Cooper pairs and create excess quasiparticles. The kinetic inductance of the superconducting 
strip is inversely proportional to the density of Cooper pairs, and thus the kinetic inductance increases upon photon absorption. This inductance is combined 
with a capacitor to form a microwave resonator whose resonant frequency changes with the absorption of photons

https://indico.cern.ch/event/999818/
https://en.wikipedia.org/wiki/Superconductivity
https://en.wikipedia.org/wiki/Cooper_pairs
https://en.wikipedia.org/wiki/Quasiparticles
https://en.wikipedia.org/wiki/Kinetic_inductance
https://en.wikipedia.org/wiki/Capacitor
https://en.wikipedia.org/wiki/Microwave
https://en.wikipedia.org/wiki/Resonator


Otranto, 5.6.2022

superconducting devices (TES, 
SNSPD, …) / cryo-electronics1

superconducting bolometers in the form of a transition edge sensor (TES) : x-ray imaging

2

2. State of the art high-resolution x-

ray detectors
The general principle of many low-
temperature x-ray detectors is to measure the
temperature rise when an x-ray photon is
absorbed. In microcalorimeters, when an x-
ray is absorbed, the temperature in the
absorber increases by an amount E/C, where
E is the x-ray energy and C is the heat
capacity, and then recovers back to the
steady-state temperature. A thermometer is
integrated into the device to measure the
temperature rise. To ensure high spectral
resolution, the thermometer must be very
well coupled to the absorber, and should be
extremely sensitive to temperature changes.
Several low-temperature-detector technologies have been developed over the past few decades
that have potential for very high energy resolution and could possibly be formatted in large
arrays. These include:

1. Transition-Edge-Sensor Microcalorimeters (TES)
2. Magnetic Microcalorimeters (MMC)
3. Semi-conducting thermistors (SCT)
4. Superconducting tunnel junction detectors (STJ)
5. Microwave kinetic inductance detectors (MKIDS)

The progress of different microcalorimeter thermometer technology’s energy resolution at 6 keV
is plotted as a function of time in Fig. 1. Although TESs, MMCs and SCTs are all
microcalorimeter technologies, STJs and MKIDs are non-quilibrium detectors that count the
number of quasi-particles generated when an X-ray photon is absorbed in a superconductor. The
low temperature X-ray detector technology of choice for the current generation of x-ray
astrophysics satellites is semi-conducting-thermistor-based microcalorimeters, in particular those
using implanted silicon thermistors. This technology has been used for the XQC (X-ray Quantum
Calorimeter) sounding rocket program [McCammon et al, 2002], on Astro-E and Astro-E2
(Suzaku) [Kelley et al., 2000] and at a facility at the Lawrence Livermore Electron Beam Ion
Trap (EBIT) to carry out laboratory astrophysics [Porter et al, 2008]. This is a very well
understood technology that has achieved an energy resolution of 3.2 eV FWHM at 6 keV [Porter
et al, 2006]. If pixels are designed specifically to meet the Gen-X requirements, this technology
does have the potential to meet the energy-resolution requirements. The drawback, in
comparison with other options, is that there does not appear to be any reliable read-out
technology that would allow them to have arrays of greater than a few hundred pixels. If one
could be developed, then this technology could once again be reconsidered. We therefore
recommend that further development of semi-conducting thermistors only occurs if new
promising techniques for multiplexing are formulated.

The microcalorimeter technology that is most likely to be used for IXO is transition-edge-sensors
(TES). This technology has been strongly supported by the x-ray astrophysics community for the

Fig. 1. Time evolution of energy resolution at 6 keV as a

function of time for three microcalorimeter technologies.

Development of Low-Temperature Detectors For Generation-X and Other 
Missions Requiring High-Resolution, Large-Format, X-ray Detector Arrays
A White Paper submitted to Electromagnetic Observations from Space 
(EOS) Discipline Program, Simon Bandler et al.

Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 3. Picture of the setup used to characterize the kilo-pixels array hanged at the
mixing chamber of a dilution refrigerator and held at a base temperature of 50 mK.
Main parts are highlighted by arrows.

on the chip. The coil is for applying a uniform magnetic field per-
pendicular to the TES array to compensate any remnant magnetic
field trapped in the experiment setup.

IV. UNIFORMITY CHARACTERIZATION
A. Critical temperature and thermal conductance

Any variation in the transition temperature of pixels across the
array affects the uniformity of the energy resolution, the bias point,
and the speed of the detectors over the whole array. Achieving a
sufficiently homogeneity both in the thickness of the bilayer and in
the subsequent processing stages over the full array guarantees the
biasing of all devices approximately in the same sensitive part of the
transition aiming at the same detector’s performances.

By measuring all the IV curves for the selected set of pix-
els at different bath temperatures Tbath, we are able to calculate
the TES dissipated power PTES, for example, at the minimum of
the IV curve, as a function of Tbath. We fit these data using the
balancing between the dissipated TES electrical power and the
dissipated TES thermal power to the bath PTES = I2

TES × RTES = K× (Tn
c − Tn

b), where n is a number whose value depends on the
dominant thermal impedance between the substrate and the elec-
trons in the superconducting film and K is a material and geometry
dependent parameter. In this way, we determine the critical tem-
perature Tc and the thermal conductance G = dPTES�dT for each
pixel.

In Fig. 4, we highlight the uniformity of the array in terms of
critical temperature by means of a heat map. We can easily notice
how all the pixels belonging to the same quadrant show a differ-
ence in the transition temperature less than 0.6 mK, while the total
variation between the lower and upper quadrants over the whole
array (∼1 cm) is less than 1.5 mK. We would like to mention that
the first 16 pixels in run 1 [purple squares in Fig. 2(a)] are not
included in this figure. In this run, a different warm electronics unit
was used during the characterization.33 We would like to highlight
that between two runs inside the same quadrant, only the wire bond-
ings changed, whereas between two runs in different quadrants, the

FIG. 4. Heat map of the critical temperature measured all over the kilo-pixel array.
The inset shows the location of the array in the whole wafer indicated in the black
box. Run 1 has been neglected due to a different warm electronics used in this
measurement.

chip array rotated by 180○ as well. The position of the thermome-
ter and the other components of the setup has not been changed
among the runs. Moreover, the same TES has been measured dur-
ing run 3 and run 4 and we have obtained Tc = 89.6 mK and Tc= 89.4 mK, respectively. This temperature variance of 0.2 mK is
smaller than 0.6 mK and 1.5 mK that we obtained inside one quad-
rant and between the two quadrants, respectively. For this reason,
we rule out the possibility that our characterization is mainly guided
by calibration instability or non-repeatability of the measurement.
Averaging all the critical temperatures for the 44 pixels, we get a Tc= 89.5 with a standard deviation of 0.5 mK. The nature of this dis-
persion around the mean value is still under discussion. However,
it might be explained considering some of the critical aspects in the
whole fabrication process, e.g., the TES patterning by means of the
wet etching process, the stress on the membrane due to the absorber,
and the uniformity of the absorber itself.

The averaged thermal conductance that we have measured
across the array is G = 117 ± 17 pW/K (diamond point in Fig. 5).
The thermal transport in the nitride membranes is quasi-ballistic
because of extremely long phonon mean-free paths, as we have
already shown in the past,32 resulting in a thermal conductance that
depends on the perimeter of the TES and the thickness of the mem-
brane. Comparing the value of our measured thermal conductance
with the earlier tests of similar devices fabricated by NASA Goddard,
we get that our current value is about 20 pW/K above the expected
value.22,34 We found that the combined TES film plus the support-
ing stem area determines the thermal conductance. In Fig. 5, we
report on the thermal conductance measured using the TES with
different geometries (80 × 20, 100 × 20, 80 × 40, 120 × 20, and
140 × 30 �m2) placed in two arrays with different areas of the sup-
porting stem (diameters of 10 �m and 5 �m). These results scale
consistently with the detector perimeter (2W + 2L) but also show

Rev. Sci. Instrum. 92, 023101 (2021); doi: 10.1063/5.0027750 92, 023101-4

Published under license by AIP Publishing

Performance and uniformity of a kilo- pixel array of Ti/Au 
transition-edge sensor microcalorimeters
E. Taralli, M. D’Andrea, L. Gottardi, et al., Rev. Sci. Instrum. 
92, 023101 (2021); 
https://doi.org/10.1063/5.0027750

Picture of the setup used to characterize the kilo-pixels array hung 
on the mixing chamber of a dilution refrigerator and held at a base 
temperature of 50 mK. Main parts are highlighted by arrows.

FWHM: 2.5 eV @ 5.9 keV

Quantum sensors for low energy particle physics
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Quantum sensors for low energy particle physics

search for NP / BSM Signal characteristics

Look for variations on different timescales

• Oscillations

• Fast transients

• Slow drifts
Δ𝛼
𝛼

Time
Year 1 Year 2 Year 3

New physics

DM- topological defects

Very light DM

6

Δ𝛼
𝛼

Time
minutes / hours / days

Δ𝛼
𝛼

Time
minutes / hours / days

Giovanni Barontini (Birmingham)https://indico.cern.ch/event/999818/
11/68

Networking quantum sensors

• The only possibility of detecting transient events such as topological 
defects, solitons, Q balls and dark stars

• Oscillations of dark matter fields at different locations as long as the 
distance is below the coherence length (100 km: mass ~10-9 eV) 

• Sensors with similar sensitivities and different systematics are 
necessary to confirm any measurements and reject false positives

• Using multiple sensors increases the detection confidence and  
sensitivity

• Multimessenger detection, discriminating between different 
couplings

7

oscillations

fast transients

drifts

2 spin-based, NV-diamonds, … 3 optical clocks

https://indico.cern.ch/event/999818/
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ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Quantum sensors for low energy particle physics

particle physics: what are we talking about?

search for NP / BSM networks of sensors

Giovanni Barontini (Birmingham)

magnetometers
Afach et al, arXiv:2102.13379v2

atomic clocks
Wcislo et al, Sci. Adv. 4, 4869 (2018)

optical fiber networks
Roberts et al, New J. Phys. 22, 093010 (2020)

Investigate very light scalar and pseudo-scalar DM candidates 
over ~10 orders of magnitude in mass and different couplings

nuclear, HCI, 
molecules

https://indico.cern.ch/event/999818/ 
12/68
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Networking quantum sensors

• The only possibility of detecting transient events such as topological 
defects, solitons, Q balls and dark stars

• Oscillations of dark matter fields at different locations as long as the 
distance is below the coherence length (100 km: mass ~10-9 eV) 

• Sensors with similar sensitivities and different systematics are 
necessary to confirm any measurements and reject false positives

• Using multiple sensors increases the detection confidence and  
sensitivity

• Multimessenger detection, discriminating between different 
couplings

7
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2 spin-based, NV-diamonds, …Networked magnetometers

8

GNOME: arXiv:2102.13379 (2021)

Global Network of Optical (atomic) 
Magnetometers for Exotic searches

ALP’s can interact with atomic spins; passage of an 
ALP domain wall        simultaneous / correlated signals
~ transient magnetic field pulse (down to O(pT))

GNOME ->Dima @ 11:30
• A global network of magnetometers to look for transient events on the 

global scale [Afach et al, arXiv:2102.13379v2]
• Synchronisation with GPS
• Grown and developed in the last ~10 years
• 9 magnetometers, ~ 1 month measurement campaign

• Topological defects in ultralight DM fields with size d = ℏ
𝑚𝑎𝑐

https://doi.org/10.1103/PhysRevApplied.11.044041

Dynamics of a Ferromagnetic Particle 
Meissner-Levitated over a 
Superconductor

Spin-dependent forces, particles coupling to spin

Development of new techniques to search for new particles
beyond the standard model is important in eliminating
our ignorance of the ultraviolet completion of particle

physics1. A type of hypothetical ultralight scalars, such as axions
or axion-like particles (ALPs)2, has attracted a lot of attention in a
wide variety of researches. This has been well motivated for
decades from the need of cosmology3, namely, the dark matter
candidate4, the dark energy candidate5, and from the under-
standing of the symmetries of charge conjugation and parity in
quantum chromodynamics (QCD)6 as well as predictions from
fundamental theories such as string theory1. The exchange of
such particles results in spin-dependent forces, which were ori-
ginally investigated by Moody and Wilczek7. Various laboratory
ALP searching experiments focus on the detection of macroscopic
monopole–dipole forces between polarized electrons/nucleons
and unpolarized nucleons8–15. Previous laboratory searching has
set the limit on the monopole–dipole coupling between electron
and nucleon, gNs g

e
p, with a force range λ > 20 μm16. The experi-

mental investigation of this interaction at force range shorter than
20 μm, however, remains elusive due to the following challenges:
(i) the size of the sensor should be small compared to the
micrometer force range; (ii) the geometry of the sensor should
allow close proximity between the sensor and the source; (iii) the
sensitivity of the sensor should be sufficient for searching or for
providing stringent bound for such interaction; (iv) the unwanted
noises, such as the magnetic and electric field introduced by
environment, should be isolated well.

Here we develop a method to investigate the electron–nucleon
monopole–dipole interactions using a near-surface electron-spin
qubit in diamond. Constraints for the electron–nucleon coupling,
gNs g

e
p, have been set for the interaction range 0.1–23 μm. For a

force range of 20 μm, our constraint is bounded to be less than
6.24 × 10−15. The method can be further extended to investigate
other spin-dependent interactions17 and opens the door for the
single-spin quantum sensor to explore new physics beyond
the standard model.

Results
Monopole–dipole interaction and experimental system. We use
a near-surface single electron spin, which is a nitrogen-vacancy
(NV) center in diamond, to investigate the monopole–dipole
interaction between an electron spin and nucleons. The axion-

mediated monopole–dipole interaction can be described as17

Vsp rð Þ ¼
!h2gNs g

e
p

8πm
1
λr

þ 1
r2

! "
e%

r
λσ & er; ð1Þ

where r is the displacement vector between the electron and
nucleon, r ¼ rj j and er= r/r are the displacement and the unit
displacement vector, gNs and gep are the scalar and pseudoscalar
coupling constants of the ALP to the nucleon and to the electron,
m is mass of the electron, λ= ħ/(mac) is the force range, ma is the
mass of the ALP, σ is the Pauli vector of the electron spin, ħ is
Plank’s constant divided by 2π, and c is the speed of light. Such
interaction is equivalent to the Hamiltonian of the electron spin
in an effective magnetic field Bsp(r) arising from the nucleon,

BspðrÞ ¼
!hgNs g

e
p

4πmγ
1
λr

þ 1
r2

! "
e%

r
λer; ð2Þ

where γ is the gyromagnetic ratio of the electron spin.
An NV-based optically detected magnetic resonance setup

combined with an atomic force microscope (AFM) (shown in
Fig. 1, see Supplementary Fig. 1 and Supplementary Note 1 for
details) is constructed to search for this electron–nucleon
interaction. A near-surface electron spin, which is a defect in
diamond composed of a substitutional nitrogen atom and a
neighboring vacancy18, is utilized as a quantum sensor to detect
its electron–nucleon interaction with nucleons in a fused silica
half-ball lens. The NV center is <10 nm close to the surface of the
diamond, so that it allows close proximity between the electron
and the nucleon. Hereafter, the electron spin of the NV center
and the half-ball lens are denoted as S and M for convenience,
respectively. M is placed on a tuning fork actuator of the AFM,
which enables us to position M near and away from S, as well as
to drive M to vibrate with a frequency. Figure 1b shows
the geometric parameters in the experiment. The radius of M is
R= 250(2.5) μm. The vibration amplitude of M is denoted as A.
The time-dependent distance between the bottom of M and S can
be described as d= d0+ A[1+ cos(ωmt)], where d0 is the
minimal distance between M and S, and ωm is the vibration
angular frequency of M driven by the tuning fork. The effective
magnetic field felt by S arising from the hypothetic
electron–nucleon interaction can be derived by integrating
Eq. (2) over all the nucleons in M as Beff ¼ ercBeff , where erc is

SiO2

NV

B0

m
w 

wi
re

Tuning fork

Objective

D
ia

m
on

d

a c

N

V

ms=+1
ms= –1

ms= 0

3E

3A2

d0

b

S (NV)

M (SiO2)

2A

R

mw

Fig. 1 Experimental setup and the quantum sensor. a Schematic experimental setup. An NV center in diamond, which is labeled as NV, is used to search for
the monopole–dipole interaction with nucleons. The nucleons are provided by a fused silica half-ball lens, which is labeled as SiO2. The half-ball lens is
placed on a tuning fork actuator of an AFM. A static magnetic field B0 is applied along the symmetry axis of the NV center. b Schematic experimental
parameters. The electron spin and the half-ball lens are denoted as S and M, respectively. The radius of M is R. M is located right above S and driven to
vibrate with amplitude A. The distance between S and the bottom of M is d0 when M vibrates to the position nearest S. c Atomic structure and energy
levels of the NV center in diamond. The NV center consists of a substitutional nitrogen atom with an adjacent vacancy cite in the diamond crystal lattice.
The ground and excited states are denoted as 3A2 and 3E. The NV center can be excited from 3A2 to 3E by a laser pulse, and decays back to 3A2 emitting
photoluminescence. The optical transitions are used to initialize and readout the spin state of the NV center. The spin states mS ¼ 0j i and mS ¼ %1j i of 3A2

are encoded as a quantum sensor. The state of S can be manipulated by microwave pulses

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03152-9

2 NATURE COMMUNICATIONS | �(2018)�9:739� | DOI: 10.1038/s41467-018-03152-9 | www.nature.com/naturecommunications

Rong, X., Wang, M., Geng, J. et al., Nat Commun 9, 739 (2018). 
https://doi.org/10.1038/s41467-018-03152-9

Searching for an exotic spin-dependent interaction 
with a single electron-spin quantum sensor
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3 optical clocks
Which fundamental constants?
• Atomic clocks measure with extreme precision atomic and 

molecular spectra

• Spectroscopy lends itself to measure variations of:

• Different clocks have different sensitivities to variations of 𝛼
and 𝜇

𝛿𝜔
𝜔

= 𝐾𝛼
𝛿𝛼
𝛼
+ 𝐾𝜇

𝛿𝜇
𝜇

• Clocks are “naturally” networked, need to compare at least 2

𝛼 =
1

4𝜋𝜀
𝑒2

ℏ𝑐 𝜇 =
𝑚
𝑚𝑒

α

| ⟩1

| ⟩2

μα

11

QSNET (fibre network)

15

• NPL-UoB-ICL-UoS: a network of clocks with enhanced sensitivity to 
variations of fundamental constants [https://qsnet19.wixsite.com/home]

• “Exotic” clocks: HCI, molecules -> Marianna @ 12

• “Disentangle” and identify correlations between variations of 𝛼 and 𝜇
• A common, stable, and insensitive frequency reference 

(the Sr clock at NPL), against which all the clocks of the network can 
measure variations

Kα Kμ
Higly-charged ion clock Cf15+ (775 nm) 59 0
Atomic clock Yb+ (467 nm) -5.95 0
Molecular ion clock N2

+ (2.31 μm) 0 0.5
Molecular clock CaF (17 μm) 0 0.5

Sr (698 nm) 0.06 0
Cs (32.6 mm) 2.83 1Atomic clock

Clock

A common, stable, and insensitive frequency reference (a Sr clock), 
against which all the clocks of the network can measure variations

Possibilities and challenges
Investigate very light scalar and pseudo-scalar DM candidates over ~10 
orders of magnitude in mass and different couplings
• Expand the networks 

• Increase number of clocks and duty cycle to get better statistics. 
Sensitivity scales ad 𝑁

• Expand fibre networks, longer distances
• Longer measurement campaigns, dedicated programmes
• Next generation sensors, with enhanced sensitivity to detection of 

physics BSM 

• Connect the networks
• Multimessenger detection

• Quantum 2.0
• Entanglement between sensors can give an advantage when 

measuring multiple non-commuting parameters of dealing with 
“nuisance” parameters [PRA 95, 012326 (2017)] 

• Creating a super-stable global network of clocks synchronized with 
entanglement [Nat. Phys. 10, 582 (2014)]

• Need more measurement schemes 16

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Giovanni Barontini (Birmingham)

Quantum sensors for low energy particle physics
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3 optical fiber networks

QSNET (fibre network)

15

• NPL-UoB-ICL-UoS: a network of clocks with enhanced sensitivity to 
variations of fundamental constants [https://qsnet19.wixsite.com/home]

• “Exotic” clocks: HCI, molecules -> Marianna @ 12

• “Disentangle” and identify correlations between variations of 𝛼 and 𝜇
• A common, stable, and insensitive frequency reference 

(the Sr clock at NPL), against which all the clocks of the network can 
measure variations

Timeline

175y                                           10y                                                                        20y 

Sensitivity                                                                       103x                                                                     107x

Develop protocols to distribute QE               QE in local networks                              QE on large scales
Develop schemes using QE

Advanced GNOME
Expanding         Retooling for the search for new particles

Expanding               HCIs, molecules                              Nuclear clock
Expand fibre networks                                                                   satellite

GNOME+GPS.DM              other clocks networks
other sensing modalities

GNOME

Clocks

Multi
messenger

Quantum

2.0

Possibilities and challenges
Investigate very light scalar and pseudo-scalar DM candidates over ~10 
orders of magnitude in mass and different couplings
• Expand the networks 

• Increase number of clocks and duty cycle to get better statistics. 
Sensitivity scales ad 𝑁

• Expand fibre networks, longer distances
• Longer measurement campaigns, dedicated programmes
• Next generation sensors, with enhanced sensitivity to detection of 

physics BSM 

• Connect the networks
• Multimessenger detection

• Quantum 2.0
• Entanglement between sensors can give an advantage when 

measuring multiple non-commuting parameters of dealing with 
“nuisance” parameters [PRA 95, 012326 (2017)] 

• Creating a super-stable global network of clocks synchronized with 
entanglement [Nat. Phys. 10, 582 (2014)]

• Need more measurement schemes 16

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Giovanni Barontini (Birmingham)

QSNET

Quantum sensors for low energy particle physics
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4 ionic / atomic / molecular

ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies
Marianna Safronova (University of Delaware)https://indico.cern.ch/event/999818/ 

eEDM’s in molecules

nuclear clock (229Th) molecular / ion clocks

Quantum Sensors for New-Physics Discoveries
https://iopscience.iop.org/journal/2058-9565/page/Focus-

on-Quantum-Sensors-for-New-Physics-Discoveries

HCI’s

novel systems with greatly enhanced 
sensitivity wrt standard atomic systems

Novel systems: highly charged ions (HCIs)

Singly charged ion

Highly 
charged 

ion

Scaling with a nuclear charge Z

Binding energy

Hyperfine splitting

QED effects

Stark shifts 

2~ Z
3~ Z
4~ Z

optical

• Fine-structure, hyperfine-structure, and level-crossing transitions in range of table-top lasers 

• Much higher sensitivity to new physics due to relativistic effects

• Rich variety of level structure not available in other systems

• Reduced systematics due to suppressed Stark shifts

6~ Z −

Picture credit: Piet Schmidt

Review on HCIs for optical clocks: Kozlov et al., Rev. Mod. Phy. 90, 045005 (2018)

e.g.  18Ar        Ar13+

(5 e- remain)

typical nuclear energy levels are in MeV. Six orders 
of magnitude from ~few eV we can access by lasers!

MeV

0

1.0

Ground
state

Excited
nuclear
states

Obvious problem: typical nuclear energy levels are in MeV 
Six orders of magnitude from ~few eV we can access by lasers! 

229mTh

229Th

Nuclear transition
150 nm [8.19(12)eV]
Lifetime ~ 5000s

Energy of the 229Th nuclear clock transition: 
Seiferle et al., Nature 573, 243 (2019)
T. Sikorsky et al., Phys. Rev. Lett. 125, 142503 (2020).

Review: E. Peik, et al., arXiv:2012.09304, in press,  Quantum 
Science and Technology (2021).

Only ONE 
exception!

Atomic 
Nucleus

only ONE exception:

Review: E. Peik, et al., arXiv:2012.09304, in 
press, Quantum Science and Technology (2021)

sensitivity to dark matter, variation of 𝛼
~ 8.19 eV / MeV ~ 105 wrt current clocks

JILA eEDMAdvanced
ACME

ThO HfF+, (now also ThF+)

Imperial College

YbF

Searches for electron EDM with molecules
Present status: experiments with reported results

Expected an order or magnitude improvement in ~5 years

Fundamental symmetries: radioactive atoms and molecules

Parity violation

ZOMBIES (Yale, BaF)
Yb (Mainz)

Fr (TRIUMF, Tokyo)
Ra+ (UCSB)

T-violation

RaF

Ra and Ra-based molecules have a further enhancement 
due to an octupole deformation of the 225Ra nucleus:  an 
intrinsic Schiff moment 1000 times larger than in spherical 
nuclei such as Hg.

Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz , Berger et al. CERN-INTC-2018-017 (2018)]Picture credits: Ronald Fernando Garcia Ruiz  

225RaF
P and T violation

Rev. Mod. Phys. 90, 025008 (2018)
Search for new physics with atoms and molecules

Lorentz violation searches
variation of fund. constants
DM searches
tests of QED
5th force searches

Background: Precision Frequency Metrology

In recent years, optical frequency measurements have. . .
…improved more than 100x in accuracy …been applied to a vast array of atomic species

+ Molecules
+ Highly-charged ions
+ …

…found numerous applications in fundamental and applied physics

M. S. Safronova, D. Budker, D. J. Kimball, D. Demille, A. Derevianko, C. W. Clark

…approached quantum limits in precision

…extended across continental 
distances

4/12/2021 D. Hume 3

David Hume (NIST)

QED, ultralight dark matter (mass ~ 10-22 – 10-15 eV)

CaF
N2+

Hg+

Al+ 

Yb+

N2+ : 10-18    https://doi.org/10.1103/PhysRevA.89.032509

Barontini et al. EPJ Quantum Technology (2022) 9:12
https://doi.org/10.1140/epjqt/s40507-022-00130-5

eEDM experiments with polyatomic laser-cooled 
molecules

YbOH

Proposal: Ivan Kozyryev and N. R. Hutzler, Phys. Rev. Lett. 119, 133002 (2017)
Review: N. R. Hutzler, Quantum Sci. Technol. 5 044011 (2020)

Yb

Picture & timeline from: Nick Hutzler

5 years: An electron EDM result with trapped ultracold YbOH, initial goal 10-31 e cm

8 years:  Improvements in coherence time and number trapped molecules: 10-32 e cm

12 years: Very large numbers of trapped molecules or many operating in parallel, 10-33 e cm

Further improvement with squeezing?

Caltech 
Harvard

YbOHThO

laser-cooling
polarization
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5 optomechanical sensorsOutline

• Wavelike DM
-Scalar-like: Optical-cavity-based detectors
-Vector-like: Accelerometer detectors

• Particle/extended-object DM
-Gravitational Wave detectors for DM (also Axions)
-Levitated microspheres
-Windchime experiment

• Roadmap, Other techniques, and Discussion

Isotropic strain in material objects due to variation of atomic size
from interaction with ultra-light DM Manley et al. PRL 124, 151301 (2020)

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Andrew Geraci (Northwestern)

Detecting ultra-light Dark Matter with optical 
cavities

AG, C. Bradley, W. Gao, J. Weinstein, A. Derevianko, PRL (2019)

-Cryogenic testbed for low thermal noise to reach the shot noise 
limit, quantum squeezing techniques

A. Geraci, C. Bradley, W. Gao, J. Weinstein, A. Derevianko, PRL 123, 031304(2019)

Detecting ultra-light Dark Matter with optical 
cavities

AG, C. Bradley, W. Gao, J. Weinstein, A. Derevianko, PRL (2019)

-Cryogenic testbed for low thermal noise to reach the shot noise 
limit, quantum squeezing techniques

Detecting ultra-light Dark Matter with optical 
cavities

AG, C. Bradley, W. Gao, J. Weinstein, A. Derevianko, PRL (2019)

-Cryogenic testbed for low thermal noise to reach the shot noise 
limit, quantum squeezing techniques

DM t

m

𝜙

𝜙

mφ is the mass of the DM field,
v is the relative speed of the DM

kφ = mφv/ℏ

 

Searching for Ultralight Dark Matter with Optical Cavities

Andrew A. Geraci,1 Colin Bradley,2 Dongfeng Gao,3 Jonathan Weinstein,2 and Andrei Derevianko2
1Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA

2Department of Physics, University of Nevada, Reno, Nevada 89557, USA
3State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,

Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, China

(Received 1 August 2018; revised manuscript received 16 February 2019; published 17 July 2019)

We discuss the use of optical cavities as tools to search for dark matter (DM) composed of virialized
ultralight fields (VULFs). Such fields could lead to oscillating fundamental constants, resulting in
oscillations of the length of rigid bodies. We propose searching for these effects via differential strain
measurement of rigid and suspended-mirror cavities. We estimate that more than 2 orders of magnitude of
unexplored phase space for VULF DM couplings can be probed at VULF Compton frequencies in the
audible range of 0.1–10 kHz.

DOI: 10.1103/PhysRevLett.123.031304

Introduction.—Despite overwhelming observational evi-
dence for the existence of dark matter (DM), its compo-
sition and nongravitational interaction with standard model
fields and particles remain a mystery [1–4]. Its presence is a
strong indicator for new physics beyond the standard
model, and among viable candidates are bosonic ultralight
fields with masses below ∼10 eV, which behave as
classical fields rather than individual particles (for a recent
review see Ref. [5]). Such fields can be naturally produced
in the early universe through the misalignment mechanism.
We collectively refer to such candidates as VULFs (virial-
ized ultralight fields).
One of the most well-motivated VULF candidates is a

scalar field, motivated by string theory dilatons and moduli
[6–11]. The multitude of topologically complex vacuua in
string theory naturally leads to an abundance of moduli and
dilatons. Thevalues of parameters in the standardmodel such
as theYukawacouplings or the fine structure constant depend
on the moduli fields. The moduli can acquire mass through
supersymmetry (SUSY) breaking, and for TeV scale SUSY
breaking the mass can be of order 0.1 meV [6]. Much lighter
modulimasses are also possible due to loop factors and small
coefficients, e.g., for the electron Yukawa modulus.
Such ultralight fields cause a time variation of funda-

mental constants such as the fine-structure constant α or the
mass of the electron me [12]. A variety of experimental
techniques have been used or proposed for VULF searches,
including resonant cavities, torsion balances, atom inter-
ferometers, atomic clocks, molecular absorption, and mag-
netometers [13–21].
On timescales short compared to the VULF coherence

time, the DM field can be expressed as

ϕðt; rÞ ≈ ℏ
mϕc

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
cos ½2πfϕt − kϕ · rþ % % %&; ð1Þ

where ρDM ≈ 0.4 GeV=cm3 is the local DM energy density,
mϕ is the mass of the DM field, fϕ ¼ mϕc2=ð2πℏÞ is the
Compton frequency, and kϕ ¼ mϕv=ℏ with v being the
velocity of DM with respect to the instrument. Detailed
discussion of the expected coherence properties of VULFs
can be found in Ref. [22].
In the dilatonlike models, VULFs drive oscillations of

the electron mass and fine structure constant,

δmeðt; rÞ
me;0

¼ dme

ffiffiffiffiffiffiffiffiffiffiffi
4πℏc

p
E−1
P ϕðt; rÞ; ð2Þ

δαðt; rÞ
α0

¼ de
ffiffiffiffiffiffiffiffiffiffiffi
4πℏc

p
E−1
P ϕðt; rÞ: ð3Þ

Here dme
and de are dimensionless dilaton couplings and

EP ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏc5=G

p
is the Planck energy. These effects could be

searched for with atomic clocks and interferometers
[13,15]; however, because of the finite interrogation time,
they are limited to Compton frequencies of order 1 Hz and
below. At higher frequencies, DM-induced strain in solids
is a promising approach. The DM-induced oscillations
(2), (3) of the fine structure constant and electron mass
drive oscillations in the Bohr radius a0 ¼ ℏ=ðαmecÞ and,
therefore, in the size of atoms and chemical bonds. For
sufficiently slow oscillation frequencies, this causes a time-
varying strain h in solid materials, given by

h ¼ −
δα
α0

−
δme

me;0
; ð4Þ

where we have ignored small relativistic effects.
Previously, optical cavities have been proposed in

searches for a coupling between axion DM and photons,
using resonant enhancement from the cavity [23]. Here we
propose to search for dilaton-DM-induced variations in

PHYSICAL REVIEW LETTERS 123, 031304 (2019)

0031-9007=19=123(3)=031304(6) 031304-1 © 2019 American Physical Society

strain :

2) rigid spacer

1) suspended mirrors
Two Fabry-Perot cavities:

Quantum sensors for low energy particle physics
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5 accelerometers

A membrane-based dark photon detector

𝜏 = 𝜏DM ≈ 90𝑠
𝜏 = 1 year

𝑭𝐃𝐌

SiN

Be

Be Mirror
(Webb telescope)

Si3N4 membrane
(𝑄~109)

+ +

Cryogenics
(100 mK)

𝐿 Manley et. al. PRL 126 061301 (2021)

Differential acceleration between materials (e.g. if coupled to B-L)

differential acceleration between materials of 
different composition (probe of B-L couplings)

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Andrew Geraci (Northwestern)
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5 levitated microspheres

nanoparticle standing-wave 
trap (optical lattice)

= zeptonewton sensing

Composite DM search with Levitated 
microspheresRipples in space-time

25

Composite DM search with Levitated 
microspheresRipples in space-time

25

Frequency landscape for gravitational waves

Unexplored
to date

gravitational wave sensor

Levitated optomechanical sensors
Ripples in space-time

18

nanoparticle standing-wave trap (optical lattice) in UHV

zeptonewton sensing

Hz/aN37.63.1, r xFS

6 zN

G. Ranjit, et.al. , Phys. Rev. A, 93, 053801 (2016)
C. Montoya et. al. arXiv:2103.03420 (2021)

DM sensor

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Andrew Geraci (Northwestern)
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5 “Wind chime”

Planck-scale DM: measure the gravitational effect of flying-by DM 
on an array of accelerometers

“Our proposed strategy is to build a three-dimensional array of force sensors. 
A heavy DM particle passing through the array will exert a small but correlated 
force on the sensors nearest its trajectory. Much like tracking a particle in a 
bubble chamber, we can then pick out this correlated force signal along the 
DM “track” through the array.”

vision:

https://arxiv.org/abs/1903.00492

Rafael: Windchime 27

Windchime: Array of Mechanical Accelerometers
Start with available 
sensor frame

Eventually, use quantum 
back-action evading 
impulse measurement

Challenges: scale, 
integration, noise, 
analysis

tim
e [µs]

z [cm]
flux: 1/m2/year

“With a billion detectors at the gram scale, Planck-
scale gravitational DM detection is achievable.”

sensors: “cryogenic opto-mechanical
devices”, e.g.: atoms in a lattice that 
are continuously optically probed

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Andrew Geraci (Northwestern)
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6 metamaterials, 0/1/2-D materials

metamaterial : materials that obtain their 
properties from their structure rather than 
the material of which they are composed

These are engineered composite materials mainly consisting of 
artificially designed periodic sub-wavelength structures. 

One particular application revolves around the absorption / 
reflectance characteristics in the IR in very compact devices.

Quantum sensors for low energy particle physics
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(relatively) broadband absorption:

 Y. Yao et al., J. Phys. D: Appl. Phys. 54 (2021) 113002  
https://doi.org/10.1088/1361-6463/abccf0

Importantly: the properties can be designed!
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plasmonic metamaterials: perfect absorption of light

If the condition of critical coupling is achieved, the incident light can be fully absorbed [34].
In striking contrast, the device we suggest and study here is characterized by a thick dielectric
intermediate layer that prohibits any near-field interaction between the nanostructured graphene
and the ground plate. This type of perfect absorber is known as the Salisbury screen or absorber
[35]. Instead, perfect absorption is achieved by exploiting a perfect destructive interference of
the reflected light [22,35–37]. Transmission through the structure is totally suppressed because
the thickness of the ground plate is much larger than the typical skin depth at THz frequency.
Therefore, the complete electromagnetic energy gets absorbed by the graphene micro-ribbons.
We explain our findings by considering the micro-ribbons as a metasurface. This allowed us
to describe them only by their reflection and transmission coefficients and using Airy formula
for an asymmetric Fabry Perot cavity to calculate the absorption in the device [38]. Predictions
from such simple model are in excellent agreement with full-wave simulations and clearly prove
that the perfect absorption is a purely coherent effect.

2. Graphene perfect absorber

The structure under consideration is shown in Fig. 1. It consists of a graphene micro-ribbon
array on top of a metallic ground plate separated by a thick dielectric spacer. It is periodic in
one direction (y) with periodicity P= 2µm and infinitely extended in the other one. We assume
the refractive index (n=

√εd= 2.1) of the dielectric deposited on the metal. The ground plate is
made of gold with a conductivity σ = 4×107S/m which is perfectly reflecting in the frequency
domain of interest (Far-infrared regime).

d 

tF 

tGR y z 

WGR 

P 

Fig. 1. Schematic of the graphene micro-ribbon perfect absorber. The geometrical param-
eters of the proposed structure are: tF = 1 µm, d = 1−100 µm,WGR = 1 µm and P = 2
µm. The inset shows the honeycomb microscopic structure of the graphene layer arranged
as micro-ribbons.

The graphene was numerically modeled by a thin layer ( with thickness ∆ = 1nm) of permit-
tivity εGR = ε0+ iσGR/(ω∆), with σGR as the surface conductivity of the graphene sheet [8]
which can be derived using the well-known Kubo formula [39–42] and writes as:

σGR =
ie2

4π h̄ ln
[
2|µc|− (ω + i2Γ)h̄
2|µc|+(ω + i2Γ)h̄

]
+

ie2kBT
π h̄2(ω + i2Γ)

[
µc
kBT

+2ln(e−µc/kBT +1)
]
, (1)

where e, h̄ and kB are universal constants related to the electron charge, Planck’s and Boltz-
mann’s constant, respectively. T is the temperature and is fixed to 300 K. µc and 2Γ (2Γ = h̄/τ ,
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(relatively) narrowband absorption:

Schematic of the graphene 
plasmonic perfect absorber

Absorption and reflection 
of the absorber.
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1-D junction: JES: Josephson escape sensor, 
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Figure 2. Structure and transport properties of a 1DJ. (a) Top: Scheme of the structure a 1DJ. Two
superconducting electrodes (S, blue) are separated by a weak link consisting of a superconducting wire
(A, bronze). Its width (w) and thickness (t) are indicated. The two superconducting energy gaps follow
DA ⌧ DS. The current (I) flowing along the 1DJ is shown. Bottom: RSJ model of a 1DJ where I is the bias
current, J is the junction and RN is the shunt resistor. (b) Tilted washboard potential of a 1DJ calculated
for different values of I. The energy barrier (dU) for the escape of the phase particle from the washboard
potential (WP) decreases by rising the bias current, thus the probability of the transition of the 1DJ to the
normal-state increases with I. The phase particle in the WP [33] is indicated by means of the black dot. (c)
Energy barrier (dU) normalized with respect to the zero-temperature Josephson energy (EJ,0) calculated by
varying the critical current (top) and the bias current (bottom), respectively. (d) temperature dependence of
the normalized resistance (R/RN) calculated for selected values of I. RN is the normal-state resistance of
the 1DJ. (e) Temperature derivative of the resistance (dR/dT) calculated for the same values of I in panel
(d).

Equations 2 and 3 show that both bias current and Josephson energy (EJ = F0 IC/2p with F0 ' 2.067 ⇥
10�15 Wb the flux quantum) define the WP. In particular, dU is suppressed by lowering the Josephson
energy and rising the bias current. The latter also produces the tilting of the WP, as shown in Fig. 2(b). It
is interesting to quantitatively compare the effects of I and EJ on the WP. To provide this comparison, in
Eq. 3 we replaced the Josephson energy with its critical current dependent relation. With no current bias
(I = 0), the barrier depends linearly on the critical current. Instead, the bias current has a stronger impact
on dU, since dU ⇠ I

�5/4
C

. The comparison between the two methods to suppress the energy barrier is
shown in Fig. 2(c). Thus, the current bias is the most efficient method to control the supercurrent flowing
in a 1DJ.

The normal-state resistance of a 1DJ is low in comparison with the sub-gap resistance (and the case of
a tunnel Josephson junction). Since both the normal-state resistance and the capacitance of the junction
are small, the Stewart-McCumber parameter obeys to bC ⌧ 1. Therefore, the 1DJ can be described by
means of the overdamped junction limit of the RSJ model. [33] In this approximation, the temperature
dependence of the voltage drop build across a 1DJ can be written [36]

V(I, EJ , T) = RN

2

4I � IC,0 Im
I1�iz

⇣
EJ

kBT

⌘

I�iz

⇣
EJ

kBT

⌘

3

5 , (4)
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Figure 5. Current control of the resistance versus temperature characteristics in a 1DJ. (a) False-colored
scanning electron micrograph of a 1DJ. The nanowire is made of an Al/Cu bilayer (yellow) separating two
thick Al electrodes (blue). The 1DJ is AC current-biased (amplitude I), while the voltage drop across the
wire (Vout) is measured through a lock-in amplifier. The load resistor (RL � RN) guarantees constant bias
current while transitioning to the normal-state. (b) Selected normalized resistance (R) versus temperature
(T) characteristics recorded for different values of bias current (I). (c) Dependence of the escape temperature
(Te) on bias current normalized with respect to the zero-temperature 1DJ critical current (I/IC) for two
different samples. (b) Width of the phase transition (dTC) versus I for two different 1DJs.

of each layer lower than its coherence length. Since its large surface area, the Al/Cu interface resistance
is negligibly small in comparison with the nanowire normal-state resistance, thus fulfilling the first
requirement. In addition, the superconducting Al film fulfils xAl ' 80 nm � tAl = 10.5 nm. At the same
time, the Cu layer obeys to xCu =' 255 nm � tCu = 15 nm. Therefore, the second condition is fulfilled,
too. We can conclude that the Al/Cu bilayer respects the Cooper limit and A can be considered as formed
from a single superconducting material. The details are given in the Methods section.

We can now discuss the one-dimensionality of A. In particular, the superconducting coherence length
in A is xA ' 220 nm, Since this value is much larger than its thickness (xA ' 220 nm� t = tAl + tCu =
25.5 nm), the pairing potential of the bilayer is constant along the z axis. Furthermore, the active region
is one-dimensional with respect to the superconducting coherence length, because xA � w = 100 nm.
Since the London penetration depth of A is lL,A ' 970 nm, the nanowire is 1D with respect to the London
penetration depth, since lL,A � t, w.

In conclusion, we have demonstrated that the Al/Cu bilayer embedded between two Al electrodes
forms a 1DJ. Therefore, this structure can be used to investigate the impact of I on the R(T) characteristics.

3.2. Current control of the R vs T

To investigate the impact of the bias current on the transport properties of a 1DJ, the resistance R

vs temperature characteristics were obtained by conventional four-wire low-frequency lock-in technique
by varying the excitation current amplitude from 15 nA to 370 nA . The current was generated by
applying a voltage (Vac) to a load resistor (RL) of impedance larger than the device resistance (RL = 100
kW � RN ' 77 W), as shown in Fig. 5(a). For the details regarding the device fabrication and experimental
set-up see Sec. 6.
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Superconducting nanowires, a mature technology originally developed for quantum sensing, can
be used as a target and sensor with which to search for dark matter interactions with electrons.
Here we report on a 180-hour measurement of a tungsten silicide superconducting nanowire device
with a mass of 4.3 nanograms. We use this to place new constraints on dark matter–electron
interactions, including the strongest terrestrial constraints to date on sub-MeV (sub-eV) dark matter
that interacts with electrons via scattering (absorption) processes.

The identity of the dark matter (DM) in the Uni-
verse remains one of the biggest mysteries of modern
physics. After decades of theoretical and experimental
focus on DM at the electroweak scale, attention has re-
cently shifted to lighter masses, with sub-GeV DM cap-
turing the limelight from both the theoretical [1–37] and
experimental [38–51] perspectives. Direct detection of
sub-GeV DM requires detectors with much lower thresh-
olds than traditional experiments, and this has motivated
the development of many novel detection techniques.
Among the proposed detectors, superconductors [5, 6, 24]
stand out: due to their exceptionally small band gaps of
O(meV) and correspondingly small detection thresholds,
these materials are capable of detecting light sub-MeV
DM. In principle, they are sensitive to the scattering (ab-
sorption) of DM with mass as light as ⇠1 keV (⇠1meV).

Realizing the full potential of superconducting detec-
tors for DM will require additional technological de-
velopments. However, existing devices being used for
other applications can already play a meaningful role for
dark matter detection. Superconducting nanowire single-
photon detectors (SNSPDs) are one such established sen-
sor technology, with numerous applications from quan-
tum sensing to telecommunications (see e.g. Refs. [52–
54]). These devices are sensitive to the deposit of ex-
tremely small amounts of energy, with proven sub-eV
thresholds and low dark count rates [24, 55–62]. Un-
der certain conditions, they may even be sensitive to the
direction of the deposited momentum [63]. In Ref. [24],
we proposed to apply this mature technology for the first
time to the DM hunt by using the SNSPDs simultane-
ously as the target and for readout: i.e., the SNSPD is
both the material with which DM interacts and the sen-
sor that registers the deposited energy and momentum.

In this Letter we report on a 180-hour measurement
performed with a prototype SNSPD device that we use
to place new bounds on DM, including the strongest ter-
restrial constraints to date on dark matter with sub-MeV

100 μm

5 μm

2 μm

FIG. 1. SEM images of the prototype WSi SNSPD device
taken at di↵erent magnifications. Left: the entire device with
two contact pads and active area of 400 µm by 400 µm. Top
right: View of the detector area in the center. Bottom right:
Several individual nanowires.

(or sub-eV) masses that scatters with (or is absorbed
by) electrons. For the first time, we evaluate bounds us-
ing a novel theoretical framework that accounts for the
many-body physics of the detector and includes an en-
hancement due to the thin-layer geometry. We present
a roadmap for the development of future experiments
and demonstrate the prospects for SNSPDs to lead ex-
ploration of the light DM parameter space. Throughout
this work we use natural units, where c = h̄ = 1.

EXPERIMENTAL SETUP

SNSPDs operate by maintaining a bias current in a
superconducting nanowire, keeping the device in the su-
perconducting phase very near the edge of the super-
conducting transition. Under these conditions, any de-
posited energy above threshold can cause a portion of
the device to undergo a transition to the normal metal
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FIG. 5. New constraints and updated expected reach for
DM absorption in SNSPDs as a function of DM mass, for a
relic kinetically mixed dark photon. As in Fig. 4, the shaded
blue region indicates the new bound at 95% C.L., and other
solid curves indicate projections for future experiments, ne-
glecting possible geometric e↵ects. The shaded gray region
shows existing terrestrial constraints from Xenon data [68],
SuperCDMS [42], DAMIC [47], EDELWEISS [50], FUNK [69]
and SENSEI [49], while the yellow region indicates model-
dependent stellar bounds [68, 70, 71].

Scattering results are shown in terms of a reference

cross section �̄e = 1
⇡µ

2
e�g

2
eg

2
�

⇥
(↵EMme)2 +m2

�

⇤�2
, where

µe� is the reduced mass of the DM–electron system; ge
and g� are the couplings of the mediator to the elec-
tron and DM, respectively; and ↵EM ⇡ 1/137 is the
fine structure constant. Absorption results are shown
in terms of the size of the kinetic mixing  of a dark
photon—essentially its coupling to the electromagnetic
current. We take the Fermi energy EF to be 7 eV in both
WSi and NbN, and we take the densities to be 9.3 g/cm3

and 8.4 g/cm3, respectively. We assume a local DM den-
sity of 0.3GeV/cm3 with velocities distributed according
to the Standard Halo Model, i.e., with probability den-
sity f�(v) / ⇥(vesc � |v|) exp

⇥
�(v + vE)2/v20

⇤
. We take

v0 = 220 km/s, vE = 232 km/s, and vesc = 550 km/s.

The impressive reach for scattering and absorption at
the smallest masses is due to the low device thresh-
old of 0.73 eV, assisted by its low dark count rate.
Future realizations of this experiment may be able
to achieve substantially lower thresholds, sensitive to
much lower masses. The projections for the reach of
future NbN detectors assume thresholds of 248 and
124meV, which would extend the experimental reach
to DM masses of order 50–100 keV. Indeed, sensitiv-
ity at the 10µm-wavelength scale—corresponding to a
124meV threshold—has already been demonstrated in
SNSPDs [55]. We also show the projected reach for a

superconducting Al detector with a 10meV threshold.
Such a detector would be capable of detecting DM with
mass of order ⇠keV, below which structure formation
considerations rule out fermionic DM [76–78].
Solid curves are computed neglecting thin-layer e↵ects,

i.e., treating the detector as a bulk volume. Dashed and
dotted curves show the projections including these ef-
fects: dashed curves neglect dissipation in the other lay-
ers, following Ref. [67], while dotted lines incorporate
this dissipation in the most conservative form. (See the
SM for details.) Geometric e↵ects do not significantly
a↵ect the reach of the constraints for the current experi-
mental configuration, but these e↵ects are an important
consideration for future experimental design: thin-layer
e↵ects were not exploited in the original design of the
prototype, and have arisen incidentally from the neces-
sarily low-dimensional structure of SNSPDs. Sensitivity
of the WSi detector layer to deposits in other layers of
the device may allow for enhanced reach even at high
DM masses, e↵ectively increasing the detector volume.
Such sensitivity may be possible for deposits far above
threshold, and could be quantified experimentally. De-
liberate optimization of the target geometry may enable
even more significant enhancements, particularly in the
absorption rate.
The geometric e↵ects included in this work are esti-

mated in a simplified framework. We do not quantify
the geometric e↵ects on the absorption rate here, and in
the case of scattering, additional corrections may arise
from the lower layers of the geometry in Fig. 3 or from
local-field corrections [79, 80]. The accurate impact of
the geometry of the device on the DM interaction rate
can be quantified experimentally in a robust manner, and
is expected to further improve the reach.

DISCUSSION

We have reported on a new search for DM–electron
scattering and absorption in a prototype SNSPD detec-
tor. Our results place the strongest terrestrial constraints
to date on DM–electron interactions for sub-MeV (sub-
eV) masses for scattering (absorption) processes. The
constraints presented in this work are computed using the
dielectric function formalism, accounting for the many-
body physics of the detector material, and we have also
accounted for geometric e↵ects that can significantly en-
hance the predicted DM interaction rate.
Our small-scale prototype is able to exceed previous

experimental constraints thanks to the remarkably low
0.73 eV threshold of the SNSPD detector, along with its
extremely low dark count rate. Future iterations of this
experiment promise to reach even lower thresholds. The
SNSPD platform is being heavily developed for numerous
applications in quantum sensing and precision metrology,
and given the rapid pace of development, Figs. 4 and 5
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Figure 5.2: Axion mass range accessible via novel advanced quantum sensing techniques
compared to current experiments.

not necessarily thermal, of new ultra-light or massless particles in the universe. While
DM is known to exist, it is not known if there is DR. However DR arises frequently,
especially in theories with new light particles, and it often arises in theories of DM.
For example for any of the light DM candidates, e.g. axions, dark photons, etc., an
abundance of relativistic particles, thus DR, would necessarily be produced alongside
the DM. They could also be produced as a component of the dark energy (DE) density
if the DE is dynamical [Ch5-25]. Such “DE radiation” can have significantly higher
energy densities than other forms of DR, well above the usual Cosmic Microwave Back-
ground Radiation (CMBR) and Big Bang Nucleosynthesis (BBN) bounds on relativistic
species, because they are produced at late times. DR of particles such as axions or
dark photons would be an exciting signal to look for, quite distinct from cold DM. The
cosmic neutrino background (CNB) is DR that is believed to exist. While challeng-
ing [Ch5-26], observation of this CNB would provide one of the only ways to probe the
early pre-CMBR-formation universe. Further, a higher temperature population of cos-
mic neutrinos can also be produced by dynamical DE which would be significantly easier
for experiments to detect [Ch5-25] and would shed light on the nature of DE.

The success of LIGO and VIRGO in detecting gravitational waves (GWs) in the
10Hz. ⌫ . 10 kHz band has vividly demonstrated the power of quantum detectors to
advance fundamental physics [Ch5-27]. GWs enable investigations of general relativity,
black holes and neutron stars, tests of a variety of Beyond-the-Standard Model (BSM)
theories, and give a direct window on the earliest epochs of the Universe via primordial
stochastic GWs. Near-future instruments will cover the 0.1-30mHz (LISA) and 0.1µHz
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cavity size = axion size

(but not only…)

axion mass = unknown

Axions, ALP’s, DM & non-
DM UL-particle searches
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Thin Film (High Temperature) Superconducting
Radiofrequency Cavities for the Search of

Axion Dark Matter
J. Golm, S. Arguedas Cuendis, S. Calatroni, C. Cogollos, B. Döbrich, J.D. Gallego, J.M. Garcı́a Barceló, X.

Granados, J. Gutierrez, I.G. Irastorza, T. Koettig, N. Lamas, J. Liberadzka-Porret, C. Malbrunot, W. L. Millar,
P. Navarro, C. Pereira Carlos, T. Puig, G. J. Rosaz, M. Siodlaczek, G. Telles and W. Wuensch

Abstract—The axion is a hypothetical particle which is a
candidate for cold dark matter. Haloscope experiments directly
search for these particles in strong magnetic fields with RF
cavities as detectors. The Relic Axion Detector Exploratory Setup
(RADES) at CERN in particular is searching for axion dark
matter in a mass range above 30 µeV. The figure of merit of our
detector depends linearly on the quality factor of the cavity and
therefore we are researching the possibility of coating our cavities
with different superconducting materials to increase the quality
factor. Since the experiment operates in strong magnetic fields
of 11 T and more, superconductors with high critical magnetic
fields are necessary. Suitable materials for this application are
for example REBa2Cu3O7�x, Nb3Sn or NbN.
We designed a microwave cavity which resonates at around
9 GHz, with a geometry optimized to facilitate superconducting
coating and designed to fit in the bore of available high-field
accelerator magnets at CERN. Several prototypes of this cavity
were coated with different superconducting materials, employing
different coating techniques. These prototypes were characterized
in strong magnetic fields at 4.2 K.

Index Terms—Superconducting resonators, SRF superconduct-
ing radio frequency cavities, Quality factor, 2G HTS Conduc-
tors,axion
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Porret, C. Malbrunot, W. L. Millar, C. Pereira Carlos, G. J. Rosaz, M.
Siodlaczek, W. Wuensch are with the European Organization for Nuclear
Research (CERN), 1211 Geneva 23, Switzerland.
X. Granados, J. Gutierrez, N. Lamas, T. Puig, G. Telles are with the Institut de
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I. INTRODUCTION

THE Relic Axion Detector Exploratory Setup (RADES)
is an axion haloscope experiment searching for dark

matter axions in a strong magnetic fields with high quality
factor cavities. It differs from most haloscopes in the fact
that thus far it employs dipole magnets and not solenoids.
Many experiments successfully use copper cavities in strong
magnetic fields to set limits to the axion coupling at low
mass ranges. Reference [1] and [2] and references therein
provide a recent review of experimental axion searches and the
haloscope technique. The past years superconducting cavities
were explored by experiments like QUAX [3], [4] and CAPP
[5], [6] in order to reach a higher sensitivity. An axion
with mass mA converts into a photon due to the inverse
Primakoff effect. If the converted photon’s energy matches
the resonance frequency of the cavity, the output power is
augmented depending on the axion’s coupling strength to
photons. For a given axion-photon coupling the figure of merit
F of the experiment is

F ⇠ g2a�m
2
AB

4V 2T�2
sysG

4Q, (1)

where ga� is the axion coupling to two photons, B the external
magnetic field (assumed constant over the cavity volume), V
is the cavity volume, Tsys is the detection noise temperature,
and G is the geometric form factor of the cavity mode.

The figure of merit of the experiment increases by the power
of four with the strength of the magnetic field. Therefore
we aim at magnets with fields as high as possible. For
the current run we had a 2-m long 11T dipole magnet in
single coil configuration available, for details see [7]. This
sets the requirements for the coatings: we needed a type II
superconductor with a critical magnetic field Bc2 well above
11T at 4.2K. The materials should also possess a RF surface
resistance Rs lower than copper at our operating conditions.
Experimental results and theoretical predictions have been
described in literature, see for example [8], [9] and references
therein for Nb3Sn or high temperature superconductors like
REBa2Cu3O7�x (RE = Y, Gd, Eu) (REBCO). Both these
materials were applied to our cavities. One cavity was sputter-
coated with Nb3Sn and REBCO tapes were applied to the
second cavity, where the hastelloy substrate was stripped off,
such that the REBCO layer is exposed to the RF fields.
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Focus on electromagnetic interaction: axions and 
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Cosmic Axion Spin-Precession Experiment(s)

Quantum sensors for low energy particle physics

distribution with standard deviation σ, Fig. 3(b). We set the
candidate detection threshold to 3.355σ, equivalent to
95% confidence interval for a 5σ detection, and flagged
all points above the threshold as candidates [32,53,84].
There were 617 candidates for EDM coupling (636 for

gradient coupling). In order to reject residual radio fre-
quency interference, we used the fact that radio frequency
pickup is independent of the leading field B0, while an
axionlike dark matter signal should only appear when B0 is
tuned to a value such that the spin excitation spectrum
overlaps with the ALP Compton frequency. We compared

the candidates from datasets taken at different values of B0,
rejecting 569 candidates for EDM coupling (577 for
gradient coupling). The remaining 48 candidates for
EDM coupling (59 for gradient coupling) were shown to
be statistical fluctuations, using a scan-rescan analysis [53].
The search sensitivity was limited by the ≈0.05 nV=

ffiffiffiffiffiffi
Hz

p

input noise level of the amplifier, corresponding to a
magnetic field sensitivity of ≈2 fT=

ffiffiffiffiffiffi
Hz

p
.

Our search did not yield a discovery of the EDM
coupling gd or the gradient coupling gaNN of axionlike
dark matter. In the absence of a detection, in each
frequency bin the 95% confidence interval limit on
magnitudes of these coupling constants corresponds to
the 5σ value in the Gaussian distribution of the optimally
filtered PSD [32,53,84]. The limits were corrected to take
into account spin saturation [85], normalized by the
NMR excitation spectrum for each bin, and concatenated
to produce constraints on gd and gaNN over the
entire frequency search range, Fig. 3(a). Over the
frequency range 39.1–40.2 MHz, the constraint on jgdj
is jgdj < 9.5 × 10−4 GeV−2, corresponding to an upper
bound of 1.0 × 10−21 e cm on the amplitude of oscilla-
tions of the neutron electric dipole moment and
4.3 × 10−6 on the amplitude of oscillations of the
QCD θ parameter. The constraint on jgaNN j is
jgaNN j < 2.8 × 10−1 GeV−1. The uncertainty on these
limits is dominated by the theoretical uncertainty in the
effective electric field. We are not aware of any
existing experimental limits on these interactions in this
ALP mass range. Analysis of cooling dynamics of
supernova SN1987A can be used to estimate bounds
gd ≲ 10−8 GeV−2 and gaNN ≲ 10−9 GeV−1 [19,24,43].
However, these model-dependent bounds are subject
to significant caveats and uncertainties and may be
evaded altogether, reinforcing the importance of labora-
tory searches [86,87]. Stringent experimental limits
on gd and gaNN exist at much lower ALP masses
[35,36,41,42,88–91].
There are several ways to improve experimental sensi-

tivity to axionlike dark matter. Since the CSA-induced
inhomogeneous broadening is proportional to the Larmor
frequency, searching in a lower ALPmass range will reduce
the linewidth and therefore improve the search sensitivity.
A search in the lower mass range will likely also benefit
from superconducting detectors, such as superconducting
quantum interference devices and quantum up-converters
[92]. Manipulation of light-induced transient paramagnetic
centers may enable control over the nuclear spin popula-
tion-relaxation time T1 and nuclear spin hyperpolarization
using dynamic polarization techniques. A dramatic sensi-
tivity improvement could be achieved by scaling up the
sample volume. We estimate that, with a sample size of
≈80 cm, it may be possible to reach the sensitivity
necessary to detect the QCD axion gd coupling strength
in the mass range between ≈peV and ≈5 neV.

FIG. 3. Results of the search for spin interactions with axionlike
dark matter. (a) The axionlike dark matter EDM coupling (left y
axis) and nucleon gradient coupling (right y axis) limits in the
mass range 162–166 neV shown with a blue line. The shaded
region above the line is excluded at 95% confidence level. The
green region is excluded by analysis of cooling of the supernova
SN1987A; the color gradient indicates theoretical uncertainty
[16]. Existing bounds at other masses, as well as CASPEr
sensitivity projections, are shown in Fig. S9 of the Supplemental
Material [53]. (b) The histogram of the optimally filtered power
spectral density of transverse sample magnetization within the
frequency window centered at 39.16 MHz. The red line shows the
Gaussian distribution model, and the vertical black dashed line
shows the 3.355σ candidate threshold at 17 fT2.

PHYSICAL REVIEW LETTERS 126, 141802 (2021)
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numerous improvements possible      many orders of magnitude in mass and sensitivity range

Focus on different interactions: the electric dipole moment (EDM) 
interaction and the gradient interaction with nuclear spin I.  The EDM 
interaction arises from the coupling of the axion to the gluon field.

Cosmic Axion Spin Precession Experiment is based 
on a precision measurement of 207Pb solid-state 
nuclear magnetic resonance in a polarized 
ferroelectric crystal.  Axion-like dark matter can 
exert an oscillating torque on 207Pb nuclear spins via 
the electric dipole moment coupling gd or via the 
gradient coupling gaNN.

Phys. Rev. Lett. 126, 141802
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Initial experiments with quantum sensors world-wide
     rapid investigation of new phase space

     scaling up to larger systems, improved devices
          expanding explored phase space 

atomic interferometers:              DM searches

RF cavities:                                 axion searches

tests of QED, symmetries particles, atoms, ions, nuclei:
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Quantum sensors for new particle physics experiments

@ CERN: PBC, large low energy physics community…
https://indico.cern.ch/event/1002356/
https://indico.cern.ch/event/1057715/ PBC technology mini workshop: superconducting RF (Sep. 2021)

PBC technology annual workshop 2021 (focus on quantum sensing)

https://indico.cern.ch/event/1002356/
https://indico.cern.ch/event/1057715/
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ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies
Marianna Safronova (University of Delaware)https://indico.cern.ch/event/999818/ 

particle physics @ CERN : what are we talking about?

tests of QED, T-violation, P, Lorentz-violation, DM searches 

HCI’s in Penning traps

K. Blaum et al., Quantum Sci. Technol. 6 014002 (2021)

eEDM’s in molecules

nuclear clock (229Th)

molecular / ion clocks

Quantum Sensors for New-Physics Discoveries

https://iopscience.iop.org/journal/2058-9565/page/Focus-
on-Quantum-Sensors-for-New-Physics-Discoveries
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Quantum sensors for new particle physics experiments

Present status: 5×10-12 relative mass precision
R. X. Schüssler et al., Nature 581, 42 (2020)

@ CERN:

https://indico.cern.ch/event/999818/
https://iopscience.iop.org/journal/2058-9565/page/Focus-on-Quantum-Sensors-for-New-Physics-Discoveries
https://iopscience.iop.org/journal/2058-9565/page/Focus-on-Quantum-Sensors-for-New-Physics-Discoveries
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Quantum sensors for new particle physics experiments: Penning traps

Review on HCIs for optical clocks: Kozlov et al., Rev. Mod. Phy. 90, 045005 (2018)

HCIs for ultra-precise clocks : applications & future

HCIs: much larger sensitivity to variation of α and dark matter searches then current clocks

• Enhancement factor K>100, most of present clocks K<1, Yb+ E3 K=6

• Hyperfine HCI clocks sensitive to me/mp ratio and mq/ΛQCD ratio variation 

• Additional enhancement to Lorentz violation searches

Dark matter 
searches

Tests of the equivalence principle

Search for the violation of 
Lorentz invariance

Picture: Nature 517, 592

• Searches for the variation of fundamental constants

• Tests of QED: precision spectroscopy

• Fifth force searches: precision measurements of isotope 
shifts with HCIs to study non-linearity of the King plot

5 years: Optical clocks with selected HCIs will reach 10-18 accuracy
10 years: Strongly α-sensitive transitions in HCIs will reach of 10-18 uncertainty, multi-ion HCI clocks

Picture: Jun Ye’s group

HCI (stable), (Z-n)+ HCI*(stable or unstable), (Z-1)+ HCI*(stable or unstable), (Z-1)+

e-
e- p

_

HCIs: much larger sensitivity to variation of α and dark matter searches than current clocks

Antiprotonic atoms     novel HCI systems
e-p

_

+

Ps*Z+

1 2 3 4

capture Auger ejection annihilation charge exchange w/ Rydberg atom

M. Doser, Prog. Part. Nucl. Phys, (2022), https://doi.org/10.1016/j.ppnp.2022.10396432/68

linear relation in isotope shifts between two transitions caused by e.g. new force mediated by weakly interacting boson 
Mikami, K. Et al.. Probing new intra-atomic force with isotope shifts. The European Physical Journal C. 77. 10.1140/epjc/s10052-017-5467-4. 

https://mmm.cern.ch/owa/redir.aspx?C=NDQTp_Ai9edklvTOm5b9MkYa7RJMbiF5XgPPGnsDYyZFk1hxBj_aCA..&URL=https%3a%2f%2fdoi.org%2f10.1016%2fj.ppnp.2022.103964
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e-

e-

p
_

1

Rydberg excitation

e-2

charge exchange

Antiprotonic Rydberg atom: exotic couplings, similar approach as spectroscopy of muonic atoms, CPT tests

Antiprotonic Rydberg molecule: pEDM?

e-

p
_

1

Rydberg excitation

2

charge exchange

_

similar approach 
as eEDM in molecules

at end of cascade, p is
very close to nucleus…
investigate long-range 
behavior of strong
interaction?
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Constraints on the Coupling between Axion-like Dark Matter and Photons Using an 
Antiproton Superconducting Tuned Detection Circuit in a Cryogenic Penning Trap

J. Devlin et al., BASE collaboration, Physical Review Letters 126, 041301 (2021)

Quantum sensors for new particle physics experiments: Penning traps

magnetic field oscillations sourced by ALPs. A number of
current and proposed experiments are seeking to detect
ALPs in this mass range [13–20]. In this work we show
how, depending on the coil orientation, an ultrasensitive
superconducting single-particle detector of a cryogenic
Penning-trap experiment [21,22] can also detect ALPs.
Although these devices are not dedicated axion detectors,
they are able to set strong nonastrophysical limits on
the existence of ALPs in a narrow band around their
resonance frequency. By combining detector data from
many Penning-trap experiments, it should be possible to
search for ALP signals over a significant range of frequen-
cies. In this analysis, we set limits on the ALP-to-photon
coupling strength using the axial detection system of the
analysis trap of the baryon antibaryon symmetry experi-
ment (BASE) [23], complementing our study of the
possible interactions between ALPs and antiprotons [24].
BASE is a cryogenic Penning-trap experiment located at

CERN’s Antimatter Factory [23], dedicated to testing
charge-parity-time-reversal invariance by comparing the
fundamental properties of protons and antiprotons [25,26].
An illustration of the analysis trap (AT) which is used to
determine the antiproton spin state in high-precision
magnetic moment measurements [26,27] is shown in
Fig. 1(a). It comprises a stack of cylindrical gold-plated
copper and Co/Fe ring electrodes, which are separated by
sapphire spacers, and placed into the 1.945 T axial
magnetic field of a horizontal superconducting magnet.
An antiproton is confined radially by the magnetic field and
axially by voltages applied to the electrodes. As the particle
oscillates, femtoamp-sized image currents are induced in
the trap electrodes, which are picked up using high-
sensitivity LC circuits as image-current detectors.
The LC circuit [21], which is used both to detect

antiproton image currents and to extract the ALP-photon
interaction limits presented in this work, is formed by
connecting one end of a toroidal superconducting inductor,
shown on the right-hand side of Fig. 1(a), to an electrode,
while the other end is grounded. The remaining electrodes
are low-pass filtered so that they are held at radio-frequency
ground. The inductor is composed of NT ≃ 1100 turns of
120-μm-diameter superconducting wire wound around a
cylindrical polytetrafluoroethylene (PTFE) former of inner
radius r1 ¼ 11.5 mm, outer radius r2 ¼ 19 mm, and length
l ¼ 22 mm. The inductor is placed inside a NbTi cylindrical
housing. Awire tap is connected to couple the inductor to the
amplifier chain [21], defining the amplifier coupling factor
κ ≃ 0.2. The magnetic field is jjBejj ¼ 1.85ð5Þ T at the
position of the AT detector, directed along the axis of the
toroid, as indicated by the red arrow in Fig. 1(a). Figure 1(b)
shows an effective circuit diagram of the particle detector.
The inductor and the parasitic capacitance Cp of the trap
electrode form anLC circuit with aQ factor of 4.2ð3Þ × 104,
resonance frequency νz ≃ 674.9 kHz, and effective parallel
resistance Rp ≃ 2πQνzL ≃ 288 MΩ, where L is the

inductance of the circuit. When an antiproton reaches
thermal equilibrium with the detector, it acts like a series
LC circuit, shown in blue in Fig. 1(b). By adjusting the
voltages applied to the trap electrodes, the particle’s axial
oscillation frequency can be tuned to resonance with the
detector, leading to a voltage drop Vp ¼ RpIp across the
resonator.
As well as being ideally suited to detecting single-

particle image currents, the resonant LC circuit is also
sensitive to changes in the magnetic flux within the toroidal

(a)

(b)

(c)

FIG. 1. (a) An illustration of the main elements of the cryogenic
detection system together with the external magnetic field Be and
the azimuthal ALP magnetic field Ba. The NbTi end cap is not
shown for clarity. (b) The effective circuit diagram for the
detection system. When an antiproton is in thermal equilibrium
with the detector, as is the case during temperature measure-
ments, the trapped particle behaves like the series LC circuit
shown in blue. During ALP searches, the particle’s axial
frequency is out of resonance with the detector, so the blue part
of the circuit can be ignored. (c) A single Fourier transformed
spectrum of the voltage noise Vn recorded with 60 s averaging.
The red line plots Eq. (6) with parameter values b̂ found by
maximizing Lðdjfgaγ ¼ 0; b̂gÞ for this dataset d.

PHYSICAL REVIEW LETTERS 126, 041301 (2021)

041301-2

search the noise spectrum of fixed-frequency resonant circuit 
for peaks caused by dark matter ALPs converting into photons 
in the strong magnetic field of the Penning-trap magnet

H. Nagahama et al., Rev. Sci. Instrum. 87, 113305 (2016)

Resolving single antiproton spin flips requires the 
highest Q and lowest temperature LC resonant 
detectors ever built: BASE-CERN is the state of the art

Expected signal

The resonator backgroundThe axion signal

𝐵

𝑉rms = 𝑉 + 𝑉

How to measure 푻풛?

J. A. Devlin et al., Phys. Rev. Lett. 126, 041301 (2021). 8

Expected signal

The resonator backgroundThe axion signal

𝐵

𝑉rms = 𝑉 + 𝑉

How to measure 푻풛?

J. A. Devlin et al., Phys. Rev. Lett. 126, 041301 (2021). 8

resonator background ∝ √ Tz

https://indico.cern.ch/event/1002356/

from antiproton spin-flip

I is the length of the toroid along the magnet B field
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Figure 3(b) puts these limits into the wider context of
other dedicated axion experiments and astronomical obser-
vations. The mass range investigated in this work is tiny
compared to the other experimental approaches in this
region; however, the limits achieved on gaγ are comparable
to the astrophysical limits set by Fermi-LAT (red). They are
around 10 times more stringent than the first-generation
ABRACADABRA pathfinder experiment [14] and search
for halo axions with ferromagnetic toroids (SHAFT)
experiment [20] and 5 times stronger than results reported
by the CAST helioscope [44]. Our limits are around a factor
of 10–20 less stringent than the ADMX-SLIC experiment
[19], which uses a lumped LC circuit operating at 42 MHz.
In part, the difference in performance can be attributed to
the lower magnetic fields (2 T vs a maximum of 7 T in
ADMX-SLIC) and shorter data acquisition time used in the
BASE experiment. Our experiment also benefits from a
direct measurement of the detector temperature using a
trapped antiproton, an advantage of using the highly
sensitive single-particle detectors found in Penning-trap
experiments for axion and ALP searches.

To adapt these detectors into more powerful ALP search
experiments with higher detection bandwidth, we are
currently developing superconducting tunable capacitors.
Together with a dedicated low-capacitance design of the
superconducting inductor, we expect detection bandwidths
in the range of 500 kHz to 1.2 MHz, at sensitivities which
are at least comparable to the ones reported in this work.
Placing the detector in a 7 T magnet also available at BASE
and using a broader FFT span which takes advantage of the
low amplifier input noise would allow the gap between 2
and 5 neV between the Fermi-LAT and SN-1987A results
to be constrained to an upper limit of 1.5 × 10−11 GeV−1 in
around one month. The detector properties could also be
probed using trapped protons, which can also be loaded
into the apparatus. This upgraded experiment would also
investigate the favored region proposed by Ref. [9].
In this work, we have presented the first use of the

ultrasensitive image current detection system of a Penning
trap to search for axionlike particles with masses in the
neV range. With the current setup, we place the strongest
laboratory constraints for a narrow mass range around
2.791 neV, at a level which is comparable to that obtained
from astrophysical observations with the Fermi-LAT space
telescope and stronger than several other current haloscope
and helioscope experiments. The interaction of the trapped
antiproton with the detection system allows an independent
determination of the detector properties, enabling the
measured voltage noise signal to be straightforwardly
related to the expected ALP signal. We expect that similar
analyses performed on data from other Penning traps may
allow comparable limits to be placed in different frequency
ranges, provided the detectors in these experiments are
favorably aligned. This work paves the way for future
experiments which scan through broader frequency ranges
at improved sensitivity.

We acknowledge technical support from the Antiproton
Decelerator group, CERN’s cryolab team, and all other
CERN groups which provide support to antiproton decel-
erator experiments. We acknowledge financial support from
the RIKEN Chief Scientist Program, RIKEN Pioneering
Project Funding, the RIKEN JRA Program, the Max-Planck
Society, the Helmholtz-Gemeinschaft, the DFG through SFB
1227 “DQ-mat,” the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation program (Grant Agreements No. 832848 and
No. 852818) and the Max-Planck-RIKEN-PTB Center for
Time, Constants and Fundamental Symmetries.

*jack.alexander.devlin@cern.ch
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FIG. 3. (a) 95% confidence exclusion region for the coupling
constant gaγ from this work shown in blue and other limits
[14,19,20,42–54] and suggested regions from astronomical
studies [7–9]. (b) Wider limits.
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currently developing superconducting tunable capacitors
                               & laser-cooled resonators

7 T magnet + broader FFT span: one month  
2 and 5 neV to an upper limit of 1.5 × 10−11 GeV−1

magnetic field oscillations sourced by ALPs. A number of
current and proposed experiments are seeking to detect
ALPs in this mass range [13–20]. In this work we show
how, depending on the coil orientation, an ultrasensitive
superconducting single-particle detector of a cryogenic
Penning-trap experiment [21,22] can also detect ALPs.
Although these devices are not dedicated axion detectors,
they are able to set strong nonastrophysical limits on
the existence of ALPs in a narrow band around their
resonance frequency. By combining detector data from
many Penning-trap experiments, it should be possible to
search for ALP signals over a significant range of frequen-
cies. In this analysis, we set limits on the ALP-to-photon
coupling strength using the axial detection system of the
analysis trap of the baryon antibaryon symmetry experi-
ment (BASE) [23], complementing our study of the
possible interactions between ALPs and antiprotons [24].
BASE is a cryogenic Penning-trap experiment located at

CERN’s Antimatter Factory [23], dedicated to testing
charge-parity-time-reversal invariance by comparing the
fundamental properties of protons and antiprotons [25,26].
An illustration of the analysis trap (AT) which is used to
determine the antiproton spin state in high-precision
magnetic moment measurements [26,27] is shown in
Fig. 1(a). It comprises a stack of cylindrical gold-plated
copper and Co/Fe ring electrodes, which are separated by
sapphire spacers, and placed into the 1.945 T axial
magnetic field of a horizontal superconducting magnet.
An antiproton is confined radially by the magnetic field and
axially by voltages applied to the electrodes. As the particle
oscillates, femtoamp-sized image currents are induced in
the trap electrodes, which are picked up using high-
sensitivity LC circuits as image-current detectors.
The LC circuit [21], which is used both to detect

antiproton image currents and to extract the ALP-photon
interaction limits presented in this work, is formed by
connecting one end of a toroidal superconducting inductor,
shown on the right-hand side of Fig. 1(a), to an electrode,
while the other end is grounded. The remaining electrodes
are low-pass filtered so that they are held at radio-frequency
ground. The inductor is composed of NT ≃ 1100 turns of
120-μm-diameter superconducting wire wound around a
cylindrical polytetrafluoroethylene (PTFE) former of inner
radius r1 ¼ 11.5 mm, outer radius r2 ¼ 19 mm, and length
l ¼ 22 mm. The inductor is placed inside a NbTi cylindrical
housing. Awire tap is connected to couple the inductor to the
amplifier chain [21], defining the amplifier coupling factor
κ ≃ 0.2. The magnetic field is jjBejj ¼ 1.85ð5Þ T at the
position of the AT detector, directed along the axis of the
toroid, as indicated by the red arrow in Fig. 1(a). Figure 1(b)
shows an effective circuit diagram of the particle detector.
The inductor and the parasitic capacitance Cp of the trap
electrode form anLC circuit with aQ factor of 4.2ð3Þ × 104,
resonance frequency νz ≃ 674.9 kHz, and effective parallel
resistance Rp ≃ 2πQνzL ≃ 288 MΩ, where L is the

inductance of the circuit. When an antiproton reaches
thermal equilibrium with the detector, it acts like a series
LC circuit, shown in blue in Fig. 1(b). By adjusting the
voltages applied to the trap electrodes, the particle’s axial
oscillation frequency can be tuned to resonance with the
detector, leading to a voltage drop Vp ¼ RpIp across the
resonator.
As well as being ideally suited to detecting single-

particle image currents, the resonant LC circuit is also
sensitive to changes in the magnetic flux within the toroidal

(a)

(b)

(c)

FIG. 1. (a) An illustration of the main elements of the cryogenic
detection system together with the external magnetic field Be and
the azimuthal ALP magnetic field Ba. The NbTi end cap is not
shown for clarity. (b) The effective circuit diagram for the
detection system. When an antiproton is in thermal equilibrium
with the detector, as is the case during temperature measure-
ments, the trapped particle behaves like the series LC circuit
shown in blue. During ALP searches, the particle’s axial
frequency is out of resonance with the detector, so the blue part
of the circuit can be ignored. (c) A single Fourier transformed
spectrum of the voltage noise Vn recorded with 60 s averaging.
The red line plots Eq. (6) with parameter values b̂ found by
maximizing Lðdjfgaγ ¼ 0; b̂gÞ for this dataset d.
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Conceptual Theory Level Proposal:
A. Berlin, Raffaele Tito D’Agnolo, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, 
K. Zhou, JHEP 07 (2020) 07, 088

A. Berlin, Raffaele Tito D’Agnolo, S. Ellis, K. Zhou, arXiv:2007.15656

Axion heterodyne detection

Quantum sensors for new particle physics experiments: tunable RF cavities

Axion DM coupling to electromagnetism through

Heterodyne Broadband Detection of Axion Dark Matter

Asher Berlin,1 Ra↵aele Tito D’Agnolo,2 Sebastian A. R. Ellis,3 and Kevin Zhou3

1
Center for Cosmology and Particle Physics, Department of Physics,

New York University, New York, NY 10003, USA
2
Institut de Physique Théorique, Université Paris Saclay, CEA, F-91191 Gif-sur-Yvette, France
3
SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA

We propose a new broadband search strategy for ultralight axion dark matter that interacts
with electromagnetism. An oscillating axion field induces transitions between two quasi-degenerate
resonant modes of a superconducting cavity. In two broadband runs optimized for high and low
masses, this setup can probe unexplored parameter space for axion-like particles covering fifteen
orders of magnitude in mass, including astrophysically long-ranged fuzzy dark matter.

Introduction. — Evidence for dark matter (DM) has
been accumulating for almost ninety years [1] and its mi-
croscopic nature remains one of the most important open
questions in physics. Among the many DM candidates
proposed in the literature, light pseudoscalar bosons with
sub-eV masses have garnered considerable appeal since
they generically appear in string compactifications [2–4]
and have a simple and predictive cosmological history.
Furthermore, in certain regions of parameter space they
can solve the strong CP [5–10] or electroweak hierarchy
problem [11–13]. In the “fuzzy” mass limit (mDM ⇠

10�22 eV), light bosonic DM may also play a role in re-
solving long-standing tensions between observations and
simulations of galactic structure [14–16]. In this work, we
present a new detection strategy for these DM candidates,
which we refer to as axions.

Axion DM generically couples to electromagnetism
through the interaction

�L �
1

4
ga�� aFµ⌫ F̃

µ⌫
�

1

2
Je↵ ·A , (1)

where a is the axion field and A is the vector potential. In
the presence of a background magnetic field B, the axion
sources an e↵ective current density

Je↵ ' ga�� @taB . (2)

The interaction of Eq. (1) forms the basis of several ex-
perimental approaches to axion detection [17–31]. For in-
stance, the time variation of Je↵ produces an oscillating
emf E / @tJe↵, which may be used to drive a resonant
detector [32, 33]. Such experiments exploit the coherence
properties of the axion DM field, which we model as a
classical Gaussian random field within the galaxy, with an
average local density ⇢DM ' 0.4 GeV/cm3 and oscillating
with angular frequency approximately equal to the axion
mass ma. Velocity dispersion from virialization within the
galaxy leads to a spectral broadening of the axion, with a
characteristic width of �!a ⇠ ma/Qa, where Qa ⇠ 106.

In setups applying static magnetic fields, Je↵ oscillates
with the same frequency as the axion field. Microwave
cavities that are resonantly matched to the axion field can
be built for ma ⇠ µeV [22], but for lower axion masses,
the required cavity volume becomes impractically large.
Resonant detection of lighter axions is possible in static-
field setups if the resonant frequency and volume of the
detector are independent, such as for lumped-element LC
circuits [34–36]. However, their sensitivity to low mass
axions is suppressed by @tJe↵ / ma.
Recently, we have proposed a new approach for axion

DM detection, which uses frequency conversion to retain
the advantages of resonant cavities while avoiding this sup-
pression at low masses [46] (see also Refs. [47–49]).1 A
cavity is prepared by driving a “pump mode” with fre-
quency !0 ⇠ GHz, so that the axion can resonantly drive
power into a “signal mode” of nearly degenerate frequency
!1 ' !0 ±ma and distinct spatial geometry. A scan over
possible axion masses is performed by slightly perturb-
ing the cavity geometry, thereby modulating the frequency
splitting !1 �!0. Compared to a static-field LC circuit of
comparable volume and noise, the signal-to-noise ratio of
this “heterodyne” approach is parametrically enhanced by
!1/ma. It also benefits from the very large intrinsic qual-
ity factors Qint

>
⇠ 2 ⇥ 1011 achievable in superconducting

radio frequency (SRF) cavities [50, 51], which far exceed
the quality factors achievable in static-field detectors tar-
geting small axion masses.

In this work, we consider a broadband search where the
signal and pump modes are fixed to be degenerate within
their bandwidth, the feasibility of which has recently been
demonstrated by the DarkSRF collaboration [52]. For the
lowest axion masses, ma

<
⇠ !0/Qint ⇠ 10�17 eV, the signal

power is resonantly enhanced. For higher axion masses,
the signal is o↵-resonance, but so are the dominant sources

1
Resonant and broadband heterodyne setups based on optical in-

terferometry have previously been proposed, but their sensitivity

is limited by laser shot noise [43–45].
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We propose a new broadband search strategy for ultralight axion dark matter that interacts
with electromagnetism. An oscillating axion field induces transitions between two quasi-degenerate
resonant modes of a superconducting cavity. In two broadband runs optimized for high and low
masses, this setup can probe unexplored parameter space for axion-like particles covering fifteen
orders of magnitude in mass, including astrophysically long-ranged fuzzy dark matter.

Introduction. — Evidence for dark matter (DM) has
been accumulating for almost ninety years [1] and its mi-
croscopic nature remains one of the most important open
questions in physics. Among the many DM candidates
proposed in the literature, light pseudoscalar bosons with
sub-eV masses have garnered considerable appeal since
they generically appear in string compactifications [2–4]
and have a simple and predictive cosmological history.
Furthermore, in certain regions of parameter space they
can solve the strong CP [5–10] or electroweak hierarchy
problem [11–13]. In the “fuzzy” mass limit (mDM ⇠

10�22 eV), light bosonic DM may also play a role in re-
solving long-standing tensions between observations and
simulations of galactic structure [14–16]. In this work, we
present a new detection strategy for these DM candidates,
which we refer to as axions.

Axion DM generically couples to electromagnetism
through the interaction
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ga�� aFµ⌫ F̃

µ⌫
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2
Je↵ ·A , (1)

where a is the axion field and A is the vector potential. In
the presence of a background magnetic field B, the axion
sources an e↵ective current density

Je↵ ' ga�� @taB . (2)

The interaction of Eq. (1) forms the basis of several ex-
perimental approaches to axion detection [17–31]. For in-
stance, the time variation of Je↵ produces an oscillating
emf E / @tJe↵, which may be used to drive a resonant
detector [32, 33]. Such experiments exploit the coherence
properties of the axion DM field, which we model as a
classical Gaussian random field within the galaxy, with an
average local density ⇢DM ' 0.4 GeV/cm3 and oscillating
with angular frequency approximately equal to the axion
mass ma. Velocity dispersion from virialization within the
galaxy leads to a spectral broadening of the axion, with a
characteristic width of �!a ⇠ ma/Qa, where Qa ⇠ 106.

In setups applying static magnetic fields, Je↵ oscillates
with the same frequency as the axion field. Microwave
cavities that are resonantly matched to the axion field can
be built for ma ⇠ µeV [22], but for lower axion masses,
the required cavity volume becomes impractically large.
Resonant detection of lighter axions is possible in static-
field setups if the resonant frequency and volume of the
detector are independent, such as for lumped-element LC
circuits [34–36]. However, their sensitivity to low mass
axions is suppressed by @tJe↵ / ma.
Recently, we have proposed a new approach for axion

DM detection, which uses frequency conversion to retain
the advantages of resonant cavities while avoiding this sup-
pression at low masses [46] (see also Refs. [47–49]).1 A
cavity is prepared by driving a “pump mode” with fre-
quency !0 ⇠ GHz, so that the axion can resonantly drive
power into a “signal mode” of nearly degenerate frequency
!1 ' !0 ±ma and distinct spatial geometry. A scan over
possible axion masses is performed by slightly perturb-
ing the cavity geometry, thereby modulating the frequency
splitting !1 �!0. Compared to a static-field LC circuit of
comparable volume and noise, the signal-to-noise ratio of
this “heterodyne” approach is parametrically enhanced by
!1/ma. It also benefits from the very large intrinsic qual-
ity factors Qint

>
⇠ 2 ⇥ 1011 achievable in superconducting

radio frequency (SRF) cavities [50, 51], which far exceed
the quality factors achievable in static-field detectors tar-
geting small axion masses.

In this work, we consider a broadband search where the
signal and pump modes are fixed to be degenerate within
their bandwidth, the feasibility of which has recently been
demonstrated by the DarkSRF collaboration [52]. For the
lowest axion masses, ma

<
⇠ !0/Qint ⇠ 10�17 eV, the signal

power is resonantly enhanced. For higher axion masses,
the signal is o↵-resonance, but so are the dominant sources

1
Resonant and broadband heterodyne setups based on optical in-

terferometry have previously been proposed, but their sensitivity

is limited by laser shot noise [43–45].
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FIG. 1. In shaded green, the projected 90% C.L. reach of our setup to axion dark matter for several values of leakage noise
suppression ✏, intrinsic quality factor Qint, and integration time tint. We assume pump and signal mode frequencies !0 = !1 =
100 MHz, a cavity volume Vcav = m3, a magnetic field strength B0 = 0.2 T, a mode overlap form factor ⌘a = 1, a drive oscillator
width �!d = 0.1 mHz, and an attenuated RMS cavity wall displacement qrms = 0.1 nm. Further variations are shown in Fig. 3.
Shown in gray are regions excluded by CAST, cavity haloscopes, measurements of the CMB, and observations of SN1987A [17, 19–
21, 23–26, 37–41]. The orange band denotes parameter space motivated by the strong CP problem. Along the blue band, axions
are produced through the misalignment mechanism at a level consistent with the observed dark matter energy density, assuming
a temperature independent mass and an O(1) initial misalignment angle (see Ref. [42] for a recent discussion), where we have
assumed a symmetry breaking scale fa given by ga�� = ↵em/(2⇡fa). For larger couplings above the blue band, axions produced
in the same way would instead make up a subcomponent of dark matter, ⇢a <

⇠ ⇢DM . However, since Je↵ / ga��
p
⇢a / ga��fa is

independent of ga�� / 1/fa, our setup is equally sensitive to such subcomponents.

of noise in the cavity, thereby allowing this setup to explore
new parameter space for axions as heavy asma ⇠ 10�7 eV,
as shown in Fig. 1. This broadband approach is thus sen-
sitive to a wide range of axion masses without the need to
scan over frequency splittings. It is also the first approach
that could directly detect electromagnetically-coupled ax-
ion DM at the lowest viable DM masses ma ⇠ 10�22 eV,
which correspond to a de Broglie wavelength the size of
dwarf galaxies and a coherence time ten times longer than
recorded human history.

Detection Strategy. — Our setup involves preparing an
SRF cavity by driving a loading waveguide, predominantly
coupled to the pump mode, with an external oscillator at
frequency !0. In the presence of axion DM, the pump
mode magnetic field B0 sources an e↵ective current2 as in

2
The signal survives at low axion masses because in this limit

Eq. (2) that oscillates at frequency

!sig ' !0 ±ma . (3)

Since this current is parallel to B0, it drives power into
the signal mode with strength parametrized by the form
factor

⌘a =
|
R
Vcav

E⇤
1(x) ·B0(x)|

� R
Vcav

|E1(x)|2
R
Vcav

|B0(x)|2
�1/2  1 , (4)

where E1 is the signal mode electric field and Vcav is the
volume of the cavity. As a concrete example, ⌘a ⇠ O(1) for
the TE011 and TM020 modes of a cylindrical cavity, which
are degenerate in frequency for a length-to-radius ratio of

@tJe↵ ' ga�� @ta @2
t B / ma a /

p
⇢DM is independent of ma

for a fixed axion energy density. For a fixed axion field amplitude,
@tJe↵ ! 0 as ma ! 0, as required from general principles.

2

Quantum sensors for new particle physics experiments: tunable RF cavities

A. Berlin, Raffaele Tito D’Agnolo, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. 
Tantawi, N. Toro, K. Zhou, JHEP 07 (2020) 07, 088

Qint ≳ 1010 achieved by DarkSRF collaboration
(sub-nm cavity wall displacements)

A. Grassellino, “SRF-based dark matter search: 
Experiment,” 2019. https://indico.fnal.gov/event/19433/
session/2/ contribution/2/material/slides/0.pdf
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FIG. 1. (a) A schematic depiction of a potential cavity setup. A photon of frequency !0 is converted by the axion dark
matter background into a photon of frequency !0 ±ma, where ma is the axion mass. The cavity is designed to have two nearly
degenerate resonant modes at !0 and !1 = !0 + ma. One possibility, as discussed in Section IV, is to split the frequencies of
the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These two polarizations e↵ectively see distinct
cavity lengths, L0 and L1, allowing !0 and !1 to be tuned independently. In this case, larger frequency steps could be achieved
by adjusting the fins (shown in red), while smaller frequency steps could be achieved with piezo-actuator tuners.
(b) A schematic comparison between the proposed frequency conversion scheme (right of the dotted line) and typical searches using
static magnetic fields (left of the dotted line). The vertical and horizontal axes correspond to di↵erential power and frequency,
respectively, of either the driven field (vertical arrows) or the axion-induced signal (resonant curves). The parametric signal power
derived in Section II is shown for both setups, where we assume !sig ⇠ V

�1/3 for our proposed scheme and factored out a common
volume dependence of V 5/3.

Resonant detectors are well-suited to exploit the coherence of the axion field. To date, most axion search experiments
have matched the resonant frequency of the experiment to the mass of the axion DM being searched for. For ma ⇠ µeV,
the axion oscillates at ⇠ GHz frequencies. This enables resonant searches using high-Q normal-conducting cavities in
static magnetic fields [16–22], where a cavity mode is rung up through the interaction of Eq. (1), sourced by the axion
field and the external B field. These experiments take advantage of strong magnetic fields, the large quality factors
achievable in GHz normal-conducting cavities, and low-noise readout electronics operating at the GHz scale. However,
extending this approach to smaller axion masses would require the use of prohibitively large cavities. To probe lighter
axions, experiments have been proposed using systems whose resonant frequencies are not directly tied to their size,
such as lumped-element LC circuits [30–32] or nuclear magnetic resonance [33].

In this work, we explore an alternative approach to resonant axion detection, where the frequency di↵erence between
two modes is tuned to be on-resonance with the axion field, while the mode frequencies themselves remain parametrically
larger. Because of their large quality factors, superconducting radio frequency (SRF) cavities are ideal resonators for such
a setup. More concretely, as illustrated in Figure 1, we consider an SRF cavity with a small, tunable frequency di↵erence
between two low-lying modes, which we call the “pump mode” and the “signal mode.” The cavity is prepared by driving
the pump mode, which has frequency !0 ⇠ GHz � ma. If the signal mode is tuned to a frequency !1 ' !0 ± ma, then
the axion DM field resonantly drives power from the pump mode to the signal mode.

The idea of detecting axions through photon frequency conversion has been studied in other contexts.2 These include
axion detection with optical cavities [38–40] and frequency conversion in SRF cavities with GHz-scale mode splittings [41].
More generally, frequency conversion is a commonly used technique in signal processing, under the name of “heterodyne
detection.”

2
Di↵erent SRF setups have also been considered for production and detection of light, non-DM axions [34, 35]. Another, distinct idea is

the proposal of Refs. [36, 37] to drive two modes and detect the resulting axion-induced frequency shifts.

2

Asher Berlin, Raffaele Tito D'Agnolo, Sebastian A. R. Ellis, Christopher 
Nantista, Jeffrey Neilson, Philip Schuster, Sami Tantawi, Natalia Toro, Kevin 

Zhou, https://arxiv.org/abs/1912.11048

”The cavity is designed to have two nearly degenerate resonant modes at ω0 and ω1 = ω0 + ma. One possibility 
is to split the frequencies of the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These 
two polarizations effectively see distinct cavity lengths, L0 and L1, allowing ω0 and ω1 to be tuned independently.”

Tunability!
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Thin Film (High Temperature) Superconducting
Radiofrequency Cavities for the Search of

Axion Dark Matter
J. Golm, S. Arguedas Cuendis, S. Calatroni, C. Cogollos, B. Döbrich, J.D. Gallego, J.M. Garcı́a Barceló, X.
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P. Navarro, C. Pereira Carlos, T. Puig, G. J. Rosaz, M. Siodlaczek, G. Telles and W. Wuensch

Abstract—The axion is a hypothetical particle which is a
candidate for cold dark matter. Haloscope experiments directly
search for these particles in strong magnetic fields with RF
cavities as detectors. The Relic Axion Detector Exploratory Setup
(RADES) at CERN in particular is searching for axion dark
matter in a mass range above 30 µeV. The figure of merit of our
detector depends linearly on the quality factor of the cavity and
therefore we are researching the possibility of coating our cavities
with different superconducting materials to increase the quality
factor. Since the experiment operates in strong magnetic fields
of 11 T and more, superconductors with high critical magnetic
fields are necessary. Suitable materials for this application are
for example REBa2Cu3O7�x, Nb3Sn or NbN.
We designed a microwave cavity which resonates at around
9 GHz, with a geometry optimized to facilitate superconducting
coating and designed to fit in the bore of available high-field
accelerator magnets at CERN. Several prototypes of this cavity
were coated with different superconducting materials, employing
different coating techniques. These prototypes were characterized
in strong magnetic fields at 4.2 K.

Index Terms—Superconducting resonators, SRF superconduct-
ing radio frequency cavities, Quality factor, 2G HTS Conduc-
tors,axion
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I. INTRODUCTION

THE Relic Axion Detector Exploratory Setup (RADES)
is an axion haloscope experiment searching for dark

matter axions in a strong magnetic fields with high quality
factor cavities. It differs from most haloscopes in the fact
that thus far it employs dipole magnets and not solenoids.
Many experiments successfully use copper cavities in strong
magnetic fields to set limits to the axion coupling at low
mass ranges. Reference [1] and [2] and references therein
provide a recent review of experimental axion searches and the
haloscope technique. The past years superconducting cavities
were explored by experiments like QUAX [3], [4] and CAPP
[5], [6] in order to reach a higher sensitivity. An axion
with mass mA converts into a photon due to the inverse
Primakoff effect. If the converted photon’s energy matches
the resonance frequency of the cavity, the output power is
augmented depending on the axion’s coupling strength to
photons. For a given axion-photon coupling the figure of merit
F of the experiment is

F ⇠ g2a�m
2
AB

4V 2T�2
sysG

4Q, (1)

where ga� is the axion coupling to two photons, B the external
magnetic field (assumed constant over the cavity volume), V
is the cavity volume, Tsys is the detection noise temperature,
and G is the geometric form factor of the cavity mode.

The figure of merit of the experiment increases by the power
of four with the strength of the magnetic field. Therefore
we aim at magnets with fields as high as possible. For
the current run we had a 2-m long 11T dipole magnet in
single coil configuration available, for details see [7]. This
sets the requirements for the coatings: we needed a type II
superconductor with a critical magnetic field Bc2 well above
11T at 4.2K. The materials should also possess a RF surface
resistance Rs lower than copper at our operating conditions.
Experimental results and theoretical predictions have been
described in literature, see for example [8], [9] and references
therein for Nb3Sn or high temperature superconductors like
REBa2Cu3O7�x (RE = Y, Gd, Eu) (REBCO). Both these
materials were applied to our cavities. One cavity was sputter-
coated with Nb3Sn and REBCO tapes were applied to the
second cavity, where the hastelloy substrate was stripped off,
such that the REBCO layer is exposed to the RF fields.

Authorized licensed use limited to: CERN. Downloaded on February 23,2022 at 16:29:45 UTC from IEEE Xplore.  Restrictions apply. 

magnetic field quality factor

Cavity coatings: type II superconductor with a critical magnetic field Bc well above 11 T at 4.2 K 

Universe 2022, 8(1), 5; https://doi.org/10.3390/universe8010005 

developments of HTS for coatings is essential in improving the sensitivity of resonant haloscopes

Multiple cavities: optimal coupling with external B field, very selective (high Q), centered on resonant 𝜈

Universe 2022, 8(1), 5; https://doi.org/10.3390/universe8010005 

other frequencies: e.g. solenoidal magnet in dilution cryostat at 10 mK (Canfranc Underground Lab.)

figure of merit

to exploit the ultra-low temperatures and go beyond the standard quantum limit: 
Josephson parametric amplifiers (JPA), superconducting qubit-based single photon counters,
(or for higher frequencies, kinetic inductor devices (KID))

High Q in high B!
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Topological Dark Matter (TDM)

AION: atom interferometer (start small, ultimately     space)

TDM can be expressed as a scalar field that couples to fundamental constants, thus producing 
variations in the transition frequencies of atomic clocks at its passage.

Local Lorentz Invariance (LLI) searching for daily variations of the relative frequency difference of e.g. Sr optical lattice clocks
or Yb+ clocks confined in two traps with quantization axis aligned along non-parallel directions

Local Position Invariance (LPI)

independence of any local test experiment from
the velocity of the freely-falling apparatus.

independence of any local test experiment from
when and where it is performed in the Universe

spatial variation of the fundamental constants associated with a change in the gravitational potentialUltralight Dark Matter

Gravitational wave detector clocks act as narrowband detectors of the Doppler shift on the laser frequency due to
the relative velocity between the satellites induced by the incoming gravitational wave

comparing atomic clocks based on different transitions can be used to constrain the time 
variation of fundamental constants and their couplings, comparison of two 171Yb+ clocks
and two Cs clocks -> limits on the time variation of the fine structure constant and of the 
electron-to-proton mass ratio

Optical lattice clocks at up to 1 × 10−18 
   relative accuracy 

& expanded optical fibre network 
   (operated between a number of
   European metrology institutes)

& develop cold atom technology for
   robust, long-term operation

electrostatic accelerometer

atom interferometer

Atomic Electrostatic

accelerometer accelerometer

Sensitivity 4⇥ 10�8 m/s2/Hz1/2 on ground 3⇥ 10�12 m/s2/Hz1/2

(projection for space at 10�12 m/s2/Hz1/2 (demonstrated)

for interrogations of more than 20 s)

Measurement bandwidth  0.1 Hz [0.005-0.1] Hz

Scale factor Absolute Calibration required

Stability No drift Drift

Measurement Single axis Three axes

capability

Proof mass motion Residual velocities ! Coriolis acceleration

SWaP High Low

TRL Intermediate High

Table 3. Comparison of classical and quantum sensors.

left panel, and colour-coded in the right panels. The computations were carried out without any
empirical periodic parameter adjustment in the gravity-field reconstruction.

Figure 6. Spectra of gravity field recovery in equivalent water height obtainable with an atom interferometer

and an electrostatic accelerometer, shown as black and red lines, respectively, in the left panel and colour-coded

in the lower and upper maps in the right panels. Figure taken from [172].

The potential gains in Earth observation obtainable using quantum sensors are illustrated in Fig. 7.
The ellipses represent the required measurement resolutions for the indicated scientific objectives,
with the spatial resolution on the horizontal axis and the temporal resolution on the vertical axis.
Also shown are the sensitivity curves of the “classical” CHAMP [43], GRACE [44] and GOCE [13]
missions and the prospective sensitivity of a possible quantum gravimetry mission employing atom

– 17 –

L. Badurina et al., AION: An Atom Interferometer Observatory and Network, JCAP 05 (2020) 011, [arXiv:1911.11755].

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022

Quantum sensors for new particle physics experiments: atom interferometry

R & D needed:
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Figure 10. Sensitivities to the possible couplings of scalar ULDM to photons (left panel) and to electrons

(right panel) of the terrestrial AION [181], MIGA [182] and ELGAR [180] experiments, and of the AEDGE

space-borne concept [5]. Also shown is a combination of the current constraints from MICROSCOPE [189] and

terrestrial torsion balance and atomic clock experiments and (in the left panel) the sensitivity of a prospective

measurement of the universality of free fall (UFF) with a precision of 10�17 [6].

to the possible appearance of a graviton mass . 10�26 eV, over three orders of magnitude below the
current upper limit from LIGO and Virgo [228]. These measurements could also be used to search for
possible violations of Lorentz invariance in the propagation of gravitational waves, with a sensitivity
complementary to the searches by LIGO/Virgo and for gravitational Čerenkov radiation [228].

More classical GR tests using modern optical clocks are measurements of the gravitational Shapiro
delay down to 10�8 [229] or tests of the gravitational red-shift at 10�9 as in the FOCOS mission [121],
proposed recently in the context of the NASA decadal survey. In both cases, these would provide 3-4
orders of magnitude improvements on best current knowledge.

There is also a proposal to probe models of dark energy by deploying a smart constellation of four
satellites in an elliptic orbit around the Sun and making orientation-independent measurements of the
di↵erential accelerations between each pair of satellites, using as test masses atomic clouds far away
from the spacecraft in open-space vacuum (see the Workshop presentation by Nan Yu [194]). It has
also been suggested to deploy an atomic clock at a distance O(150) AU to probe the low-acceleration
frontier of gravity and the local distribution of dark matter [9]. Another suggestion is to detect the
gravito-magnetic field of the galactic dark halo by locating atomic clocks at Sun-Earth Lagrange points
and measuring the time-of-flight asymmetries between electromagnetic signals travelling in opposite
directions, which would be generated partly by the angular momentum of the Sun and partly by the
angular momentum of the dark halo [8].

5.1.4 Quantum mechanics

It has been proposed to test quantum correlations over astronomical distances [7, 10], e.g., between
the Earth and the Moon or Mars, or between LISA spacecraft 12. The Micius measurements [191]

12See also [230] for a description of the proposed Deep Space Quantum Link mission, whose goals include long-range
teleportation, tests of gravitational coupling to quantum states, and advanced tests of quantum nonlocality.

– 24 –

Ultralight Dark Matter

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022
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Quantum sensors for new particle physics experiments: atom interferometry

Where does this fit in? Go after 10-20 eV < ma < 10-12 eV

ACES (Atomic Clock Ensemble in Space): 2024-2025

pathfinder / technology development missions:

AEDGE: ~2045

two on-board clocks rely on atomic transitions in the microwave domain

ESA mission for ISS

probe time variations of fundamental constants, and to perform tests of the Lorentz-Violating Standard Model Extension (SME).  Possibly topological dark matter

I-SOC: key optical clock technology (laser cooling, trapping, optical resonators) for space; Sr optical lattice clock / Sr ion clock; 
            microwave and optical link technology; 

FOCOS (Fundamental physics with an Optical Clock Orbiting in Space): Yb optical lattice clock with 1 × 10−18 stability

MAGIS                                                Fermilab

~2030

El-Neaj, Y.A., Alpigiani, C., Amairi-Pyka, S. et al. AEDGE: Atomic 
Experiment for Dark Matter and Gravity Exploration in Space. EPJ Quantum 
Technol. 7, 6 (2020). https://doi.org/10.1140/epjqt/s40507-020-0080-0

M. Abe, P. Adamson, M. Borcean, D. Bortoletto, K. Bridges, S. 
P. Carman et al., Matter-wave Atomic Gradiometer 
Interferometric Sensor (MAGIS-100), arXiv:2104.02835v1.

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022

MAGIS collaboration, Graham PW, Hogan JM, Kasevich MA, 
Rajendran S, Romani RW. Mid-band gravitational wave 
detection with precision atomic sensors. arXiv:1711.02225

satellite missions:

MIGA              AION    

satellite mission

France ChinaUK

atom interferometry at macroscopic scales:

ZAIGA CERN? shafts (100~500 m ideal testing ground),
cryogenics, vacuum, complexity…
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Quantum sensors for new particle physics experiments: cosmic neutrino background

Challenge: Detection of primordial neutrino flux:  E𝜈 ~ 𝜇eV

neutrino capture on β-decay nuclei as a detection method for the Cosmic Neutrino 
Background (CNB) was laid out in the original paper by Steven Weinberg in 1962

S. Weinberg, Universal Neutrino Degeneracy, Phys. Rev. 128, 1457 (1962)

9

Tritium β-decay
(12.3 yr half-life)

Neutrino capture on Tritium

Neutrino momentum

Neutrino momentum ~ 0.17 meV

For mn = 50 meV,
KE = p2/2m

= 0.17 meV (0.17 meV/100 meV)
= 0.3 µeV

Ultra-Cold!

https://arxiv.org/abs/2101.10069
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FIG. 1. The �-spectrum of free monoatomic Tritium

centered around Q � Erec, where Q is the decay energy and
Erec - recoil of the nucleus in the vacuum. The normal neu-
trino mass hierarchy [17] is assumed with the mass of the
lightest neutrino m1 = 50meV. The spontaneous �-decay
spectrum is shown in red while the C⌫B feature is shown in
green. The solid lines are drawn assuming a 10meV resolution
of the detector.

to detect the electrons produced in the neutrino capture
channel (see FIG. 1) that depends on the mass of the
lightest neutrino and the hierarchy [2, 7, 18, 19]. Since
the captured relic neutrinos are soft, it has a shape of
3 narrow peaks [20] separated from the end of the main
part of the spectrum by double the mass of the lightest
neutrino. The spectrum depicted on FIG. 1 is calculated
for an isolated Tritium atom in the rest frame, where the
recoil energy is defined by the conservation laws. How-
ever, if Tritium is absorbed on a substrate, it can not be
considered at rest and the recoil energy of the nucleus
acquires some amount of uncertainty and so does the
measured spectrum of the emitted electron (see FIG. 3).

Two complementary views on such an uncertainty are
possible, both leading to the same conclusion in the
present context. In the “semiclassical” view the source of
the uncertainty is the zero-point motion of the Tritium
atom, which results in a fluctuating centre of mass frame
at the moment of �-decay. In the fully quantum view the
uncertainty results from quantum transitions of an atom
into the highly excited vibrational states in the potential
which confines it to the graphene sheet. We shall begin
our discussion with the semi-classical picture.

It follows from Heisenberg uncertainty principle that
an atom restricted to some finite region in space by the
bonding potential cannot be exactly at rest. Even in the
zero temperature limit it performs a zero-point motion so
that its velocity fluctuates randomly obeying some prob-
ability distribution F(u). For localized states, F(u) has
a vanishing mean and dispersion defined by the Heisen-
berg uncertainty principle �u ⇠ ~/mnucl�nucl. Due to
these random fluctuations in the velocity of the nucleus,

the observed velocity distribution of the emitted electron
in the laboratory frame is given by the convolution

G̃(v) =
Z

duF(u)G(v + u). (2)

where G(v) is the velocity distribution of an electron
emitted by a free Tritium atom at rest corresponding to
the energy distribution given by a Fermi Golden Rule (see
FIG. 1). The formal applicability condition of Eq. (2) is
that the spacing between the energy levels of the 3He+

ion emerging from �-decay be much less than the typ-
ical recoil energy �" ⌧ Erec. This condition is readily
satisfied for the recoil energy in vacuum Erec = 3.38 eV.
We shall revisit this argument when we turn to the fully
quantum picture.
In the following analysis we will restrict ourselves to

the particular case of the Tritium atoms adsorbed on
the graphene following the PTOLEMY proposal. How-
ever the obtained results are also valid for more general
bonding potentials (see the discussion at the end).
In the zero temperature limit, the function F(u) ap-

pearing in Eq. (2) is encoded in the wave function of the
stationary state of a Tritium atom in the potential of the
interaction of the atom with graphene. Although such a
potential has a rather complicated shape, as can be seen
from multiple ab-initio studies [21–24], the large mass of
the nucleus justifies the use of the harmonic approxima-
tion near a local potential minimum

U =
1

2
i,jrirj + U0

where ri are the components of the atom’s displacement
vector and  is the Hessian tensor. Then, it follows that
F(u) is a multivariate normal distribution

F(u) =
1

(2⇡)3/2
1p
det⌃

exp

0

@�1

2

3X

i,j=1

ui⌃
�1

i,j uj

1

A . (3)

with zero mean and a covariance matrix ⌃ = ~m3/2p.
To find the latter, we proceed to the analysis of the bond-
ing potential near its minima.
An adsorbed Tritium atom is predicted to occupy a

symmetric position with respect to the graphene lattice,
characterised by a C3 point symmetry group. For this
reason, the Hessian will generally have two distinct prin-
cipal values, one corresponding to the axis orthogonal to
graphene and one to the motion in the graphene plane
yielding two di↵erent potential profiles.
According to the ab initio studies [21–24], the poten-

tial that bonds the Tritium atom in the perpendicular
direction has two minima, a deep chemisorbtion mini-
mum (in the range of 0.7 � 3 eV for di↵erent studies)
about 1.5 Å away from the graphene plane, and a shallow
(about 0.2 eV) physisorption minimum 3 Å away from
graphene [25] (see FIG. 2).
The lateral motion of an atom is governed by the so-

called migration potential [26]. The lateral sti↵ness in
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FIG. 3. The estimate of the smearing of the electron emission spectrum due to the bonding of emitter to graphene.
Left panel : The electron emission spectrum for the physisorbed atomic Tritium (�osc = 0.6�A) taking the hierarchy, m1 and
energy resolution of the apparatus same as for the FIG. 1. Right panel : Visibility(defined by the number of C⌫B event that
do not overlap with the continuous spectrum at all) of the C⌫B peak depending on the mass of the lightest neutrino m1 and a
dimensionless parameter � defined in Eq. (6) that characterizes the emitter (for the physisorbed Tritium � ⇡ 3 ⇥ 10�4). The
white areas on the bottom right and top left are correspondingly the areas of full and zero visibility and the coloured region in
between corresponds to the partial visibility.

than the required energy resolution.
We see from Eqns. (5), (6) that the defining factor for

the energy uncertainty is the parameter � (see Eq. 6),
which only depends on the internal properties of a �-
emitter such as the mass of the nucleus and the energy re-
leased in the decay process. Therefore, a promising route
to achieve a better performance of the detector would be
to substitute a widely used Tritium [2, 7, 9, 12, 14, 28]
with a heavier emitter (while simultaneously satisfying
other experimental constraints, e.g. su�ciently long half-
life time). The e↵ect of the parameter � on the visibility
of the C⌫B peak is shown on the right panel of FIG. 3.
One can see that, e.g., Tritium which has � ⇡ 3 ⇥ 104,
lies deep inside the region where the observation of the
C⌫B peak is impossible. On the same figure we also indi-
cate more suitable �-emitters whose energy uncertainties
are not prohibitive for the detection of the relic neutrinos
with the masses > 20meV.

Another important conclusion of our work is that al-
though the energy uncertainty also depends on the bond-
ing potential, this dependence only enters through the
sti↵ness parameters and it is extremely weak �E / 1/4.
This implies that experimentation with di↵erent types
of substrate is unlikely to make a substantial di↵er-
ence. Indeed, an order of magnitude improvement in
�E, (which is needed for the state of the art experimen-
tal proposal [2]) would require a four orders of magnitude
reduction in the value of . Such a substantial deforma-
tion of the bonding potential presents a significant ex-
perimental challenge.

A certain improvement in terms of the bonding po-
tential could still be achieved with adsorption that has
a very weak lateral potential. One such example is ph-

ysisorption of Tritium on graphene. In the limiting case
of a constant lateral potential, electrons emitted at graz-
ing angles will not have any additional uncertainty to
their energy. Correspondingly, for the out-of-plane an-
gles ✓ < ✓max = arcsin (�Emax/�E) the energy un-
certainty will be bounded by �Emax. Here �E de-
notes the energy uncertainty for the isotropic case with
finite mobility. Restricting the detection collection to
✓ < ✓max reduces the number of events by a factor
⌘�1 ⇡ ⇡✓max/90�. As an example, for �Emax = 10meV
one obtains ✓max ⇡ 3�, ⌘ ⇡ 10 which would entail the
challenge of producing and handling 10 times as much
radioactive material. This direction requires a full in-
depth analysis which we leave for future studies.
We conclude, that a careful selection of the �-emitter

(Fig. 3) together with the use of an optimized substrate
place C⌫B detection potentially within the reach of the
detection technologies developed by the PTOLEMY col-
laboration.
One should, however, note that the zero-point mo-

tion of the emitter does not exhaust the list of mech-
anisms that introduce uncertainty and errors into the
beta-decay spectrum. Other potentially harmful mecha-
nisms include the electrostatic interaction of the ionized
atom with the substrate, charge relaxation in graphene,
X-ray edge singularity, and phonon emission. We there-
fore strongly believe that further progress towards C⌫B
detection requires a serious concerted e↵ort both theo-
retical and experimental in the characterization of the
physics and chemistry of the interaction of the �-emitter
with its solid state environment.

Acknowledgements—We are grateful to Chris Tully,
A.P. Colijn and the whole PTOLEMY collaboration
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Thin sensors:
~1 eV electron can be 

stopped with very small C

20x20 µm

100x100 µm

10x10 µm 50x50 µm

Mauro Rajteri, Eugenio Monticone and others, https://doi.org/10.1007/s10909-019-02271-x
“TES Microcalorimeter for PTOLEMY”, J. Low Temp. Phys. 199 (2020) 138-142.

https://indico.cern.ch/event/1090250/

PTOLEMY  experimental quest

MUCH R&D needed!

event rate low! 
Better use 

heavier 
isotopes than 

tritium as 
targets!
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Quantum sensors for high energy particle physics

Quantum detectors for 
high energy particle physics
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typically not obvious, given that most detectors rely on detecting the 
product of many interactions between a particle and the detector 
(ionization, scintillation, Cerenkov photons, …)

handful of ideas that rely on quantum devices, or are inspired by them, 
but do not necessarily use them as quantum detectors per se, but 
rather their properties to enhance / permit measurements that are 
more difficult to achieve otherwise

Quantum sensors for high energy particle physics

very speculative!!

v

          these are not developed concepts, but rather the kind of
          approaches one might contemplate working towards
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main focus on tracking / calorimetry / timing
closely related: nanostructured materials
Frontiers of Physics, M. Doser et al., 2022

what are the challenges?

• tracking: hit positions, material budget, vertexing

• timing: TOF ~ sub-ns (ideally ps) for PID

• calorimetry: shower shape, timing, granularity, particle flow

• redundancy / independent modes of measurement

• novel observables: helicity / polarization

• power budget, event rate, PU (timing)
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Rydberg TPC’s

helicity detectors

Atoms, molecules, ions

Spin-based sensors

5.3.5 *

5.3.3 *

GEMs (graphene)

* https://cds.cern.ch/record/2784893

active scintillators (QCL, QWs, QDs)

Quantum sensors for high energy particle physics

ultra-fast scintillators based on perovskytes

chromatic calorimetry (QDs)

Metamaterials, 0 / 1 / 2-dimensional materials (quantum dots, nanolayers)

5.3.6 *
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Rydberg TPC’s

helicity detectors

Atoms, molecules, ions

Spin-based sensors

5.3.5

5.3.3

GEMs (graphene)

active scintillators (QCL, QWs, QDs)

Quantum sensors for high energy particle physics

ultra-fast scintillators based on perovskytes

chromatic calorimetry (QDs)

Metamaterials, 0 / 1 / 2-dimensional materials (quantum dots, nanolayers)

5.3.6
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Quantum sensors for high energy particle physics

Quantum dots: timing

Concerns: integrated light yield (need many 
photons to benefit from rapid rise time)

K. Decka et al., Scintillation Response Enhancement in Nanocrystalline 
Lead Halide Perovskite Thin Films on Scintillating Wafers. Nanomaterials 
2022, 12, 14. https://doi.org/ 10.3390/nano12010014

Scintillation 
decay time 
spectra from 
CsPbBr3 
nanocrystal 
deposited on 
glass

Etiennette Auffray-Hillemans / CERN

Lenka Prochazkova et al., Optical Materials 47 (2015) 67–71
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Quantum sensors for high energy particle physics

Quantum dots: timing

chromatic tunability      optimize for quantum efficiency of PD (fast, optimizable WLS)

Hideki Ooba, “Synthesis of Unique High Quality Fluorescence Quantum Dots 
for the Biochemical Measurements,” AIST TODAY Vol.6 , No.6 (2006) p.26- 27

Etiennette Auffray-Hillemans / CERN

deposit on surface of high-Z material       thin layers of  UV       VIS WLS

embed in high-Z material ? two-species (nanodots + microcrystals) embedded in polymer matrix?
       quasi continuous VIS-light emitter (but what about re-absorbtion?)
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Quantum sensors for high energy particle physics

idea: seed different parts of a
“crystal” with nanodots emitting
at different wavelengths, such that 
the wavelength of a stimulated 
fluorescence photon is uniquely 
assignable to a specific nanodot 
position

select appropriate nanodots

UV
illumi-
nation

e.g. triangular carbon nanodots

e.m. shower

requires: 
• narrowband emission (~20nm)
• only absorption at longer
  wavelengths
• short rise / decay times

Quantum dots: chromatic calorimetry

F. Yuan, S. Yang, et al., Nature Communications 9 (2018) 2249

absorption emission
50/68



Otranto, 5.6.2022

Intensity

P
o
s
itio
n

S
p
e
c
tr o
m
e
te
r

Incoming
particle Shower

profile

Quantum sensors for high energy particle physics

absorption
spectrum

emission
spectrum

leftmost nanodots:
absorb wavelengths < 650 nm
emit at > 680 nm

next band:
absorb wavelengths < 590 nm
emit at > 590 nm

…

rightmost nanodots:
absorb wavelengths < 410 nm
emit at > 420 nm

if high-Z substrate transparent 
in 400-700 nm, then no re-
absorption of emitted light

carbonized polymer dots

CsPbCl3 nanocrystals

triangular carbon nanodots
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Quantum sensors for high energy particle physics

(shower profile via spectrometry)Quantum dots: chromatic calorimetry

R. Cheng, H. X. Tang, et al., Broadband on-chip single-photon spectrometer, Nat 
Commun 10 (2019) 4104;  https://www.nature.com/articles/s41467-019-12149-x

DC current

cryogenic
amplifier

cryogenic
amplifier

superconducting 
nanowire delay line

Echelle grating

different options for spectrometry: 
- monochromators + PD
- light guiding fiber / each layer
- light guiding fiber to spectrometer
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Quantum sensors for high energy particle physics

Active scintillators (QWs, QDs, QWDs, QCLs)

standard scintillating materials are passive
• can not be amplified 
• can not be turned on/off 
• can not be modified once they are in place

is it possible to produce active scintillating materials?
• electronically amplified / modulable
• pulsed / primed 
• gain adapted in situ
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of V to III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at 
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about 30 and 0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface 
migration of In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is 
energetically favorable because of partial strain relaxation. On the one hand, elastic strain should be 
strong enough to cause such modulations. On the other hand, it should not be too high in order to 
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most direct method to study the structural properties of InGaAs nanostructures is transmission 
electron microscopy (TEM). The combination of cross-section and plan-view TEM images allows one 
to determine the size, shape, and density of in-rich islands. 
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wetting layer on the top of which large-sized pyramid-shaped islands are formed. In both cases of 
low and high In contents, QWDs are not observed in TEM images. The window of In composition to 
grow QWDs is from 30 to 50%.  

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers 
formed on 6o misoriented GaAs (100) substrates. The strain fields caused by variation of indium 
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation 
of islands with a higher In composition as compared to the In concentration in the surrounding 
InGaAs layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are 
aligned along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) 
of 10–20 nm. The islands tend to form nanowire-shaped clusters along the [1–10] direction, which 
corresponds to the direction of atomic steps [33,34]. This tendency is weakening with increasing the 
indium composition. The nanowire-like objects show periodicity in the [110] direction with a period 
of 20-40 nm. Note that the length of monolayer steps for 6° misoriented GaAs (100) surface is about 
3 nm. The larger value of the found periodicity is due to the “step-bunching” effect [35] that occurs 
during the MOVPE growth on vicinal substrates [16]. 

Figure 1. Schematic representation of InGaAs structures of di↵erent dimensionalities—self-organized
Stranski–Krastanow quantum dots, QDs (a); quantum well-dots, QWDs (b); and quantum wells,
QW (c).

2. Growth and Structural Properties

The formation of QWDs takes place during the MOCVD deposition of a lattice-mismatched
InGaAs thin film on the GaAs substrate. Structures have been grown on exact oriented (100) and vicinal
(4–6� o↵) GaAs substrates using an MOCVD installation with a low pressure (100 mbar) horizontal
reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine were used
as precursors. GaAs and AlGaAs layers were deposited at 700 �C, the ratio of molar flows of V to
III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at lowered
growth temperatures 500–550 �C, the ratio of molar flows of V to III group precursors is about 30 and
0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface migration of
In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is energetically
favorable because of partial strain relaxation. On the one hand, elastic strain should be strong enough
to cause such modulations. On the other hand, it should not be too high in order to avoid the
transition to the Stranski–Krastanow growth mode and formation of conventional self-organized QDs.
The strain energy depends both on the thickness and composition of the lattice-mismatched epitaxial
material (i.e., the In content), and both parameters should be optimized. The most direct method to
study the structural properties of InGaAs nanostructures is transmission electron microscopy (TEM).
The combination of cross-section and plan-view TEM images allows one to determine the size, shape,
and density of in-rich islands.

Let us consider the growth of InxGa1�xAs layer of di↵erent In concentrations (x) on GaAs substrate.
Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium concentration
exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the wetting layer on
the top of which large-sized pyramid-shaped islands are formed. In both cases of low and high In
contents, QWDs are not observed in TEM images. The window of In composition to grow QWDs is
from 30 to 50%.

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers
formed on 6� misoriented GaAs (100) substrates. The strain fields caused by variation of indium
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation of
islands with a higher In composition as compared to the In concentration in the surrounding InGaAs
layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are aligned
along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) of 10–20 nm.
The islands tend to form nanowire-shaped clusters along the [1–10] direction, which corresponds to the
direction of atomic steps [33,34]. This tendency is weakening with increasing the indium composition.
The nanowire-like objects show periodicity in the [110] direction with a period of 20–40 nm. Note that
the length of monolayer steps for 6� misoriented GaAs (100) surface is about 3 nm. The larger value of
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Carrier di↵usion and correspondingly surface non-radiative recombination is activated with
temperature increase. At room temperature, the carrier concentration in the continuum states is
enhanced, and the PL intensity of QD structure drops by about two times when the mesa diameter
decreases down to 0.2 µm. In the case of mesas with QWD, the photoluminescence intensity (both at 77
and 290 K) exhibits faster deterioration with decreasing the mesa diameter as compared to QDs. This is
explained by the fact that QWDs provides weaker carrier localization. The smallest mesa size showing
detectable PL was 1 µm (at room temperature) or 0.3 µm (at liquid nitrogen). In the case of mesas with
QW, photoluminescence was observed only in 6–10-µm in diameter mesas, whereas in the mesas with
smaller sizes the luminescence was not detected. We conclude that carrier di↵usion lengths in QWD
structures are much shorter than in QW structures, which is in agreement with the suppressed carrier
di↵usion in disordered QWs [52]. This makes QWDs very advantageous for their use as an active area
in compact nanophotonic devices (this will be discussed in more detail in Section 3.5).

3.3. Dynamic Characteristics of QWDs

The quantum dimensionality naturally influences carrier relaxation and recombination processes
in low dimensional structures. In this section, we compared results of time-resolved PL studies for 0D
InAs/InGaAs/GaAs quantum dots [51], 2D InGaAs/GaAs quantum wells, and InGaAs/GaAs QWDs
nanostructures of mixed (0D/2D) dimensionality.

The PL spectra at the CW excitation are demonstrated in Figure 9a. The spectrum of the QD sample
contains a dominant peak at 1270 nm due to the emission from the ground-state optical transition as
well as weaker peaks at higher energies due to the emission from the first and second excited-state
transitions. The spectra of QWD- and QW-samples show intense peaks of the ground-state optical
transition and weaker shoulder from the higher energy states. All the samples show high optical
quality: the drop in integrated PL intensity with temperature increase from 78 K to 300 K is 3.2, 1.6,
and 1.3 for QDs, QWDs, and QWs, respectively.
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Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b) 
for quantum dots (blue), quantum well-dots (green), and quantum well (red). 

QWD PL intensity temporal dependence can be fitted by a mono-exponential expression, which 
is ascribed to the absence of discrete high energy levels involved in carrier relaxation processed to 
the ground state. The PL decay time at 1/e level for ground-state transition is about 6 ns.  

The QW structure shows the slowest PL decay with a characteristic time of 20 ns. This value is 
comparable with carrier radiative lifetime measured for QWs in the temperature range 150–250 K 
[59]. At higher temperatures, PL decay time is limited by non-radiative lifetime and is decreasing 
rapidly. Taking into account extremely high optical quality of the structures under study, which 
demonstrates room-temperature PL intensity comparable to the one at 78 K (to compare, in contrast, 
in [59], PL intensity degradation in the temperature range 10–250 K is higher than two orders of 
magnitude), one can suppose that non-radiative recombination processes are still not significant even 
at room temperature, and PL decay time corresponds to radiative recombination time. 

Summarizing, the presented data show, that the carrier radiative recombination time is affected 
by structure dimensionality. The localization of charge carriers in QWDs results in the attraction of 
the carrier of opposite electrical charge and facilitates faster radiative recombination as compared to 
QWs. 

3.4. Edge Emitting Lasers 

In this section, we describe properties of edge-emitting lasers based on QWDs.  
The active area of semiconductor laser diodes, as well as device design, should be optimized for 

certain applications. For instance, high power QW lasers usually contain one or two QWs in the active 
area because the devices should have low internal losses. In the case of QD lasers, more QD layers 
(typically 5–10) are required to avoid gain saturation and switching to excited state lasing at high 
injection currents [60]. QWDs are an intermediate case between QWs and QDs, so the number of 
QWDs layers in the active area should be optimized.  

The laser wafers with different numbers of QWDs in the active region (from 1 to 10) were grown 
by MOCVD on the GaAs substrates misoriented on 6° toward [111] direction. Each QWD layer was 
formed by the deposition of 8 ML of In0.4Ga0.6As. The QWD sheets were separated with 40 nm thick 
undoped GaAs spacers. The laser structures have undoped GaAs waveguides with a thickness of 
0.68 µm not exceeding the third mode cut-off. The active region locates in the center of the waveguide, 
which ensures lasing on the fundamental transverse mode. The waveguide was sandwiched between 
p-type and n-type Al0.4Ga0.6As claddings having the thicknesses of 0.75 µm and 1.5 µm, respectively. 
For reducing the internal loss, the claddings doping levels of 2 × 1018 cmƺ3 were reduced down to 7 × 
1017 cmƺ3 in the vicinity of the waveguide. The wafers were processed into broad-area lasers with 100-
µm-wide shallow-mesa ridges with etching through the p-contact and partly through the p-cladding 

Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b)
for quantum dots (blue), quantum well-dots (green), and quantum well (red).

Figure 9b compares the temporal evolution of PL signal for the QD, QWD, and QW structures [53].
In case of QDs, the PL intensity temporal evolution can be well fitted by bi-exponential expression
PL(t) = A1exp(⌧1/t) + A2exp(⌧2/t). The decay of PL signal is characterized by the fast component
(⌧1 = 1.1 ns) and slow component (⌧2 = 7 ns). This agrees with previous estimations of PL decay
time about 1 ns made for self-organized In(Ga)As QDs by several research groups [54,55]. The slow
component is attributed to carrier radiative recombination from the QD ground state. It is generally
believed that at room temperature, the carrier lifetime in semiconductors is limited by non-radiative
recombination [56]. The obtained large value of PL decay time can be explained by carrier recapture in

existing QD’s, QWD’s are elements of optoelectronic devices,
typically running at 10 GHz, quite insensitive to temperature

Light Emitting Devices Based on Quantum Well-Dots, Appl. Sci. 2020, 10, 1038; doi:10.3390/app10031038

R. Leon et al., "Effects of proton irradiation on luminescence emission and carrier dynamics of self-assembled III-V 
quantum dots," in IEEE Transactions on Nuclear Science, 49, 6, 2844-2851 (2002), doi: 10.1109/TNS.2002.806018.QD’s are radiation resistant

Emission in IR! Silicon is transparent at these wavelengths…
Can this IR light be transported through a tracker to outside PDs?
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https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy

Emitted light is IR~THz, normally mono-chromatic but tunable from 3 !m ~ 12 !m

+
+

+ -
-
-

(msteps)

Radiation resistant (Radiation Physics and Chemistry 174, 2020, 108983)

Couple bulk semi-
conductor to electron 
injection layer: 
    ne           msteps x nγ
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Quantum dots and wells:

https://arxiv.org/abs/2202.11828

DoTPiX

= single n-channel MOS transistor, in  
   which a buried quantum well gate
   performs two functions: 

• as a hole-collecting electrode and 

• as a channel current modulation gate

submicron pixels scintillating (chromatic) tracker

Figure 4: A schematic drawing of the proposed tracking sensor. A charged particle enters
the GaAs scintillator, producing electron-hole pairs. The electrons are then quickly trapped
by the positively charged InAs quantum dots (QDs). The QDs undergo photoluminescence
(PL) and emit photons that travel through the medium. The emitted photons are collected
by a photodiode (PD) array.

Figure 5: Scope traces of events from Am241 events. Recorded pulses showing 100 ps rise
time, 270 ps decay time, and 38 ps time resolution with average collected charge of 1.5⇥105

electrons. Adapted from Ref. [40].
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https://arxiv.org/abs/2202.11828

IR emission from InAs QD’s
integrated PD’s (1-2 !m thick)

Figure 6: Light yield in photons/MeV of deposited energy versus decay time for various
known scintillators. Faster performance (decreasing decay-time) extends rightward along
the horizontal axis. Adapted from Ref. [40].

Significant exploratory research and development is required to accurately assess ex-
pected performance of these detectors in future high-energy physics applications. First, we
must demonstrate detection performance with minimum ionizing particles, corresponding
to expected signals of about 4000 electron-hole pairs in a single detector of 20 µm thick-
ness. Given that the measurements with ↵-particles are noise-limited, we also expect to
encounter significant challenges developing a suitable electronics solution for optimal energy
and timing performance for MIP detection. Furthermore, the radiation tolerance of this
type of custom epitaxially-grown detector is not known, although the QD medium itself is
among the most radiation hard semiconductor materials [41]. We will ultimately need to
assess the performance of these detectors in the high-radiation environments expected in
future high-energy physics experiments.

7 Conclusion
Five contemporary technologies are under development for applications at future high en-
ergy physics experiments. Collaborators interested in joining any of these e↵orts are wel-
come.
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[1] C. Da Vià, G. F. Dalla Betta, S. I. Parker, “Radiation sensors with three-dimensional

electrodes,” CRC Press, Boca Raton, USA, ISBN, 9781498782234, January 2019.

[2] B. Abbott et al. (The ATLAS IBL Collaboration), “Production and integration of the
ATLAS Insertable B-Layer,” 2018 JINST 13 T05008.

12

55/68

Novel Sensors for Particle Tracking: a Contribution to the 
Snowmass Community Planning Exercise of 2021

M.R. Hoeferkamp, S. Seidel, S. Kim, J. Metcalfe, A. Sumant, H. Kagan, W. 
Trischuk, M. Boscardin, G.-F. Dalla Betta, D.M.S. Sultan, N.T. Fourches, C. 
Renard, A. Barbier, T. Mahajan, A. Minns, V. Tokranov, M. Yakimov, S. 
Oktyabrsky, C. Gingu, P. Murat, M.T. Hedges

https://arxiv.org/abs/2202.11828
https://arxiv.org/abs/2202.11828
https://arxiv.org/search/physics?searchtype=author&query=Hoeferkamp%2C+M
https://arxiv.org/search/physics?searchtype=author&query=Seidel%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Kim%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Metcalfe%2C+J
https://arxiv.org/search/physics?searchtype=author&query=Sumant%2C+A
https://arxiv.org/search/physics?searchtype=author&query=Kagan%2C+H
https://arxiv.org/search/physics?searchtype=author&query=Trischuk%2C+W
https://arxiv.org/search/physics?searchtype=author&query=Trischuk%2C+W
https://arxiv.org/search/physics?searchtype=author&query=Boscardin%2C+M
https://arxiv.org/search/physics?searchtype=author&query=Betta%2C+G+D
https://arxiv.org/search/physics?searchtype=author&query=Sultan%2C+D
https://arxiv.org/search/physics?searchtype=author&query=Fourches%2C+N
https://arxiv.org/search/physics?searchtype=author&query=Renard%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Renard%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Barbier%2C+A
https://arxiv.org/search/physics?searchtype=author&query=Mahajan%2C+T
https://arxiv.org/search/physics?searchtype=author&query=Minns%2C+A
https://arxiv.org/search/physics?searchtype=author&query=Tokranov%2C+V
https://arxiv.org/search/physics?searchtype=author&query=Yakimov%2C+M
https://arxiv.org/search/physics?searchtype=author&query=Oktyabrsky%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Oktyabrsky%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Gingu%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Murat%2C+P
https://arxiv.org/search/physics?searchtype=author&query=Hedges%2C+M


Otranto, 5.6.2022

Quantum sensors for high energy particle physics

Florian Brunbauer / CERN
2-D materials for MPGDs

use of 2-D materials to improve: 
• tailor the primary charge production process, 
• protect sensitive photocathodes in harsh environments 
• improve the performance of the amplification stage

State-of-the-art MPGDs: 
• high spatial resolution
• good energy resolution 
• timing resolution <25ps 
  (PICOSEC Micromegas)

tunable work function

efficiency of the photocathode          timing resolution; QE 
tune via resonant processes in low dimensional coating structures

amplification
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Figure 3. Panels (a), (b), and (c) show WF of graphene versus the number of layers. 

Reprinted with permission from Ref. [58], [59], [60]. 
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devices [97]. The WF of FLG was also successfully increased by introducing Ag NPs 

onto the FLG structure, resulting in an increase in WF from 4.39 to 4.55 eV, while its 

sheet resistance and transmittance were stable [98]. 

 

Figure 6. Tuning the WF of (a) GO, (b) graphene with different alkali metal dopants, (c) 

schematic image of HATCN with different configuration respect to graphene, and (d) 

changing the WF of graphene with HATCN dopant with different configuration. 

Reprinted with permission from Ref. [99], [100], [101]. 

 

For producing low-WF graphene, apart from using alkali metals, other graphene dopants 

such as PEIE could successfully decrease the WF from 4.6 for pristine graphene to 3.8 

eV [102]. Furthermore, functionalization of GO by amino acids was reported as an 

Tuning the work function of graphene toward application as anode and cathode, Samira 
Naghdi, Gonzalo Sanchez-Arriaga, Kyong Yop Rhee, https://arxiv.org/abs/1905.06594

(additionally, encapsulation of semiconductive as well as 
metallic (i.e. Cu) photocathodes increases operational lifetime)

back flow of positive ions created during charge amplification to the drift
region can lead to significant distortions of electric fields

Graphene has been proposed as selective filter to suppress ion back flow 
while permitting electrons to pass: 
Good transparency (up to ~99.9%) to very low energy (<3 eV) electrons (?)

Space charge neutralization by electron-transparent suspended graphene, Siwapon 
Srisonphan, Myungji Kim & Hong Koo Kim, Scientific Reports 4, 3764 (2014) 
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enhanced electron signal through “priming” of gas in 
amplification region:             effective reduction of 
ionization threshold of gas in amplification region
             higher electron yield

Rydberg atoms can serve to up-convert THz / GHz 
radiation into the optical regime          optical R/O 
of avalanche intensities

Quantum sensors for high energy particle physics

Rydberg atom TPC’s
Georgy Kornakov / WUT

Act on the amplification region

58/68



Otranto, 5.6.2022

Quantum sensors for high energy particle physics
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principle carries over to drift region:
enhanced electron signal through “priming” of gas in drift region:             
effective reduction of ionization threshold of gas in drift region
increased dE/dx through standard primary ionization + photo-ionization of atoms excited by mip’s

reduction of ionization and
atomic excitation threshold

ionization + excitation;
natural decay of unmodified atoms

+ ++
- - -

+ ++-
-- + ++

- - -
+ ++-

-- + ++
- - -

+ ++-
--

photo-ionization of excited atoms

Act on the drift region
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“In order to measure the momentum of the β without significantly altering its energy,
we propose exploiting the effect of a passing electron on Rydberg atoms [22, 23]. In the β’s
flight path before it reaches the spectrometer, we create an optical lattice filled with rubidium
atoms in the ground state [24, 25]. Using laser excitation, we can excite the atoms to a high
Rydberg state [26, 27], such as 53s. When the β passes one of these atoms, it can excite the
atom from a 53s state to a 53p state, and the atom will remain trapped in its optical lattice
position. We propose slowing the electrons with a controlled voltage soon after they leave the
source so that by the time they reach the optical lattice, they have a maximum energy of 900 eV,
which increases their cross section for exciting a Rydberg atom to 0.36 × 10−9 cm2.5 When
a β signal is detected downstream in the spectrometer, the 53 s atoms are optically de-excited
using stimulated Raman adiabatic passage (STIRAP) [27], and an electric field of 100 V cm−1 is
ramped within ∼130 ns to ionize any Rydberg atoms in a 53p state. Once the atoms are ionized,
they will be detected by a multi-hit position-sensitive MCP. Based on realistic density limits,
the β will excite several Rydberg atoms as it passes through the optical lattice, so we will be
able to obtain the projection of a track from the passing β.”

Quantum sensors for high energy particle physics

Rydberg atom TPC’s

Using cold atoms to measure neutrino mass

2010, New J. Phys. 12 043022

https://iopscience.iop.org/article/10.1088/1367-2630/12/4/043022/meta

3

Figure 1. Experimental setup of the three detectors proposed for kinematic
reconstruction of the neutrino mass: an MCP, optical lattices of rubidium
Rydberg atoms and a spectrometer.

The advantages of this approach include: an extremely thin source that results in low
scattering; an atomic tritium source with simple final state effects; a coincidence measurement
with the � to reduce background; a direct neutrino mass peak reconstruction; and the
utilization of at least 500 eV of the � energy spectrum. Nevertheless, this approach faces
several experimental challenges, particularly regarding the measurement of the � momentum
to sufficient precision and trapping enough tritium atoms to obtain sufficient statistics.

We address these challenges with a proposed experimental setup that would consist of
three detectors shown in figure 1: a microchannel plate (MCP) to detect the helium ion, a
spectrometer to measure the �’s energy, and an optical lattice of rubidium Rydberg atoms
capable of measuring two of the �’s three-momentum components.

We can place the �-spectrometer close to the source, with the MCP for the 3He+ ion
detection several meters away from the source. Using the � event detected by the spectrometer
as the initial time, we can determine the time-of-flight of the ion to the MCP. Combining the
time-of-flight with the MCP hit position yields the three-momentum components of the helium
ion. For example,

px = � mv sin ✓ cos �, (2)

where v = z/(TOF)cos✓ and ✓ and � are reconstructed from the MCP hit position assuming
that the tritium decay came from the center of the source. Here z is the distance from the MCP
to the source.

The background event rate from the MCP would be <1 event cm�2 s�1 [21], where cosmic
ray events are eliminated either by deploying the detector in an underground laboratory or
by implementing an efficient veto. Although the coincidence in the �-spectrometer would be
helpful, for any given � event of the correct energy there will be a 7% chance of seeing a

New Journal of Physics 12 (2010) 043022 (http://www.njp.org/)

M Jerkins, J R Klein, J H Majors, F Robicheaux and M G Raizen 

9

Tritium β-decay
(12.3 yr half-life)

Neutrino capture on Tritium

Neutrino momentum

Neutrino momentum ~ 0.17 meV

For mn = 50 meV,
KE = p2/2m

= 0.17 meV (0.17 meV/100 meV)
= 0.3 µeV

Ultra-Cold!

tritium β decay
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https://www.metaboliqs.eu/en/news-
events/MetaboliQs_PM_first_year.html

Diamond plates of up to 8 × 8 mm² 
in size, fabricated by Element Six

© Dr. Christoph Nebel, Fraunhofer IAF

https://www.nature.com/articles/ncomms9456

Local and bulk 13C hyperpolarization in nitrogen-vacancy 
centred diamonds at variable fields and orientations, G. 
Alvarez et al., Nature Communications 6, 8456 (2015)

optically polarizable elements: Nitrogen-vacancy diamonds (NVD)

NV in diamond

guides for optical polarization polarized scattering center

silicon trackers
(direction and timing) 

spin-spin scattering for helicity determination: usually with polarized beams and/or polarized targets

introduce polarized scattering planes to extract track-by-track particle helicity

Georgy Kornakov / WUT

1016 ~1018 / cm3

 x 102

62/68

use NV-diamonds to scatter mips (spin-dependent scattering) 

https://www.metaboliqs.eu/en/news-events/MetaboliQs_PM_first_year.html
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Diamond plates of up to 8 × 8 mm² 
in size, fabricated by Element Six

© Dr. Christoph Nebel, Fraunhofer IAF

 

optically polarizable elements: Nitrogen-vacancy diamonds (NVD)

spin-spin scattering for helicity determination: usually with polarized beams and/or polarized targets

polarimetry of target fragments (active target)

Georgy Kornakov / WUT

1016 ~1018 / cm3
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silicon trackers
(direction and timing) 

NV in diamond

guides for optical polarization

incoming beam

target

optical readout

coherent source 

use NV-diamonds to sense spin of heavy nuclear spectator fragment 

Si-tracker
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Pawel Moskal / Krakow

56 Page 2 of 7 Hyperfine Interact (2018) 239: 56

Table 1 Discrete symmetry
odd-operators using spin
orientation of the o-Ps and
momentum directions of the
annihilation photons

Operator C P T CP CPT

S · k1 + − + − −
S · (k1 × k2) + + − + −
(S · k1) · (S · (k1 × k2)) + − − − +

Table 2 Discrete symmetry odd-
operators using spin orientation
of the o-Ps as well as polarization
and momentum directions of the
annihilation photons

Operator C P T CP CPT

ε1 · k2 + − − − +
S · ε1 + + − + −
S · (k2 × ε2) + − + − −

reverse the direction of elapsing time. Therefore, in order to test the time reversal viola-
tion, we investigate the expectation values for the T-odd-symmetry-operators. To date, time
reversal symmetry violation has not been observed in purely leptonic systems. The best
experimental upper limits for CP and CPT (C-Charge Conjugation, P-Parity and T-Time)
symmetries violation in positronium decay are set to 0.3×10-3 [1–3]. According to the
Standard Model predictions, photon-photon interaction or weak interaction can mimic the
symmetry violation in the order of 10-9(photon-photon interaction) and 10-13 (weak inter-
actions), respectively [4–7]. There is about 7 orders of magnitude difference between the
present experimental upper limit and the standard model predictions. So far, discrete sym-
metries were proposed to be tested with the ortho-positronium (o-Ps) system by determining
the non-zero expectation values of the operators constructed from the spin (S) of the o-Ps
and the momentum vectors of the annihilation photons k1, k2 and k3 as mentioned in Table 1.

In this article we explore feasibility of applying a new method of studying the funda-
mental discrete symmetry violation in a purely leptonic system proposed in Ref. [8]. The
novelty of the method is constituted by using of the discrete symmetry odd-operators con-
structed with the polarization (εi) of the annihilation photons originating from the decay of
o-Ps atoms, as listed in Table 2 [8]. The observation of non-zero expectation values of these
operators would imply non-invariance of these symmetries for which the given operator is
odd (marked ” − ” in Tables 1 and 2).

2 Jagiellonian - positron emission tomograph

Positron emission tomography (PET) is a non-invasive technique used in the diagnosis of
various types of tumors at the cellular level. All commercially available PET-scanners utilize
relatively expensive crystal detectors for the detection of annihilation photons [16, 17].

The Jagiellonian - Positron Emission Tomograph (J-PET) is the first PET-scanner con-
structed using plastic scintillator strips to make the tomograph cost effective and portable [9,
10, 13]. One of the unique features of the J-PET detector is its ability to measure polariza-
tion of the annihilation photons. The J-PET detector consists of 192 plastic scintillator strips
(EJ-230) of dimensions 500 × 19 × 7 mm3 each, forming three concentric layers (48 mod-
ules on radius 425 mm, 48 modules on radius 467.5 mm and 96 modules on radius 575 mm)
(Fig. 1)[13]. Each scintillator in the J-PET scanner is optically connected at two ends to
Hamamatsu R9800 vacuum tube photomultipliers [10]. This results in 384 analog channels

discrete symmetry operators

3-photon correlations / entanglementJ-PET:

Hyperfine Interact (2018) 239: 56 https://doi.org/10.1007/s10751-018-1527-x

k1

k2

k3

S

limit on CPT violation in 
purely leptonic system

B=0
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Fig. 2 Schematic of the J-PET
detector with three
distinguishable layers of
scintillators at blue, red and
yellow concentric cylinders. A
positron source (red) placed in
the center, covered in XAD-4
porous polymer (blue). The
superimposed arrows indicate
gamma photon originating from
the de-excitation of 22Ne∗ (γ ),
annihilation photons from
ortho-positronium decay (k1, k2
and k3), and scattered photon (k′

1)

Fig. 3 (Left) The distribution of number of gamma interactions recorded in each event. (Right) Time over
threshold of photomultiplier signals, used as a measure of the energy deposited in the scintillator strips

energy deposited in the scintillator. Right panel of Fig. 3 presents TOT distribution where
one can clearly recognize Compton spectra from 511 keV and 1274 keV gamma photons.
The de-excitation photon (1274 keV) may be selected with the efficiency of about 66%
when requiring TOT larger than 30 ns.

After selection of the de-excitation photon, we need to identify events in which anni-
hilation photons originate from the decay of ortho-positronium, and relate the primary
annihilation photon to its corresponding secondary scattered photon.

From kinematics we infer that the sum of the two smallest relative azimuthal angles
between the registered annihilation photons for o-Ps→ 3γ must be greater than 180◦ [11,
12]. Therefore, the events corresponding to the decay of o-Ps→ 3γ lie at the right side
of the band at 180◦ (Fig. 4(Left)) [11, 12]. The signals corresponding to the annihilation
photons and secondary scattered photon may be identified after ordering the hits in time.
The signal from the scattered photon should appear as the last one. As a last step we need to
assign the scattered photon to its primary photon. For this purpose we introduce a parameter
"ij = (δM − δC), where, δM and δC are the measured time difference and calculated time
of flight between the ith and j th interaction, respectively. Therefore, "ij should be equal to
zero in case if the j th signal is due to the ith scattered photon. Right panel of Fig. 4 shows an

56 Page 2 of 7 Hyperfine Interact (2018) 239: 56

Table 1 Discrete symmetry
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orientation of the o-Ps and
momentum directions of the
annihilation photons

Operator C P T CP CPT

S · k1 + − + − −
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(S · k1) · (S · (k1 × k2)) + − − − +

Table 2 Discrete symmetry odd-
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of the o-Ps as well as polarization
and momentum directions of the
annihilation photons

Operator C P T CP CPT

ε1 · k2 + − − − +
S · ε1 + + − + −
S · (k2 × ε2) + − + − −

reverse the direction of elapsing time. Therefore, in order to test the time reversal viola-
tion, we investigate the expectation values for the T-odd-symmetry-operators. To date, time
reversal symmetry violation has not been observed in purely leptonic systems. The best
experimental upper limits for CP and CPT (C-Charge Conjugation, P-Parity and T-Time)
symmetries violation in positronium decay are set to 0.3×10-3 [1–3]. According to the
Standard Model predictions, photon-photon interaction or weak interaction can mimic the
symmetry violation in the order of 10-9(photon-photon interaction) and 10-13 (weak inter-
actions), respectively [4–7]. There is about 7 orders of magnitude difference between the
present experimental upper limit and the standard model predictions. So far, discrete sym-
metries were proposed to be tested with the ortho-positronium (o-Ps) system by determining
the non-zero expectation values of the operators constructed from the spin (S) of the o-Ps
and the momentum vectors of the annihilation photons k1, k2 and k3 as mentioned in Table 1.

In this article we explore feasibility of applying a new method of studying the funda-
mental discrete symmetry violation in a purely leptonic system proposed in Ref. [8]. The
novelty of the method is constituted by using of the discrete symmetry odd-operators con-
structed with the polarization (εi) of the annihilation photons originating from the decay of
o-Ps atoms, as listed in Table 2 [8]. The observation of non-zero expectation values of these
operators would imply non-invariance of these symmetries for which the given operator is
odd (marked ” − ” in Tables 1 and 2).

2 Jagiellonian - positron emission tomograph

Positron emission tomography (PET) is a non-invasive technique used in the diagnosis of
various types of tumors at the cellular level. All commercially available PET-scanners utilize
relatively expensive crystal detectors for the detection of annihilation photons [16, 17].

The Jagiellonian - Positron Emission Tomograph (J-PET) is the first PET-scanner con-
structed using plastic scintillator strips to make the tomograph cost effective and portable [9,
10, 13]. One of the unique features of the J-PET detector is its ability to measure polariza-
tion of the annihilation photons. The J-PET detector consists of 192 plastic scintillator strips
(EJ-230) of dimensions 500 × 19 × 7 mm3 each, forming three concentric layers (48 mod-
ules on radius 425 mm, 48 modules on radius 467.5 mm and 96 modules on radius 575 mm)
(Fig. 1)[13]. Each scintillator in the J-PET scanner is optically connected at two ends to
Hamamatsu R9800 vacuum tube photomultipliers [10]. This results in 384 analog channels

discrete symmetry operators

Compton scattering      polarization
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ε1 ~ k1 x k’1

novel symmetry operators

B=0

challenge: is it possible
to identify Compton 
scattered HE 𝛾’s?
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Quantum sensors for high energy particle physics

What’s next?

These potential applications of quantum sensors also in HEP require 
dedicated R&D to evaluate their potential and feasibility.

Clocks and clock networks 5.3.1 

Kinetic detectors 5.3.2 

Spin-based sensors 5.3.3 
Superconducting sensors 5.3.3 

Optomechanical sensors 5.3.4 

Atoms/molecules/ions 5.3.5 
Atom interferometry 5.3.5 

Metamaterials, 0/1/2D-materials 5.3.6 
Quantum materials 5.3.6
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Figure 5.3: Prospective time line for selected developments with a range of quantum and
emerging technologies; increases in sensitivity or accessible range are highlighted in red.
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In line with the RECFA R&D roadmap, it makes sense to consider a 
quantum-sensing R&D program that brings together the following 
strands:

also for HEP!
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Status of TF5
Anna Grassellino, Marcel Demarteau, 

Michael Doser, Caterina Braggio, 
Stafford Withington, Peter Graham, 
John March-Russel, Andrew Geraci

“Recommendations”

• many fascinating opportunities in nascent fields


• encourage exploratory approaches


• adapt funding profiles to both exploratory as well as consolidation 
approaches:

• exploratory: funding cycle of 3 years, lightweight grant 

application, “fail early / fail often / proof-of-principle” mindset

• consolidation: funding cycle of 10 years, after initial proof of 

principle, proposal 


• importance of interdisciplinarity

• training not only of early stage researchers but also of 

established researchers

• opportunistic (awareness of developments elsewhere - physics 

or industry) 
67/68



Otranto, 5.6.2022

thank you!


