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communities in response to a call sent out 10 weeks prior to the workshop, took place at CERN from Apr. 3–6,
2023. The present proposal is based on a White Paper (retrievable on https://indico.cern.ch/event/1278425/)
that represents the outcome of that workshop, the outcome of a second, “town-hall” workshop that took place
at CERN from Oct. 2–4, 2023, as well as on continuous input from the corresponding communities, but must
be considered an evolving document. The structure itself of the collaboration (outlined in chapter 11) reflects
this fluid process and ensures that it is able to evolve to address the expected changes in composition and focus
of this global endeavor.

3. RATIONALE FOR A COLLABORATIVE R&D EFFORT

The field of high energy physics has been driven for decades to long-term international collaborative e↵orts on
detector R&D given the numerous challenges posed by the very large and costly devices needed for the relevant
experiments, but also because common standardized solutions that can be scaled up have been central to their
conception and construction.

No such common driver has encouraged similar e↵orts in the hugely diverse, highly dynamic, and rapidly
evolving field of quantum sensors. In spite of its track record in tackling technical challenges and in reducing
entry costs through standardization in the field of high energy physics, such an approach may not necessarily
always be appropriate for the field of quantum sensors, with its often smaller and dynamic groups. However,
also within that field, there are challenges where a collaborative e↵ort could lead to advances that individual
e↵orts would not be expected to achieve, and from which both the field of quantum technologies and the field of
particle physics can benefit.

We wish to emphasize here that both communities will need to be involved, both intellectually and financially,
if such advances with mutual benefit are to be attempted. Formulating the challenges and the directions of attack
coherently can provide funding agencies with a global view that will contextualize individual e↵orts, will help
identify similar and complementary approaches on a global scale, and will provide an exchange point for the
sharing of corresponding expertise, workforce, and educational frameworks.

Prior e↵orts at a national scale have demonstrated that such an approach can result in tangible benefits:
the AION collaboration [?] for example has played a pioneering role in defining standardized approaches for
detection of gravitational waves and for searches for dark matter using terrestrial vertical atomic interferometric
devices. The involved shared engineering e↵ort has resulted in a significant acceleration of building times, in the
availability of a set of identical devices at lower cost, and in improved reliability through standardization. The
aim of this roadmap implementation is thus to provide a framework within which similarly beneficial detector
R&D can be carried out as part of a coordinated global e↵ort within a few overarching sets of related activities
(in the form of work packages). Given the global nature of this e↵ort, it is natural that within each of these work
packages, a range of complementary activities will take place; what the WP provides is a common framework in
which resources, expertise, and goals can be shared and compared.

4. QUANTUM SENSING WORK PACKAGE OVERVIEWS

The ECFA process itself had identified quantum technologies as a promising path for particle physics, and has
identified in particular six families of quantum sensors (table 1) as particularly relevant for particle physics.
For each of these families, scientific motivations were presented during both a dedicated symposium in 2021
(https://indico.cern.ch/event/999818/) and in the roadmap itself.

clocks and superconducting & kinetic atoms/ions/molecules optomechanical nano-engineered

clock networks spin-based sensors detectors & atom interferometry sensors / low-dimensional

Table 1: Families of quantum sensors highlighted in the ECFA detector R&D roadmap

The approach taken in this proposal is complementary to that during the ECFA roadmap development, in
that rather than structure the discussions around physics domains and list the most salient challenges in those
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ECFA roadmap implementation: 

ECFA roadmap implementation (Oct 2023 public workshop): draft proposal (v 0.5)

List of proto-Work Packages in form of White Paper (https://indico.cern.ch/event/1278425/attachments/2648910/4588936/quantum_ECFA_whitepaper_v0.3.pdf)

2021

2023

Identify needs that exceed the possibilities of individual groups, and that would benefit wide 
communities within the 6 quantum sensor families  candidates for coordinated, global, targeted R&D

April 2023 workshop among conveners, with input from their communities and submitted contributions

January-March 2023: selection of ~ 2 dozen conveners (experts in the 6 quantum sensor families)

Oct 2023 open workshop: openly and critically discuss the draft proposal

Workshop focus: Work packages, collaboration structure, organizational and
financial issues, organization of work  submission of proposal at end of year

Boundary conditions: format and timeline provided by DRDC and ECFA



The DRD5 / RD-q Proposal on R&D on quantum sensors: Work packages
areas that roadmap had identified as high-impact physics targets, or focus only on the quantum sensing families
at a technical level, this document takes an intermediate approach. The following chapters propose a number
of high-level Work Package-like lines of attack, and highlight which areas among the six families of the ECFA
roadmap are impacted by focused R&D on each of them, before focusing more narrowly on those aspects of the
WPs that allow formulation in terms of specific goals, timelines, milestones and deliverables.

This structure thus mainly highlights the identified high-level and medium-level work packages, discusses the
sub-families of technologies and systems that comprise them, and points out areas within them that would best
be tackled by a collaborative global approach. In a number of cases, a brief reminder of the salient physics
rationales for the specific quantum sensing families that comprise the di↵erent WPs will be given.

Sensor family ! clocks superconduct- kinetic atoms / ions / opto- nano-engineered

& clock ing & spin- detectors molecules & atom mechanical / low-dimensional

Work Package # networks based sensors interferometry sensors / materials

WP1 Quantum X X X X X

Techniques for Sensing

Squeezing

Entanglement X X (X) X (X)

Back action evasion

WP2 Atomic, Nuclear X X (X)

and Molecular Systems

in traps & beams

Exotic systems E,T

Atom interferometers X

Clock & signal distribution X X

WP3 Quantum X X X

Materials X X X

0-, 1-, 2-D materials X (X) X X

Superconducting devices

& electronics at 4K X (X)

WP4 Large ensembles

of quantum sensors

multi-modal systems

indirect readout

WP5 Scaled-up X (X) X (X) X

“Quantum for HEP”

spin-sensitive devices X X X

hybrid devices X

WP6 Capacity-driven X X X X X X

design

schools & training

networks of expertise

shared infrastructures

Table 2: High-level work packages (built on identified global challenges) and their overlap with the quantum
sensor families of the ECFA detector R&D roadmap. Where experimental (E) and theory (T) aspects are not
di↵erentiated, a general overlap (X) is indicated.
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The DRD5 / RD-q Proposal on R&D on quantum sensors: 

and colleagues have been instrumental in incorporating quantum techniques in the LIGO experiment [?, ?].
A quantum system can generally be described by a Hamiltonian and its evolution. Each experiment has its
own implementation and is susceptible to di↵erent external factors. A cavity-based axion search experiment
for example, relies on long integration times that are a↵ected by environmental conditions. The cavity may
be detuned and has an internal dissipation rate. The coupling of the signal with the cavity and its associated
readout depends on the specific experiment configuration. A thorough theoretical description that assesses the
merits and impact of various modes of implementation of quantum techniques will be required to optimize the
physics reach. In some cases it may not be à priori evident that a combination of a squeezed light source and
back-action evasion will improve the physics reach or be compatible with the experimental implementation. The
theoretical community will need to play an active role to provide guidance as to the most promising unexplored
areas when faced with novel functionality quantum sensors.

5.5 Milestones and deliverables WP-1 (years 1 / 3 / 5)

what is the modest end goal (5 years from now)?

and then work backwards (annually)

WP-1a milestone 1 milestone 2 milestone 3
(squeezing) deliverable 1

WP-1b milestone 4 milestone 5 milestone 6
(entanglement) deliverable 4

WP-1c milestone 7 milestone 8 milestone 9
(back action evasion) deliverable 7

WP-1d milestone 10 milestone 11 milestone 12
(physics optimization) deliverable 10

// // //

// // //

// // //

// // //

6. WP-2 : ATOMIC, NUCLEAR AND MOLECULAR SYSTEMS IN TRAPS &
BEAMS

This work package covers three large areas: exotic systems (such as Highly Charged Ions - HCI’s - or Rydberg
systems or radio-isotopes), atom interferometry (with a focus on their potential for dark matter searches and their
sensitivity to gravitational waves) and clocks (atomic, ionic, molecular) and the challenges related to establishing
networks of them. The three areas naturally result in sub-WP’s (WP-2a, WP-2b and WP-2c), each with their
own timelines and milestones.
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Discussion focus: Work package content, sub-WP focus, organizational aspects 

+1 yearstart +3 year +5 year

what do we want to get out of this workshop?

• which institutes are involved in which WP? What resources are required?

to submit the proposal, we’ll need to show that this initiative is welcome
= a list of institutes willing to commit to work on one or more of the WP’s

• evaluation by DRDC: milestones, deliverables: how to formulate 
  the specifics of a WP, its goals, its intermediate steps?

• are we missing important topics, are some topics superfluous (because  
  groups are already working on it), does the text need to be reformulated?



The DRD5 / RD-q Proposal on R&D on quantum sensors: the names

Conveners (alphabetic ordering)

Hiroki Akamatsu (KEK), Etiennette Auffray (CERN, Geneva, Switzerland), Caterina Braggio, 
Florian Brunbauer (CERN, Geneva, Switzerland), Shion Chen, Martino Calvo, Marcel Demarteau, 
Michael Doser (CERN, Geneva, Switzerland), Christophe Dujardin, Andrew Geraci, Arindam 
Ghosh, Glen Harris, David Hume, Derek F. Jackson Kimball, Jeroen Koelemeij, Georgy Kornakov, 
Stefan Maier, Gobinda Majumbder (TIFR, Mumbai, India), Alberto Marino, Tanja Mehlstäubler, 
Alessandro Monfardini, Ben Ohayon (Technion IIT, Haifa, Israel), Nancy Paul, Sadiq Rangwala 
(RRI, Bangalore, India), Florian Reindl, Mariana Safronova, Swati Singh, Stafford Withington, 
Steven Worm



5. WP-1 : QUANTUM TECHNIQUES FOR SENSING

The Heisenberg Uncertainty Principle limits the sensitivity of measurements. This limit is placed on the si-
multaneous measurement of two non-commuting quantities, such as the amplitude and phase of a signal, for
example. This limit in sensitivity is referred to as the Standard Quantum Limit (SQL). Through the use of
quantum technologies, however, one can engineer and manipulate individual quantum states, by making use of
superposition, entanglement, squeezing and backaction evasion, to evade this SQL and thus improve the science
reach of the experiments. Instruments with much higher sensitivity can be built that are able to detect tiny
energy shifts in quantum systems. This work package addresses the development of quantum technologies and
the theoretical framework for their application.

Work Package clocks & super- kinetic atoms/ions/ opto- nano-engineered

networks conducting sensors molecules mechanical / low-dimensional

WP 1a ( squeezing / optimization ) X X (X)

WP 1b ( entanglement ) X X (X)

WP 1c ( Heisenberg limit ) X X (X)

WP 1d ( optimized exploration) X X X X X

Table 3: Quantum sensor families impacted by R&D in WP-1

5.1 WP-1a: Squeezing

To interrogate a quantum state, often a continuous wave light beam is used. These beams also have quantum
descriptions and can be manipulated for applications in sensing and metrology. One such quantum state of
light is a squeezed state, which can increase the precision of optical measurements. As noted earlier, quantum
uncertainty imposes a fundamental limit on the precision with which complementary quantities can be measured
simultaneously. Squeezed states of light manipulate this limit by decreasing the noise in one of the quadratures
of the field, either the phase (or amplitude), while simultaneously increasing the noise in the orthogonal property
— amplitude (or phase) — hence “squeezing” the minimum uncertainty. This will result in a detection noise
floor below the classical shot noise limit as long as the quantity being measured aligns with the quadrature that
is squeezed, thus leading to a measurement having greater precision. One of the great successes is its application
to gravitational wave detectors, where squeezed light increases the sensitivity of the optical measurement at the
output of the kilometers-long laser interferometer.

5.2 WP-1b: Entanglement

In the discussions leading to establishing global Work Packages, entanglement has not played a prominent role,
although it is clear that entangled photon sources are already being used and hold great potential for even
more sensitive devices than those whose development is proposed below in this proposal. While this topic did
not feature prominently in the proposals submitted in the course of the run-up to the DRD5 implementation
workshop in April, 2023, subsequent input from di↵erent communities has highlighted both its importance and
interest.

When considering optical interferometery using multiple-photon states, a quantum description is generally
employed using mulitple entangled photons. The most common manner by which to achieve entangled photons is
through process known as spontaneous parametric down conversion. Spontaneous parametric down conversion is
a nonlinear optical process, where one photon incident on a nonlinear crystal can transformed into two photons.
The incident photon is known as the “pump” photon, one of the output photons is known as the “signal” photon,
and the other output photon is known as the “idler” photon. The transformation of the pump photon into signal
and idler photons follows conservation of energy and momentum. For applications in which a large photon
flux is needed, these entangled stated can be extended beyond pairs of photons. The use of entanglement for
quantum sensing becomes particularly relevant for an array of sensors, in which case it allows for a significantly
more favorable scaling in sensitivity (reduced uncertainty in estimation) with the number of sensors, as shown
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WP-2 : ATOMIC, NUCLEAR AND MOLECULAR SYSTEMS IN TRAPS & BEAMS

6.1 WP-2a : Exotic systems in traps and beams

High sensitivity searches for BSM physics or for violations of fundamental symmetries rely on probing a wide
range of systems (trapped atoms, ions, molecules, or beams thereof). While these systems have already led to
highly sensitive searches for new physics through precision measurements of masses, transitions or g-factors, it is
not clear that these are the optimal systems for specific searches, and it is easy to conceive of many others that
have to date not yet been experimentally realized, even in highly active fields (such as that of HCI’s, of Rydberg
systems, or of radio-isotopes).

Work Package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-2a a E E (E)
( exotic systems )

WP-2a b T
( bound state calculations )

Table 4: Quantum sensor families impacted by R&D in WP-2a

6.1.1 Physics driver

Atoms, molecules and (possibly highly charged) ions in traps o↵er extraordinary sensitivity to dark matter-
induced shifts or temporal variations of internal energy levels, allow tests of the equivalence principle, or allow
searching for violations of fundamental symmetries (e.g. Lorentz- or CPT-invariance). Further areas of applica-
tion are highly sensitive searches for variations of fundamental constants, tests of QED or searches for non-SM
interactions (fifth forces) [?], which can also be carried via Ramsey spectroscopy of gravitationally bound quan-
tum states of ultra-cold neutrons [?]. Diatomic molecules are the focus of several attempts to improve the limits
on the EDM of the electron (ThO, HfF+, RaF), with first exploration of the potential of poly- atomic molecules
to improve sensitivity even beyond those systems [?]; these systems also provide a window into searches for
hadronic T-violation or CP-violation in the nucleus (RaF, RaOH+). Similarly, searches for a neutron EDM via
the Ramsey technique probe BSM CP-violating interactions at scales up to 1300 TeV [?], with the potential of
a further order of magnitude in sensitivity.

6.1.2 WP-2a a: extension and improved manipulation of exotic systems

Exploration of novel production mechanisms (anti-protonic atoms as gateways to trapped, fully stripped nuclei,
or to hydrogen-like Rydberg HCI’s), of novel species (polyatomic, laser-coolable molecular systems) or extension
of existing techniques to all potential systems (e.g. laser-cooling of negatively charged systems, either atomic or
molecular) are all needed to enhance the set of available systems for experimental investigation. Which system
is optimal for which particular goal is a question for theoretical studies (WP-2a b), but vice-versa, being able
to access a system with highest sensitivity to a particular test of known physics or a specific BSM interaction
requires establishing a range of techniques to prepare and manipulate a much wider range of systems than are
currently accessible.

A particular category concerns molecules with radionuclides for eEDM searches, with a reach in terms of
SUSY sensitivity beyond 10 TeV masses. Given the overlap with WP 5, but also the fact that these mostly (but
not exclusively) are investigated in small numbers, this category will be treated here.

What is needed for this category are improvements to existing experiments, new trapping technologies,
advanced quantum control (including cooling techniques) of molecules, o✏ine access to species of interest (with
production, harvesting and handling on a one day time scale). There are ongoing e↵orts at ISOLDE, TRIUMF,
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WP-2b : Interferometry

WP-2a : Exotic systems in traps and beams

WP-2c : networks, signal and clock distribution

To advance the field, issues common to metrology and spectroscopy have to be addressed, in particular the
measurement of time or frequency with very high accuracy (related to WP-2c).

6.3 WP-2c : networks, signal and clock distribution

Numerous individual and locally / nationally linked high precision devices relying on a wide range of quantum
sensing systems exist world-wide. In order to achieve the next level of sensitivity, either to transform the
individual nodes into a globally linked single detector, or to link heterogeneous devices into a single multi-modal
device (allowing to constrain di↵erent putative BSM models that a↵ect individual nodes di↵erently) or to provide
a global reference signal against which local nodes can be calibrated or compared to, this work package combines
collaborative e↵orts along two main lines lines:

• WP-2c a: Large-scale networked atomic clocks and Global sub-ns time stamping

• WP-2c b: Portable references and sources

work package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-2c a (clock network) X
WP-2c b (portable clocks) X

Table 5: Quantum sensor families impacted by R&D in WP-2

6.3.1 Physics drivers

Since atomic clock frequencies are defined by the laws of nature and the fundamental constants, these measure-
ments are exceptional probes of fundamental physics. They test the symmetries of nature, such as Lorentz-
invariance, and provide probes for BSM physics, such as the nature of dark matter. Already individual atomic
and molecular clocks exhibit high sensitivity to BSM e↵ects and variations of fundamental constants, and many
groups are already driving the precision of these systems ever forward.

However, building a global network of high-stability and high-accuracy clocks is beyond the possibilities of
individual research entities and requires tackling challenges in a collaborative fashion at a large scale. Such a
network is essential for advancing international time and frequency standards and would allow applications such
as relativistic geodesy and unprecedented sensitivity in the search for new physics such as for ultralight dark
matter or topological defects traversing a multi-node mesh. Secondly, sending standardized optical clocks to
o↵-mesh sites on Earth or in space would allow more stringent tests of relativity and could enable the detection
of low frequency gravitational waves. Lastly, optical clocks based on entangled states of atoms would lead to
measurements with even higher stability, ultimately approaching the Heisenberg limit, where multi-node meshes
would ensure greatly reduced systematics. It should also be pointed out that such a very large scale clock network
would also greatly benefit other fields, such as VLBI astronomy using radio telescopes, or can help pave the way
towards VLBI optical astronomy.

6.3.2 WP-2c a: Large-scale clock network

World-wide e↵orts towards developing ultra-precise clocks based on a wide variety of systems (di↵erent atomic
elements, ions or molecules or even nuclei) are pushing the precision of clocks to below 1 part in 1018. At the
same time, these di↵erent systems have a wide range of di↵erent systematics and couplings to putative BSM
physics. A dedicated optical frequency and time signal distribution network, that would allow spreading the local
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WP-3 : QUANTUM MATERIALS

work package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-3b a (4K stage ) X X (X)
WP-3b b (detection) X
WP-3b c (integration) X

Table 6: Quantum sensor families impacted by R&D in WP-3

7.2.1 Physics drivers

From the point of view of particle physics, the extreme sensitivity of superconducting detectors, whose sensitivity
level is provided by the energy required to break Cooper pairs, or on exploiting the long-range order of the
coherent superconducting state, is well matched to very low energy phenomena. Superconducting devices are
thus a very promising approach for a direct determination of the neutrino mass scale via, for example, high
resolution and high statistics measure- ments of low-energy electron capture and beta decay spectra. Although
measuring the absolute neutrino mass is extremely challenging, having the aim to detect an extremely tiny
spectral distortion in the end-point region of beta and electron capture spectra in an energy scale much less than
1 eV, R&D for superconducting quantum sensors is very well motivated given that we know that there is a lower
bound for neutrino masses.

Overall the opportunities for creating a new generation of fundamental physics experiments based on super-
conducting electronics is substantial. Areas such as combining superconducting devices with micro-machined
accelerometers and mechanical resonators is largely untouched, but entirely realistic. Combining superconduct-
ing devices with single or macroscopic spin systems (see WP-5a) is an area that is also starting to gain traction,
and will inevitably lead to major innovations. It appears that the application of superconducting devices to
massive particle detection has not been explored in-depth or indeed exploited, but there is a steady trickle of
disconnected papers in the open literature going back for many years. Finally, to our knowledge there have
been no published quantitative studies exploring the application of superconducting devices and electronics to
traditional accelerator-based particle physics experiments, and this is clearly a subject of substantial importance.
In all these areas, advances in the devices themselves (WP-3b b), in the requisite electronics (WP-3b a) or in
the integration into easily usable devices (WP-3b c) are required.

With a focus on the intermediate TRL developments, the following technologies are then needed:

• single photon detection (incl. at microwave frequencies)

• ultra-low-noise amplifiers, high temp (4K) ultra-low-noise amplifiers, chip-based systems for generation and
detection of squeezed states over microwave to mm wave range.

• solid state superconducting detectors for high-energy photon and massive particle detection and spec-
troscopy, such as single-electron detection

• development of packaging methods for superconducting electronics (e.g. magnetic field shielding, cosmic
ray shielding, stray light shielding, EMI, ...)

• multiplexing technology challenges for superconducting mega-pixel devices

• materials science challenges

These can be grouped into three areas around which the three sub-WP’s of the superconducting WP are
arrayed:

• Theme 1: superconducting electronics for microwave-mm-wave range

• Theme 2: high-energy particle detection (photons & massive particles)
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WP-3b : Cryogenic systems

WP-3a : 0-, 1- and 2-D materials

7. WP-3 : QUANTUM MATERIALS

7.1 WP-3a : 0-, 1- and 2-D materials

Engineering materials at the atomic scale provides for a very wide range of behaviors that can be tuned to
specific applications, and forms the backbone of highly active fields worldwide. Specifically applications in the
area of particle physics can benefit from such custom materials based on Quantum Materials if the challenge of
scaling up to macroscopic dimensions can be met (WP-5). Furthermore, novel solutions to a number of design
challenges might become available to detector designers if their needs and the capabilities of Quantum Material
designers could be matched (WP-6).

7.1.1 WP-3a a: Application-specific tailoring

To ensure that these atomic scale engineering advances benefit particle physics goals, it becomes important to
identify a range of boundary conditions and optimization requirements which will allow selecting or develop-
ing appropriate materials. While the former is relatively straightforward, the later constitutes targeted R&D
towards materials that are optimally matched to existing and extrapolated device requirements. Such R&D
thus encompasses e.g. developing nanodots whose emission properties are matched to the quantum e�ciency of
photodetectors, optimizing the luminescence properties of nanodots (brightness, decay time), developing multi-
layered semiconductor-based devices with phonon excitations or photon emission with LGAD-like temporal
properties, optimizing the fabrication and layout of linear detection elements in lieu of planar arrays, etc.

7.1.2 WP-3a b: Extended functionalities

Larger engineered structures (at the O(1⇠10 µm) scale) have properties that are defined not only by their
composition, but also by their geometries, internal layout or applied fields. Such structures already allow building
metalenses (with tunable optical properties), devices with engineered emission and / or absorption bands in the
optical, microwave or THz range, and in general, dynamically reconfigurable properties. Contrary to existing
structures, for which particle detector geometries have to some extent been optimized, such novel materials
may enable reconsidering earlier optimization processes, may enable novel functionalities or may extend existing
functionalities.

Work Package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-3a a (X) (X) (X) X
( tailored materials )

WP-3a b (X) (X) (X) X
( extended functionalities )

Table 6: Quantum sensor families impacted by R&D in WP-3a
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8.1 WP-4a: Multi-modal devices (e.g. Opto-mechanical systems, transduction)

A signal induced in a sensor is often not read out directly. In a crystal calorimeter, energy deposits are converted
into light that is detected with a photodetector that converts the collected photons into an electrical signal that
is measured. In the realm of quantum sensors there are many area of transduction. In impulse metrology a tiny
displacement of a mechanical resonator is often measured through interferometry of laser beams. Transduction
from microwave to optical frequencies is also heavily deployed. In optomechanical systems the limitations of
microwave (GHz) piezo-optomechanical devices need to be overcome to increase their sensitivity. Spin-photon
interactions can be measured through optical iterrogation of the spin states or through magnetometry. Spin
defects in 2D materials o↵er the potential for integration into hybrid quantum systems. The relative ease of
tuning defects in 2D materials and their heterostructures via stacking, nanoscale patterning, selective doping,
and strain engineering make these material systems attractive for the creation of quantum transducers.

8.2 WP-4b: Quantum-system-inspired parallel readout

Cryogenic detector arrays, such as TES, face the same challenge as other greatly scaled-up detector ensembles,
that of readout of such large structures. Contrary to the sequential readout that probes each detector element
individually one after the next, these systems have focused on development of e�cient global readout by identify-
ing the specific element of the ensemble that has seen a signal through the e↵ect of that element on the electrical
properties of the specific circuit coupled to that element. Specifically, resonance parameters of a large number
of circuits (each with slightly di↵erent resonance parameters) are probed in parallel, resulting in a ”comb” of
frequencies. A change in one element will change the resonance frequency specific to that element on the time
scale of the detector element response. Such approaches are used in e.g. satellite-based TES photon detectors [?]
or continuous readout of the Square Kilometer Array [?].

Adapting such an approach to other high granularity (spatial and / or temporal) detector technologies by
associating each detector element to an element-specific local readout circuit, and probing the global multispectral
response of the overall ensemble of detector elements is daunting, but could allow alleviating some of the challenges
of existing. sequential (readout time) or parallel (number of readout channels, and thus required services) readout
approaches, e↵ectively leading to a ”Quantum DAQ”. Issues such as triggered or collision-linked readout (in
the case of High Energy physics accelerator-based systems) or of designing element specific circuits (in the case
elements are not solid-state based) will need to be addressed.

Work Package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-4a (X) X X
( multi-modal devices )

WP-4b X (X) X
( quantum-inspired R/O )

Table 8: Quantum sensor families impacted by R&D in WP-4
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WP-4 : READOUT OF LARGE ENSEMBLES OF QUANTUM SYSTEMS

WP-4a: Multi-modal devices (e.g. Opto-mechanical systems, transduction)

WP-4b: Quantum-system-inspired parallel readout

Quantum sensors: resonance parameters of a large number of circuits (each with slightly different resonance 
parameters) are probed in parallel, resulting in a ”forest” of frequencies. A change in one element will change the 
resonance frequency specific to that element on the time scale of the detector element response: parallel R/O

Global multispectral response of an very large ensemble of detector elements could allow alleviating some of the 
challenges of existing sequential (readout time) or parallel (number of readout channels, and thus required services) 
readout approaches, effectively leading to a ”Quantum DAQ”. 

Challenges: timing in triggered or collision-linked readout (in the case of High Energy physics accelerator-based 
systems) ; design of element-specific circuits (in the case elements are not solid-state based)

Scaling up from a small number of sensors to large ensembles: challenge of readout, of optimal mode

Change from one mode (e.g. mechanical, microwave) to another (e.g. interferometry, optical): transduction

Scaling up from a large number of (HEP) sensors to extremely large ensembles: novel approaches to R/O needed?

Challenges:
 
• In optomechanical systems the limitations of microwave (GHz) piezo-optomechanical devices need to be overcome to 
  increase their sensitivity. 
• Spin-photon interactions can be measured through optical iterrogation of the spin states or through magnetometry. 
• Spin defects in 2D materials offer the potential for integration into hybrid quantum systems. 
• The relative ease of tuning defects in 2D materials and their heterostructures via stacking, nanoscale patterning, selective
  doping, and strain engineering make these material systems attractive for the creation of quantum transducers.



WP-5 : SCALING UP “QUANTUM”

9. WP-5: SCALING UP “QUANTUM”

Typical quantum sensing systems are at or below the nanometer or single sensor scale while, at least for high
energy physics applications but also for enhanced sensitivity of e.g. levitated macroscopic systems, scaling up to
much larger dimensions than is currently feasible is needed. In this Work Package, the challenge of incorporating
quantum systems in large-scale devices without losing their (local) quantum behavior will be tackled. This can
require manipulating bulk matter, such as NV-diamonds, in such a manner that a very large fraction of the
spins are aligned or incorporating individual quantum systems such as quantum dots in bulk systems, such as
scintillating materials). Another aspect of scaling up quantum systems is constructing very large surface areas or
“target volume” Superconducting Nanowire Single Photon Detectors [?], graphene mono-layers [?] or constructing
or engineering materials at the nano-scale such that local quantum behavior results in desired properties such as
those of engineered multi-layer heterostructures. Heterodox approaches by combining established technologies
from di↵erent fields, such as Quantum Cascade lasers with silicon position sensitive detectors, or incorporating
scintillating nanodots into tracking devices (DotPix) [?] can potentially lead to new or enhanced capabilities for
detection and characterization of particles at high energies.

work package clocks & supercon- kinetic atoms/ions opto- nano-engineered
networks ducting sensors /molecules mechanical / low-dimensional

WP-5a ( spin ensembles ) X X X X X
WP-5b ( hybrid devices ) (X) X

Table 7: Quantum sensor families impacted by R&D in WP-5

9.1 WP-5a: Massive spin polarized ensembles

Three overarching categories of massive spin-based detectors have been considered:

• levitated ferromagnetic torque sensors (overlaps with spinor BEC and optomechanical accelerometer)

• molecules with radioisotopes for eEDM

• large volume, high density, highly spin-polarized samples (for HEP and exotic spin-dependent samples, but
also magnons)

Where are we? What do we need to happen?

The first category is sensitive to local sources or ultra-low energy bosonic fields. Spin samples with long co-
herence times such as ferromagnetic particles (10 µm particulates floated in vacuum at 10 mK) should be many
orders of magnitude more sensitive than existing systems (e.g. NVD, BEC). Arrays of these micro-particulates
should be possible. A consortium of groups in Europe and US collaborators working on this category already
exists.

What is needed is development beyond state-of-the-art (superconducting) readout electronics, much better
vacuum, purity/flux trapping of superconductors needed for suspending/levitating the bulk samples. Both the
existing community and large-scale HEP labs have quite some expertise in the required areas.

The second category concerns molecules with radionuclides for eEDM searches, with a reach in terms of
SUSY sensitivity beyond 10 TeV masses. Given the overlap with WP 3 (exotic systems in traps and beams),
this category, dealing mainly with small numbers of probed molecules, is subsumed under WP 3, although in
specific cases, bulk amounts of such spin-oriented molecules are needed.
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WP-5b a: Scintillators

WP 5b b: Ensembles of heterostructures

WP-5b c: Heterodox devices

WP-5a: Massive spin polarized ensembles

WP-5b: Hybrid devices



WP-6 : CAPABILITY DRIVEN DESIGN

work package clocks & super- kinetic atoms/ions/ opto- nano-engineered
networks conducting sensors molecules mechanical / low-dimensional

WP-6a (Education) X X X X X X
WP-6b (Exchange platforms) X X X X X X
WP-6c (Test infrastructure) X X X X X X

Table 8: Quantum sensor families impacted by R&D in WP-6

10.1 WP-6a: Equity, Diversity and Inclusion

Quantum information science is a nascent area of research and provides a unique opportunity to make this
research area fully equitable, diverse and inclusive. This DRD aims at integrating diversity, equity and inclusion
as an intrinsic element towards advancing scientific excellence through quantum science research and at creating
a research environment in which all members of the team feel they belong and can reach their full potential.

Diversity fosters creativity, empowers professional and personal growth and enriches the scientific community.
The strategy of this DRD is to provide mentoring and professional development opportunities to everyone within
the DRD. Every e↵ort will be given to provide for a safe, and professional research and training environment
to foster a sense of belonging among all members of the team. A key objective is to support training a new
generation of experts in the field of quantum information science. As noted in section 10, this DRD intends to
create a vigorous research-and-training program for students with targeted e↵orts to include underrepresented
minority students. Mentorship will be provided to early-career members, with the goal of enabling their growth
and pursue a successful career in science.

Another important goal is to create opportunities for underrepresented students across science, technology,
engineering, and mathematics through internship programs. We will encourage the participating institutions to
host interns for extended periods of time. These interns will work side-by-side with more senior scientists on
research projects and participate in team meetings. All researchers will take a proactive role in mentoring the
interns. This will not only provide for a meaningful research experience, but also help increase the representation
of underrepresented groups and contribute to an overall more diverse and inclusive research community. The
details of the internships will of course be decided by the host institution, but interns will be asked to deliver
a summary of their work to the entire research team at the end of the internship, as a presentation and as a
summary that will be shared with the DRD management. Feedback will be given by the full DRD team.

An important element in creating an inclusive environment is the ability to speak freely. Within RDq
group members will take other people’s ideas seriously and recognize that they might understand concepts
and approach problems di↵erently. Exclusion or derision of others based on di↵erent viewpoints will not be
tolerated. All members are encouraged to share thoughts that could help improve any aspect of the operation of
the collaboration. Micro-aggression, explicit, implicit, or unintended bias will be confronted. In group settings
people’s identities, culture and cultural norms, as well as language will be respected. Comments made with good
intentions can still be hurtful. RDq will strive to be aware of how our words impact others.

10.2 WP-6b: Education platforms

Advancements in applications based on the quantum properties of systems require interdisciplinary approaches.
Currently, most higher education institutions o↵er specialization in QT at the postgraduate level of Physics
studies. However, the existing education schemes do not adequately prepare engineers and other specialists for
the widespread adoption of QT in both frontier science and industry. Without a specialized workforce, the
development of the field will be hindered unless appropriate measures are taken.

]textcolorredDiversity has to be part and parcel of the education e↵orts.... To address these challenges, the
following three pillars are considered to be crucial:
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(includes WP-6a: Equity, Diversity and Inclusion)WP-6b: Education platforms

WP-6c: Exchange platforms

WP-6d: Shared infrastructures
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RESOURCES BOARD:

one spokesperson, one deputy spokesperson, chairs of CB, RB and project evaluation board
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WP- and sub-WP coordinators from the 6 Working Groups; an equal number of Quantum Sensor family 
representatives elected by all participants; one representative / institute

elected structure consisting of experts from within the Collaboration (can be WG coordinators)

??? TO BE DEFINED ???
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CERN

DESY

FermiLab

ORNL

Tokyo / KEK

IISc / TIFR

HEP-related Quantum initiatives

ENSURE A WELL-BALANCED DISTRIBUTION OF WP-COORDINATORS, SUB-WP COORDINATORS, SPOKESPERSON
NOMINATIONS BY CB and/or SPOKESPERSON; CB SHALL ELECT

LIMITED TERMS OF OFFICE: 1 OR 2 YEARS? RENEWABLE? CB SHALL DECIDE
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 Considering that:
CERN as the Host Laboratory and various Institutions and Funding Agencies have expressed their interest in carrying out 
together long-term quantum sensor-based detector R&D for future particle physics experiments at CERN (e.g. HL- LHC, 
ILC, FCC, etc.) and elsewhere, which also includes an educational component;
These R&D detector activities share a commonality in that they are generic by nature, potentially comprise initial computer 
simulations, concept sub-module design, (rapid) detector component prototyping testing and integration, potential end-user 
need analysis and more, and are to be performed at participating particle physics institutes. 
These R&D detector activities at IdeaSquare are known collectively as the “DRD5 / RD-q” Programme whose objective is to 
explore new quantum sensor-based detector technologies for future particle physics physics experiments at CERN and 
elsewhere, while engaging students from different fields of interest and industry;
If the GRADE Programme proves successful, it may, in due course, result in a formal proposal for larger-scale follow-up 
programmes or experiments at CERN;
Depending on the case, there may be activities involving industrial partners, to be laid down in separate collaboration 
agreements on terms consistent with this MoU and/or the MoU governing any future follow-up programmes or experiments. 
Likewise, there may be opportunities for contributions by students that are not linked to any of the parties, similarly on terms 
that are consistent with the applicable MoU;
On (enter date) the CERN Research Board approved the DRD5 / RD-q Programme, subject to a number of comments 
concerning governance that are reflected in the terms of this MoU; 

Through this MoU (including its Annexes and Amendments) the parties’ obligations in the implementation of the DRD5 / 
RD-q Programme are defined:

Existing lightweight Memorandum of Understanding (MOU) for the GRADE R&D
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 Article 1: Purpose
1.1 This MoU defines the terms of participation of the parties in the DRD5 / RD-q Programme, always for non-military purposes 

only. 
1.2 Except as otherwise stated, the implementation of an experiment within the framework of the DRD5 / RD-q Programme is 

subject to the General Conditions applicable to Experiments at CERN (“the General Conditions”), attached to this MoU as 
Annex 2.

1.3 Experiments are admitted to the DRD5 / RD-q programme on the basis of a proposal submitted to the Director of Research 
and Computing, who will be advised by a small standing committee that will be convened as appropriate.

1.4 With the exception of Article 7 and Annex 2, this MoU is not binding upon the parties, but it is recognised by the parties that 
adherence to its provisions is fundamental for the success of the GRADE Programme.

2.         Article 2: Parties
The parties are CERN as the Host Laboratory and the Institutions participating in an R&D activity within the framework of 
the DRD5 / RD-q Programme and, as the case may be, their Funding Agencies. For each institution a specific Addendum 
will be drawn up and the parties signing the form set out in Annex 1 will thereby become a party to this MoU. The current 
list of such Institutions and/or Funding Agencies and their representatives is given in Annex 3.

3. Article 3: Duration  
This MoU will remain in force until/inclusive completion of the DRD5 / RD-q Programme, or the ceasing of its approval by 
the CERN Research Board.

 Article 4: Scope of Work 
4.1 The scope of activities for each R&D activity within the DRD5 / RD-q Programme, and each party’s contribution thereto, 

which may include modest financial contributions to common expenses, are set out in the Addendum covering that particular 
institute’s activity. The parties to each R&D activity shall agree between themselves on the detailed specifications of the 
work, which they may decide to define in Annexes to the Addendum.
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4.2 Any in-kind contributions shall be deemed to have no financial value.
4.3 A party may withdraw from an experiment, and thereby from this MoU, by giving six months’ written notice to the Chairperson of the Collaboration 

Board of the experiment.

Article 5: Responsibilities of CERN as Host Laboratory
5.1 The obligations of CERN as the Host Laboratory of the DRD5 / RD-q Programme are set out in the General Conditions. 
5.2 CERN’s specific support as the Host Laboratory includes granting access to the CERN IdeaSquare premises (i.e. shared offices and laboratory 

space), coordination support across related activities and limited material resources agreed on a case-by-case with the IdeaSquare Program 
Coordinator and the CERN Director of Research and Computing.

Article 6: Governance
6.1 Each R&D activity within the DRD5 / RD-q Programme shall be managed by a Collaboration Board, consisting of one representative from each 

party to the experiment, including the IdeaSquare Programme Coordinator, or any other a representative appointed by CERN to represent it as the 
Host Laboratory. 

6.2 Each Collaboration Board shall elect from among its members a Chairperson for that board. 

6.3 Each Collaboration Board shall define project milestones for its R&D activity which will be monitored by the standing committee referred to in 
Article 1.3. CERN’s Director for Research and Computing shall annually report progress of the experiments in the DRD5 / RD-q Programme and 
progress of the DRD5 / RD-q Programme itself to the CERN Research Board.

Article 7: Intellectual Property

7.1 CERN is bound by its Convention to publish or otherwise make generally available the results of its experimental and theoretical work.

7.2 Except as otherwise agreed, the parties shall publish and make publicly available all results from the experiments within the DRD5 / RD-q 
Programme and all proprietary information, whether pre-existing or developed in the course of the experiment, that it has contributed to the 
experiment. In particular, they shall make software available under Open Source license conditions, hardware designs available under Open 
Hardware licenses, and results from the experiment available through Open Access publications.
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 ANNEX 1 

The European Organization for Nuclear Research (CERN)
as the Host Laboratory of the DRD5 / RD-q Programme

and

………………………………….. participating in the [……..] experiment within the DRD5 / RD-q Programme

declare that this Addendum and the Memorandum of Understanding for providing a framework for the implementation of 
experiments within the DRD5 / RD-q  Programme, govern the implementation of the experiment. 

Done in Geneva on …………….......................................................  

for CERN   

by nnn  
Director of Research and Computing              

Done in ………….... on ………

for ………………………………

by [Team Leader]   
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FINANCIAL ASPECTS

Draft Proposal:

No entrance fees, no annual contributions for academic partners.

Finally, we foresee a resources review board, whose composition and membership rules are still under discussion, and 
whose role would be to provide an external viewpoint from among world experts in quantum sensing on the expenditures 
and sharing of costs of the Collaboration’s R&D and on possible re-prioritizations.

Tiered annual contributions for industrial partners ?  (what rights, which obligations?)
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Article 7: Intellectual Property

7.1 CERN is bound by its Convention to publish or otherwise make generally available the results of its experimental and 
theoretical work.

7.2 Except as otherwise agreed, the parties shall publish and make publicly available all results from the experiments within the 
DRD5 / RD-q Programme and all proprietary information, whether pre-existing or developed in the course of the experiment, 
that it has contributed to the experiment. In particular, they shall make software available under Open Source license 
conditions, hardware designs available under Open Hardware licenses, and results from the experiment available through 
Open Access publications.

Draft Proposal:

12.4 IP issues and industrial involvement)

With the very rapid progress in the field of quantum sensing, industrial and commercial partners can be expected to be 
involved either as direct partners with specific collaborating institutes, or as interested participants. We do not foresee that 
such partners will become collaborators themselves, but do foresee a membership model in which such partners are 
informed of activities and progress on different detector R&D thrusts. Specific commercial / industrial membership models 
may in turn be considered in light of their implications for addressing collaborative resource challenges.

At this point in time, the specific details of interaction with industrial/commercial partners are however not yet completely 
defined, also regarding their voice in potentially shaping some of the research directions. Issues such as patents, 
interaction with industry, licensing, sharing of IP (prior, created during collaboration, after a group leaves) will be defined in 
the initial phase of forming this Collaboration, with the base-line understanding that IP created by Collaborators belongs to 
them and their potential external partners (no common ownership), but that access to IP created in the context of the 
Collaboration shall remain available to the Collaboration members indefinitely, possibly against minimal licensing fees in 
the case the Collaborator from whom the IP stems leaves the Collaboration. Given the worldwide interest in this field, the 
numerous actors involved, and the very active presence of, and collaboration with, industrial partners, a model relying on 
open IP is inappropriate to this Collaboration.
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Discussion focus: Work package content, sub-WP focus, organizational aspects 

• which institutes are involved in which WP? Which resources are required?

• evaluation by DRDC: milestones, deliverables: formulation of 
  the specifics of a WP, its goals, its intermediate steps?

• are we missing important topics, are some topics superfluous (because  
  groups are already working on it), does the text need to be reformulated?

not foresee that such partners will become collaborators themselves, but do foresee a membership model in which
such partners are informed of activities and progress on di↵erent detector R&D thrusts. Specific commercial /
industrial membership models may in turn be considered in light of their implications for addressing collaborative
resource challenges.

At this point in time, the specific details of interaction with industrial/commercial partners are however not
yet completely defined, also regarding their voice in potentially shaping some of the research directions. Issues
such as patents, interaction with industry, licensing, sharing of IP (prior, created during collaboration, after a
group leaves) will be defined in the initial phase of forming this Collaboration, with the base-line understanding
that IP created by Collaborators belongs to them and their potential external partners (no common ownership),
but that access to IP created in the context of the Collaboration shall remain available to the Collaboration
members indefinitely, possibly against minimal licensing fees in the case the Collaborator from whom the IP
stems leaves the Collaboration. Given the worldwide interest in this field, the numerous actors involved, and the
very active presence of, and collaboration with, industrial partners, a model relying on open IP is inappropriate
to this Collaboration.

12.5 Resources and responsibilities

The responsibilities and resources for the targeted WP’s are distributed on a global scale. The following two
tables provide a snapshot of the institutes currently active in the technology area of the di↵erent work packages
and having expressed an interest in furthering their goals towards the aimed-for milestones, as well as providing
an overview of the involved (available and additionally required) resources.

Table 12 summarizes the expressed interests to be involved in specific WP’s by individual institutes. This
list is by no means exhaustive and will evolve over time.

institute WP-1 WP-2 WP-3 WP-4 WP-5 WP-6
name X X X X X

Table 12: Mapping of institutes to Work Packages (expression of interest)

Table 13 summarizes the available resources and additionally needed resources for each WP (per annum, over
the next 5 years) within the DRD5 / RDq collaboration.

WP FTE (available) budget (available, M€) FTE (additional need) budget (additional need, M€)
WP-1
WP-2 2.5 0.15 2.5 0.15
WP-3 2.5 0.15 2.5 0.3
WP-4 2.5 0.15 0.2
WP-5 0.5 0.05
WP-6

Table 13: Estimate of annually available resources (financial, manpower) within the DRD5 / RDq collaboration
and annually additionally required needs (financial, manpower) over the next 5 years to tackle the individual
WP’s.

13. SIGNATORIES

In the following, the list of signatories to the above document is provided, together with their institutional
a�liation, with the understanding that this expression of interest by the signatories in no way implies any
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but that access to IP created in the context of the Collaboration shall remain available to the Collaboration
members indefinitely, possibly against minimal licensing fees in the case the Collaborator from whom the IP
stems leaves the Collaboration. Given the worldwide interest in this field, the numerous actors involved, and the
very active presence of, and collaboration with, industrial partners, a model relying on open IP is inappropriate
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The responsibilities and resources for the targeted WP’s are distributed on a global scale. The following two
tables provide a snapshot of the institutes currently active in the technology area of the di↵erent work packages
and having expressed an interest in furthering their goals towards the aimed-for milestones, as well as providing
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WP FTE (available) budget (available, M€) FTE (additional need) budget (additional need, M€)
WP-1
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WP-4 2.5 0.15 0.2
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Table 13: Estimate of annually available resources (financial, manpower) within the DRD5 / RDq collaboration
and annually additionally required needs (financial, manpower) over the next 5 years to tackle the individual
WP’s.

13. SIGNATORIES

In the following, the list of signatories to the above document is provided, together with their institutional
a�liation, with the understanding that this expression of interest by the signatories in no way implies any
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to submit the proposal, we’ll need to show that this initiative is welcome
= a list of institutes willing to commit to work on one or more of the WP’s
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all interested parties should read draft proposal, propose changes to conveners
     (formulation of the specifics of a WP, its goals, its intermediate steps)

 which institutes are involved in which WP?

  for evaluation by DRDC: milestones, deliverables
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but that access to IP created in the context of the Collaboration shall remain available to the Collaboration
members indefinitely, possibly against minimal licensing fees in the case the Collaborator from whom the IP
stems leaves the Collaboration. Given the worldwide interest in this field, the numerous actors involved, and the
very active presence of, and collaboration with, industrial partners, a model relying on open IP is inappropriate
to this Collaboration.
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The responsibilities and resources for the targeted WP’s are distributed on a global scale. The following two
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members indefinitely, possibly against minimal licensing fees in the case the Collaborator from whom the IP
stems leaves the Collaboration. Given the worldwide interest in this field, the numerous actors involved, and the
very active presence of, and collaboration with, industrial partners, a model relying on open IP is inappropriate
to this Collaboration.
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list is by no means exhaustive and will evolve over time.

institute WP-1 WP-2 WP-3 WP-4 WP-5 WP-6
name X X X X X

Table 12: Mapping of institutes to Work Packages (expression of interest)

Table 13 summarizes the available resources and additionally needed resources for each WP (per annum, over
the next 5 years) within the DRD5 / RDq collaboration.

WP FTE (available) budget (available, M€) FTE (additional need) budget (additional need, M€)
WP-1
WP-2 2.5 0.15 2.5 0.15
WP-3 2.5 0.15 2.5 0.3
WP-4 2.5 0.15 0.2
WP-5 0.5 0.05
WP-6

Table 13: Estimate of annually available resources (financial, manpower) within the DRD5 / RDq collaboration
and annually additionally required needs (financial, manpower) over the next 5 years to tackle the individual
WP’s.

13. SIGNATORIES

In the following, the list of signatories to the above document is provided, together with their institutional
a�liation, with the understanding that this expression of interest by the signatories in no way implies any
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list of conveners & their focus will be circulated and posted on DRD5/RD-q website

compact, achievable, time horizon ~ 5 years, mixed (conferences, schools, White 
Paper, exchange platform - in addition to technical milestones/deliverables)

which resources are required?

numbers from all institutes conflated, suggest required ~ available



DRD5 / RD-q : SUMMARY & NEXT STEPS: DISTRIBUTION OF WORK & RESPONSIBILITIES

timeline:

October, November: interaction between interested parties, conveners, M.D & M.D.

regular interactions between DRDC, ECFA, M.D.2

end November: version 0.9 of proposal with all currently open questions addressed

in parallel: discussions with CERN, institutes, regarding form & content of MOU

in principle aiming to be ready to submit a tentative proposal to the DRDC by end of year

December: formation of proto-collaboration; first meeting of CB to elect officials


