
DRD5:

Michael Doser, Marcel Demarteau (and many contributors)

A global initiative on R&D on quantum sensors and emerging technologies for particle physics*

* spanning from very low energy to high energy particle physics



Applied (detectors) Fundamental physics

Improved quantum measurements

Broad range of application for quantum sensing

Searches for dark matter

Probing of fundamental symmetries (via particle,

     atomic, molecular EDM’s, spectroscopy)

Gravitational waves

Searches for novel couplings

Novel designer materials

Extreme sensitivity: candidate techniques for

    ultra-low interaction energy scales

Gravitational wave detection

Novel types of detectors

Tests of fundamental symmetries and interactions

Foundational questions

Exploit full power of Quantum Mechanics
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Example: searches for dark matter
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Many fundamental physics areas where quantum sensing can have a real impact, but for e.g. UL-DM, QS is essential



Challenge 1: non-HEP communities, need to establish trust, mutual interest, 
benefits for all involved

Goals of DRD5:

Among the very many areas and technologies being worked on worldwide,


• Identify key quantum/emerging technologies (within the ECFA roadmap)


• Within these, identify key topics which would most benefit the

  corresponding communities but that are not being addressed because 

  they go beyond what individual groups can tackle 

 


• On these topics, identify groups that are willing to participate in a global

  collaborative effort

Challenge 2: need to grow a corresponding community (unlike other DRD’s)
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(where is collaboration useful?)

(where is collaboration relevant?)

(where is collaboration welcome?)



Timeline:
2021-2022: ECFA roadmap  (top-down)

      • Identify key quantum/emerging technologies

2023: transform roadmap into proposal (bottom-up)

   • Identify key figures in the communities        ~30 contributors

   • Workshop to identify relevant WP-able groupings (April)

   • proto-proposal (September)

   • public workshop to fine-tune WP’s, milestones, deliverables (October)

   • final proposal formulated and circulated (January ’24)

   • call for participation (ongoing) 

   • in parallel, constant communication & community building

Our WP deliverables emphasize the initial community 
building. This forms the necessary basis for the technical 
specifications that will be required in order to achieve the 
goal of ultimately producing better devices
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Roadmap topics Proposal themes Proposal WP’s

sensing families at a technical level, this document takes an intermediate approach. The following chapters pro-163

pose a number of high-level Work Package-like lines of attack and highlight which areas among the six families164

of the ECFA roadmap are impacted by focused R&D on each of them, before focusing more narrowly on those165

aspects of the WPs that allow formulation in terms of specific goals, timelines, milestones and deliverables.166

This structure thus mainly highlights the identified high-level and medium-level work packages, discusses the167

sub-families of technologies and systems that comprise them, and points out areas within them that would best168

be tackled by a collaborative global approach. In a number of cases, a brief reminder of the salient physics169

rationales for the specific quantum sensing families that comprise the di↵erent WPs will be given.170

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 Atomic, Nuclear X X (X)
and Molecular Systems

in traps & beams

WP2 Quantum (X) (X) X X
Materials (0-, 1-, 2-D)

WP3 Quantum super- X (X)
conducting devices

WP4 Scaled-up X (X) X (X) X
massive ensembles

(spin-sensitive devices,
hybrid devices,

mechanical sensors)

WP5 Quantum X X X X X
Techniques for Sensing

WP6 Capacity X X X X X X
expansion

Table 2. High-level work packages (built on identified global challenges) and their overlap (indicated by ”X”) with the
quantum sensor families of the ECFA detector R&D roadmap. Parentheses indicate a tentative or potential impact.
These work packages can encompass both experimental and theoretical aspects.

5. WP-1 : ATOMIC, NUCLEAR AND MOLECULAR SYSTEMS AND171

NANOPARTICLES IN TRAPS & BEAMS172

This work package covers three large areas: exotic systems (such as Rydberg systems, radio-isotopes, Highly173

Charged Ions - HCIs, or nanoparticles), atom interferometry (with a focus on their potential for dark matter174

searches and their sensitivity to gravitational waves) and clocks (atomic, nuclear, ionic, molecular) and the175

challenges related to establishing networks of them. The three areas naturally result in sub-WP’s (WP-1a,176

WP-1b and WP-1c), each with their own timelines and milestones.177

5.1 WP-1a : Exotic systems in traps and beams178

High sensitivity searches for physics beyond the standard model (BSM) or for violations of fundamental symme-179

tries rely on probing a wide range of systems (trapped atoms, ions, molecules, nanoparticles, or beams thereof).180

While these systems have already led to highly sensitive searches for new physics through precision measurements181

3

Roadmap topics
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Ensure that all sensor families that were identified in the roadmap

as relevant to future advances in particle physics are included

          WP         sub-WP          sub-sub-WP   
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WP-1a : Exotic systems in traps and beams WP-1b : Atom Interferometry WP-1c: Networks, Signal and Clock distribution

WP-1a_a: extension and improved 
manipulation of exotic systems

WP-1a_b: Bound state calculations

WP-1a c: Global analysis in the presence 
of new physics

WP-1b a: Terrestrial Very-Long-Baseline 
Atom Interferometry Roadmap

WP-1b b: High-Precision Atom Interferometry

WP-1c a: Large-scale clock network

WP-1c b: Portable references and sources

( Time and frequency distribution via space )

cross-WP activity

Figure 1. Existing and future trans-European optical clock network

5.3.3 WP-1c b: Portable references and sources424

While direct distribution of optical frequencies via a trans-national optical clock network is feasible within a425

geographic region such as Europe, this is much more challenging on a global scale. To tackle the problem of426

comparing clocks at geographically widely separated stations, an alternative to optical distribution of a reference427

frequency is to clone a well-established reference, and geographically distribute identical systems. This requires428

the design and fabrication of standardized portable references, bearing in mind that both neutrals and charged429

species can play the role of reference clock systems.430

Similar distribution needs are also apparent in the case of a generalization of beam-to-trap-to-beam sample ion431

approaches (WP-1a). Investigations relying on ions of radio-isotopes produced at facilities are currently limited432

to experiments carried out at the production facilities themselves, which are not necessarily the environments433

best suited to precision measurements. Portable devices for charged ions would allow transporting moderately434

long-lived species to a wide range of high-precision measurement devices.435

Optical clocks based on neutral atoms in optical lattices and single ions in RF Paul traps are well-established436

as frequency standards [71]. Laboratory systems based on both technologies have demonstrated accuracy and437

stability near the design goals set out in this document, but this level of performance has not yet been demon-438

strated in a transportable package. Several e↵orts are currently underway around the world to design compact,439

robust optical clock systems that can be used for metrological applications, such as comparisons of frequency440

standards across intercontinental distances [85, 86].441

Because the proposed tests of fundamental physics based on atomic clocks are demanding in terms of clock442

stability and clock accuracy, the design goals set out here for portable clocks meet or exceed the most ambitious443

proposals existing for international metrology. There is a need to first identify promising atomic species and444

system architectures that can meet the competing goals of very high performance, transportability, and cost.445

The choice of atomic species impacts the type of trap, the set of laser systems, and the level of control of446

environmental conditions that are necessary for operating the clock and meeting the performance requirements.447

Careful engineering of these systems to withstand and quickly recover from environmental shocks experienced448

during transport will be critical. A standardized approach relying on miniaturization and established readily449

available components would be greatly beneficial.450

5.3.4 Time and frequency distribution via space451

Another approach for comparing clocks at geographically separated stations not linked by optical fiber, is to do so452

from space, and approach that combines the challenges of WP-1ca and WP-1cb. The advantage of this method is453

10

Visions:

A birds-eye view on the landscape of 
well-motivated new physics scenarios 
and their effects on different 
measurements. 

Match (future) experimental precision with 
improved precision in theory for simple 2 
or 3 body systems, allowing testing QED, 
BSM, nuclear properties, fundamental 
symmetries, in all possible bound systems.

Widely expanded set of systems and of 
tools to form, manipulate and study them 
(atoms, molecules, ions, trapped 
nanoparticles; improved production, 
trapping and cooling techniques) 

At least one km-scale detector 
operational by 2035, and preparation for 
a space-based atom-interferometry 
mission  

Several orders of magnitude gain in 
sensitivity by:

Global network of high-stability and 
high-accuracy clocks: time-stamping to 
O(10ps) and distribution of a highly 
precise continuous clock signals as 
multiple references

Design and fabrication of standardized 
portable references (neutrals & charged); 
robust portable trapping systems.

WP1: Atomic, ionic, nuclear, molecular systems and nanoparticles
in traps and beams

• Increasing the source flux of ultra-cold 
Rb  and Sr atoms

• Advance on large momentum transfer 
techniques

• High repetition rate set-ups

• Deployment of entangled atoms
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( build on existing efforts / roadmaps / interest : involve & mesh with communities such that fundamental physics questions are well integrated)



that it can reach any reasonable location on Earth, and possibly in real-time, depending on the implementation.454

Here, the time and frequency information from a ground station, typically a national metrology institute hosting455

ultra-precise and ultra-stable clocks, is sent to a transponder on a satellite and from there to any user elsewhere456

on the Earth surface. This time/frequency distribution requires sophisticated technology, in particular two-way457

transfer. Di↵erent approaches exist (pulsed optical, microwave), and they are at di↵erent levels of technology458

readiness. The hardware for the each ground user could eventually become of a↵ordable cost.459

ESA will launch the mission ”ACES” to the ISS in 2025 to demonstrate the first-generation technology,460

enabling comparisons of clocks at the sub-1E-16 level. These clocks can be located at moderate distances or on461

di↵erent continents. A study on a next-generation transponder mission has been undertaken by ESA, promising462

1E-18 level comparisons. The implementation of a next-generation mission requires the support of the community.463

5.4 Milestones and deliverables WP-1 (years 1 / 3 / 5)464

This WP seeks to build and develop a collaborative e↵ort to pursue fundamental physics searches using quantum465

sensors as ”clocks”. Two approaches are followed; a networked approach where the clocks are connected via466

glass fibre, and by the development of high-specification, robust, reliable and transportable reference clocks.467

The goal is to move beyond the current single point-to-point connections, which mainly rely on local or national468

initiatives. There is a strong case for cross-national collaborative e↵orts to improve the sensitivity of fundamental469

physics searches, and extract a higher value out of the individual existing e↵orts. Addressing technical issues470

of implementation will constitute part of the milestones of this WP. On the other hand, for situations where471

geographic distances between nodes are great and cover thinly populated areas, a direct alternative to fiber472

optical distribution of a reference frequency must involve transportable references, as a precursor to eventual473

satellite-based systems.474

Milestones are underlined, deliverables are in italic.475

WP-1a (exotic systems)

WP1a a Trap advances Extended nb of systems Cooling (all systems)

(exotic systems) workshop white paper tech demonstrator

WP1a b Improved bound state QED and nuclear structure theory calculations

(calculations) (continuous improvements)

WP1a c initial study study report updated study

(global analysis) publication

WP-1b (interferometry)

WP1b a community building instrumentation study atom flux study

(TVLBAI) proto-collab formation white paper R&D roadmap

WP1b b optics & high flux study high rate operation

(high precision) improved flux+probetime squeezing+rate demo

WP-1c (clocks & networks)

WP1c a institute connection study hardware test cross-border link

(clock networks) design report network testbed tech demonstrator

WP1c b define targets tech design study evaluate & recommend

(portable clocks) parameters paper specifications prototype selection

// // //

//

// // //

// // //

// //

// // //

// // //
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Workshop White paper Technology demonstrator

 Publication(s) 

White paperProto-collaboration formation R&D roadmap

Design report

Parameters paper Specifications Prototype selection

Network testbed

Improved flux & probe time Squeezing & rate demo

Continuous improvements (published)

Technology demonstrator

WP1: Atomic, ionic, nuclear, molecular systems and nanoparticles
in traps and beams

Milestones & Deliverables

Specific example: define the specifications for a real-time clock network

Technical developments

Conceptual / organizational developments
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WP2: Quantum materials (0-, 1- and 2-D materials)

WP-2a: Application-specific tailoring WP-2b: Extended functionalities WP-2c: Simulations

Exploring the landscape of possible building 
blocks of the low dimensional devices:

Quantum dots, nanocrystals, nano-platelets

Nanowires (also WP-3)

Mono-layers, surface deposition, surface 
treatments (thin films, also of 
superconductors)

(Building blocks for complex 
nanoscale “quantum materials”)

Optimized engineering for specific 
applications (e.g. scintillators)

Radiation hardness

Geometries, chemical composition, 
internal layout, environment: all play a 
role in shaping the properties of 
individual elements;

Full understanding of performance 
requires  accounting for interactions 
between the building blocks and their 
environment.

Visions:

WP2: Quantum materials (0-, 1- & 2-D) materials

Extensive overview of what the design 
landscape enables on one hand, and what 
detector design benefits from.

Engineering of the building blocks of 
arbitrary nanocomposite material

Simulation packages need to go beyond the 
assumption of continuous media (G4) and 
incorporate processes at the local molecular 
scale;
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WP2: Quantum materials (0-, 1- and 2-D materials)

Such a new toolkit is envisioned to complement the existing models and simulations in libraries like Geant4 [97]550

which are extensively used in high-energy physics for modeling the passage of particles through matter. While551

Geant4 o↵ers a comprehensive collection of successful models for a broad range of materials and interaction types,552

the proposed toolkit would enhance these capabilities by providing more detailed simulations at the nanoscale,553

particularly for novel quantum materials. This integration would bridge the gap between macroscopic material554

models and the intricate behaviours of materials at the quantum level, thereby enriching our understanding and555

predictive capabilities for particle interactions in complex detector environments.556

A number of steps are required to reach the long-term goals which constitute natural WP milestones:557

• Integration Development: Develop a Geant4 extension module to simulate quantum dot behaviours and558

scintillator responses upon interaction with charged particles. This module will also capture interface559

dynamics with host materials (see WP-4), ensuring seamless integration and system compatibility.560

• Model Validation: Conduct a series of tests comparing simulation results with experimental data specifically561

for quantum dot-scintillator interactions, focusing on accuracy and reliability.562

• Optimization: Optimize the simulation parameters and algorithms for computational e�ciency and en-563

hanced simulation fidelity, particularly for scenarios unique to quantum dot, scintillating and host materi-564

als.565

The deliverables are:566

• Extended Geant4 Module: A fully functional Geant4 module capable of simulating particle interactions567

with quantum dots in scintillating materials, complete with documentation and user guides.568

• Validation and Performance Report: A concise report summarizing the validation results, performance569

benchmarks, and recommended applications of the extended module in particle physics research.570

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

WP-2a (X) (X) (X) X
( tailored materials )

WP-2b (X) (X) (X) X
( extended functionalities )

WP-2c (X) (X) (X) X
( simulations )

Table 6. Quantum sensor families impacted by R&D in WP-2

6.4 Milestones and deliverables WP-2 (years 1 / 3 / 5)571

Milestones are underlined, deliverables are in italic.572

WP-2 (0-,1- and 2-D materials)

WP-2a characterization protocol database definition populated db

(application-specific tailoring) protocol database prototype functional db

WP-2ab workshop/conference device designs novel hybrid devices

(extended functionalities) device concepts prototype devices functional devices

WP-2c status & desiderata prototype model benchmarked simulations

(simulations) report simulation SW designs validation report

// // //

// // //

// // //

14

protocol Functional databaseDatabase prototype

Prototype devices Functional devices

Report

Device concepts

Simulation SW designs  Validation report 

WP2: Quantum materials (0-, 1- & 2-D) materials (Building blocks for complex 
nanoscale “quantum materials”)

Milestones & Deliverables
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Fabrication of large arrays of such devices 
beyond the existing photon sensors

Investigation of role of high-Tc 
superconductors for HEP applications

WP3: Cryogenic materials, devices and systems

WP-3a: The 4K stage WP-3b: Cryogenic quantum sensors for 
particle and photon detection

WP 3c: Resilient integration of 
superconducting systems

Optimized, standardized and robust 
electronics for superconducting devices 
with minimal degradation of performance 
(ultra-low-noise amplifiers, arrayable high 
dynamic range amplifiers, integrated 
system building blocks, multiplexing for 
mega-pixel devices)

Optimized, standardized and robust 
packaging approaches; shielding 
against stray light, EMI, magnetic 
fields, operation in harsh environments; 
optimal thermal design

Visions:

WP3: Cryogenic materials, devices & systems 

Improved devices for photon and massive 
particle detection; 

improved modeling of charged-particle impact 
on full devices;

address need for a forest of high-resolution 
calibration lines between 50 keV and 300 keV

Library of validated modules
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Go beyond rule-of-thumb approaches to allow 
development, use and scaling up by numerous 
groups 



7.5 Milestones and deliverables WP-3 (years 1 / 3 / 5)879

Milestones are underlined, deliverables are in italic.880

WP-3 (Cryogenic systems)

WP3a design 4K ASIC

tape-out 4K ASIC library

fabrication 4K ASIC library release

(electronics at the 4K stage)

WP3b prototype beam tests

characterization

specifications integration in experiment

(calorimetry, tracking) Test Beam Operation of multi-channel

SC detector in beam

WP3c identification of challenges specification delivery

(resilient integration) System design Readout developed Multi-channel detector system

// // //

// // //

// // //

Example 1: Ultra-low-noise thin-film superconducting devices are central to the advanced of numerous
areas of fundamental physics, and considerable opportunities for innovation exist. For example, the
homodyne technique is used extensively in quantum optics experiments, but has not been realised
at microwave and millimetre wavelengths. It is entirely realistic to fabricate chip-based homodyne
detectors, where all power detectors and RF components are integrated on a single thin-film device.
These devices will operate in the classical to quantum transition, and could find extensive use in low-noise
microwave/millimetre/submillimetre-wave spectroscopy of the kind needed for ultra-light dark matter
searches, such as axions. This would make a significant innovative contribution to axion experiments.

Example 2: Hybrid systems with magnetic levitation and superconducting technologies can lead
to excellent sensors of acceleration, forces and electromagnetic fields, which can for instance be applied
to dark matter search experiments. SQUID-coupled devices, for example, can also be used for sensitive
readout or in hybrid optical-electro-mechanical approaches.

Example 3: SNSPDs exhibit superb position and timing resolution with very low background count,
short reset times and excellent e�ciency. Thin film technologies for high TC superconductors open up
the possibility of operating corresponding superconductor-based quantum sensors at easily accessible
temperature ranges that do not require dilution refrigerators. Already now, MgB2-based SNSPDs
operate at temperatures higher than 10 K. Using them as tracking detectors could open up new areas of
application such as deployment in Roman Pot detectors for forward physics where the demands on detector
performance are high, but the scale of the system is limited, or as tracking detectors for high-energy
milli-charged particles.

881

8. WP-4: SCALING UP “QUANTUM”882

Typical quantum sensing systems are at or below the nanometer or single sensor scale. For high energy physics883

applications but also for enhanced sensitivity of e.g. levitated macroscopic systems, nanofabricated accelerome-884

ters [115], or opto-mechanical and cavity-based dark matter [116] and gravitational wave searches, scaling up to885

23

WP3: Cryogenic materials, devices and systems

Library  4K  ASIC 

 Characterization 

Tape  out

System  design

 Test beam  Operation  of  multi-channel    
SC  detector  in  beam 

  Multi-channel detector system   Readout  developed 

WP3: Cryogenic materials, devices & systems 

Milestones & Deliverables
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WP4: Scaling up quantum

WP-4a: Massive spin polarized ensembles WP-4b: Hybrid devices

WP-4b a: Scintillators

WP 4b b: Ensembles of heterostructures

WP-4b c: Heterodox devices

WP-4c: Opto-Mechanical Sensors

• Levitated ferromagnetic torque sensors

• Molecules with radio-isotopes (for EDM 
searches)

• High-spin-polarization “targets” and 
“scattering planes” for HEP

• High-spin-polarization ensembles for 
spin-dependent interactions

Go beyond building blocks

HEP (Scintillators): full optimization of 
the complete chain: not just of the 
quantum dots but also of surface 
treatments, novel types of scintillators (e.g. 
quantum wells in semiconductors), 
embedding materials and photon detection 

Composite structures engineered for 
optimal performance and potentially 
combining different dimensionalities or 
compositions or geometries (work-function 
engineering, fine-tuning of charge transport 
in gaseous detectors, …)

Novel types of devices that use 
individual quantum elements to engineer 
new types of behavior, e.g. QCL coupled 
to silicon strip detectors.

Bulk systems of quantum-behavior 
exhibiting individual elements: levitated 
nanospheres, levitated torque sensors, 
arrays of cantilevered detectors, 
superfluid He sensors whose detection 
modality (mechanical) is different from 
the readout modality (optical)

(“Bulkification”)

Visions:

WP4: Scaling up Quantum ("bulkification")

Optimization of polarization:

Large ensembles of spin-polarized 
samples:

Optimization of sensors & interconnects
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WP4: Scaling up quantum

WP-4a (spin-polarized ensembles)

WP4a map of polarizable systems better polarizability bulk high polarization

workshop/report prototype

WP-4b (Hybrid systems)

WP4b a overview of technologies focus on HEP-relevance lab/beam tests

(Engineering at the nanoscale) report downselect

WP4b b tests of existing blocks engineering proposals prototype tests

(bulk heterostructures) report: outcomes/challenges

WP4b c conceptual studies feasibility studies prototypes

(heterodox devices) workshop on device concepts

WP-4c (opto-mechanical sensors)

WP4c sensor optimization coherent interconnects quantum network

workshop

// // //

// // //

// // //

// // //

// // //

Example 1: Optomechanical systems are currently utilized for highly sensitive measurements of dis-
placement, force, acceleration, magnetic and electric fields. Over the last decade, innovative strategies
employing non-classical measurement techniques have been shown to surpass the standard quantum limit
of individual sensors. Networking such systems together opens up the possibility of further enhancements
through collective measurements of multiple quantum-coherent sensors, as demonstrated by Ref. [138].
However, the optimal configuration and fundamental limits to collective measurements within networks of
quantum-coherent sensors remain relatively unexplored, as does their application to searches of physics
beyond the standard model.

Example 2: Theoretical investigations have shown that measuring the gravitational field of the
LHC beam should be within reach of single quantum-optomechanical sensors in the near future [139]. This
enables a new lab-scale test of General Relativity on mm-range distances, where the source of gravity is
almost pure kinetic energy rather than mass. On a medium- to long-term perspective, when cooled and
possibly squeezed particle beams become available, it might also allow measuring the gravitational field
of matter in a non-trivial quantum superposition. However, technical constraints might require a larger
distance of the sensor from the beam with correspondingly smaller gravitational acceleration. In this case,
a network of sensors along the beam could be read out with the common mode of a laser, using “coherent
averaging” [140, 141], with the signal/noise ratio being proportional to the number of sensors (see WP-5b).

1049

9. WP-5 : QUANTUM TECHNIQUES FOR SENSING1050

The Heisenberg Uncertainty Principle limits the sensitivity of measurements. This limit is placed on the si-1051

multaneous measurement of two non-commuting quantities, such as the amplitude and phase of a signal, for1052

28

Report

Workshop / report Prototype 

Technology selection

Report: outcomes / challenges

Workshop on device concepts

Workshop

WP4: Scaling up Quantum ("bulkification")

Milestones & Deliverables
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WP-5a: Squeezing WP-5b: Back action evasion WP-5c: Entanglement WP-5d: Optimization of physics reach

Beyond gravitational wave 
detection: other systems

Develop a theoretical 
framework for implementation 
in experiments beyond 
gravitational wave experiments

Perform proof-of-principle 
experiments as validation

Beyond two-sensor 
entanglement:

• scaling up to networks of 
sensors

• distribution of entanglement 
over networks

How far can one go?

Visions:

WP5: Quantum techniques for sensing

• opto-mechanical resonators

• Atom interferometers

Need: versatile and scalable 
sources of squeezed light

Extraction of information 
without modifying the 
observed system

(Applicability to HE particle physics?) theoretical exploration of landscape
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Milestones & Deliverables

WP5: Quantum techniques for sensing

WP-5a platform definition start experiment demo quantum advantage

(squeezing) theoretical limits Implemented in opto-mechanical physics result

WP-5b strategy developed implementation data taking

(back action evasion) paper single sensor demonstration

WP-5c source delivery sensor array data taking

(entanglement) scalable source array construction demonstration

WP-5d theory foundation multi-modal data taking

(physics optimization) paper combined quantum enhanced physics result

// // //

// // //

// // //

// // //

Example 1: Recent theoretical investigations have shown that the detection of dark matter through its
direct gravitational interaction is possible with a large array of opto-mechanical sensors that leverage
quantum techniques such as squeezed light readout and back action evasion. An entangled network of
opto-mechanical sensors can significantly alleviate the scaling requirement of the array.

Example 2: The scaling up of networked sensor arrays that can leverage quantum techniques for
sensing will require new theoretical frameworks to establish the optimal quantum resource states, optimal
measurement strategies, novel data analysis strategies, and fundamental sensitivity limits. Theoretical
work that takes into account experimental imperfections will be needed to guide experimental work to
fully levearge available quantum resources.

1150

Over the last decade, innovative strategies employing non-classical measurement techniques have been shown1151

to surpass the standard quantum limit of individual sensors. Networking such systems together opens up the1152

possibility of further enhancements through collective measurements of multiple quantum-coherent sensors, as1153

demonstrated by Ref. [138]. However, the optimal configuration and fundamental limits to collective measure-1154

ments within networks of quantum-coherent sensors remain relatively unexplored, as does their application to1155

searches of physics beyond the standard model.1156

10. WP 6 : CAPACITY BUILDING1157

Already while drafting the ECFA roadmap, two central themes (DRDT 5.3 and DRDT 5.4) emerged. These1158

concerned the need to establish the necessary frameworks and mechanisms to allow exploration of emerging1159

technologies (DRDT 5.3) and the need to develop and provide advanced enabling capabilities and infrastructure1160

(DRDT 5.4). Building and enhancing the required capacities to e↵ectively benefit from advances in the tech-1161

nological developments of WP-1 – WP-5 constitutes the core of this WP which partly overlaps with e↵orts in1162

DRD9.1163

In many of the fields covered by DRD5 / RDq, developments in neighboring engineering and material science1164

fields can open up significant new avenues. To enhance exchanges between quantum sensing e↵orts and these1165
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Theoretical  limits Implemented  in  opto-mechanical   
setup

Physics  result 

Paper Single  sensor  Demonstration 

Scalable source  Array  construction  Demonstration 

Physics  result Paper Combined quantum enhanced

WP-5a 
(squeezing) 

WP-5b 
(back action evasion) 

WP-5c 
(entanglement) 

WP-5d 
(physics optimization) 

16/25



WP6: Capacity building

WP-6a: Education platforms

Quantum Sensing and Technology Schools

Education based on micro-credentials

WP-6b: Exchange platforms WP-6c: Shared infrastructures

Growing a workforce of quantum 
technology savvy individuals, both for 
research and for society

Sharing and exchange of expertise and 
of research questions / opportunities 

Sharing of infrastructures (test beams, 
dilution refrigerators, fab labs, …) via 
agreed-upon standardized protocols

Visions:
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10.2 WP-6b: Exchange platforms1239

Due to the rapid advances in the many areas of Quantum Technologies worldwide, and the degree to which1240

these require specialization, keeping abreast of developments in fields even somewhat removed from one’s own1241

area of specialization becomes increasingly challenging. Furthermore, communicating specific needs or interests1242

in one area to researchers or developers in another one (e.g. the request to develop a nanodot with a specific1243

emission wavelength or composition) relies mainly on existing personal networks. This WP attempts to develop1244

an exchange platform that can connect experts in di↵erent fields, can match capabilities to potentially novel uses,1245

and allows indicating interest in specific developments by some group to potential experts capable of carrying1246

these out. De-facto, this is an attempt at growing a community interested in quantum sensing for particle physics1247

around the quantum sensing R&D e↵ort.1248

This to-be-created capacity / need exchange (or match-making) platform should be available preferentially1249

to DRD5 / RDq collaborators but might also be of interest to industrial or commercial entitities.1250

1251

1252

10.3 WP-6c: Shared infrastructures1253

While overall, Quantum Sensing technologies require investments that lie below the scale of shared infrastructures1254

typically required for High Energy Physics experiments, their costs (lasers, dilution refrigerators, exploratory1255

device fabrication) remain at a level that deters smaller groups. At the same time, shared access to such1256

existing medium-scale infrastructures can also be hampered by di↵erent interfaces, non-standardized platforms1257

or administrative requirements.1258

This WP tackles these two challenges; intra-collaborator agreements to provide access to the dedicated spe-1259

cialized infrastructures held widely within the collaboration, together with the definition of a set of infrastructure-1260

specific standardized interfaces (e.g. definition of the connection interface and of operational conditions for access1261

to another group’s dilution refrigerator) to allow di↵erent test set-ups to benefit from a facilitated access.1262

1263

1264

10.4 Milestones and deliverables WP-6 (years 1 / 3 / 5)1265

Milestones are underlined, deliverables are in italic.1266

WP-6a (Education)

WP6a µcredential structure QSensing School Student exchange

List of Skills Syllabuses Courses

WP-6b (Exchange platforms)

WP6b platform structure platform implementation wide adoption

structure description prototype database full-fledged database

WP-6c (Shared infrastructures)

WP6c prototype agreement first interface standards multiple standards

interface document 1
st

IF implementation multiple functional IF’s

// // //

// // //

// // //
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List  of  skills Courses

Prototype database

Syllabuses

full-fledged databaseStructure description

interface document 1st interface implementation Multiple functional IF’s

WP6: Capacity building

Milestones & Deliverables
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work package WP1 WP2 WP3 WP4 WP5 WP6
WP 1 ( Quantum systems in traps and beams ) - (X) (X) X X
WP 2 ( Quantum materials: 0-, 1- and 2-D ) (X) - X X
WP 3 ( Superconducting quantum devices) (X) (X) - X X
WP 4 ( Scaled-up bulk systems for mip’s ) X X - X

WP 5 ( Quantum techniques ) X (X) X (X) - X
WP 6 ( Capacity building) X X X X X -

Table 11. Work Package cross-influences and impacts. Developments in a given WP (left column) with a likely impact on
another WP (top row) are indicated by ’X’ (and by ’(X)’ if such an impact can be hypothesized but is not yet established).

12. ORGANIZATIONAL ASPECTS: COLLABORATION STRUCTURE, IP,1266

INDUSTRIAL INVOLVEMENT1267

12.1 Collaborative issues and MOU1268

Standard CERN Collaboration agreements (memoranda of understanding, MOU’s) will be used as a starting1269

point in defining the structure of the DRD5 / RDq Collaboration, but with several significant simplifications.1270

Among other,1271

• no annual membership fees or entrance fees will be raised for academic Collaborators;1272

• Collaborators can be individual university groups, other Collaborations, laboratories or other academic1273

entities. The status of possible industrial partners will need to be clarified;1274

• acceptance of membership by an interested party is decided by the Collaboration Board, which is also to1275

be informed in case a party wishes to leave the Collaboration1276

Given the expected large number of participating institutes and diversity in funding sources (funding agencies,1277

universities, local funding and potentially industrial contributions) and the group characteristics, signing MOU’s1278

between CERN and every party appears daunting. Managing this e↵ort requires on one hand a high-level MOU1279

that defines the interaction between CERN as evaluation body and host (the DRDC) and the collaboration. In1280

addition it will require very light-weight, standardized addenda to the MOU that detail each group’s contributions1281

that will be signed by a representative of the individual group, CERN’s director of research, and the spokesperson1282

of DRD5 / RDq. This approach is well matched to the spread in group size, administrative contexts of the groups,1283

research foci, available group resources and geographic locations of the groups. It is thus expected that the six1284

individual WP platforms will on one hand operate as autonomous discussion and exchange boards for the WP1285

and sub-WP activities and should self-organize, and on the other hand should be in regular contact with the1286

Management and Project Evaluation boards. Only in WP-6b is partitioning intentionally set aside, as the1287

intention there is precisely to establish links across all the di↵erent quantum technologies of this collaboration’s1288

constituency.1289
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• Collaborators can be individual university groups, other Collaborations, laboratories or other academic1273

entities. The status of possible industrial partners will need to be clarified;1274

• acceptance of membership by an interested party is decided by the Collaboration Board, which is also to1275

be informed in case a party wishes to leave the Collaboration1276

Given the expected large number of participating institutes and diversity in funding sources (funding agencies,1277

universities, local funding and potentially industrial contributions) and the group characteristics, signing MOU’s1278

between CERN and every party appears daunting. Managing this e↵ort requires on one hand a high-level MOU1279

that defines the interaction between CERN as evaluation body and host (the DRDC) and the collaboration. In1280

addition it will require very light-weight, standardized addenda to the MOU that detail each group’s contributions1281

that will be signed by a representative of the individual group, CERN’s director of research, and the spokesperson1282

of DRD5 / RDq. This approach is well matched to the spread in group size, administrative contexts of the groups,1283

research foci, available group resources and geographic locations of the groups. It is thus expected that the six1284

individual WP platforms will on one hand operate as autonomous discussion and exchange boards for the WP1285
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Potential HEP impact 

Tracking Calorimetry Timing PID Helicity

WP 1 (Quantum 
systems in traps and 

beam)
Rydberg TPC BEC WIMP 

scattering (recoil)

O(fs) reference clock 
for time-sensitive 
synchronization 
(photon TOF)

Rydberg dE/dx 
amplifiers

WP2 (Quantum 
materials: 0-, 1- and 

2-D)

“DotPix”; improved 
GEM’s; chromatic 

tracking (sub-pixel); 
active scintillators

Chromatic 
calorimetry

Suspended / 
embedded quantum 

dot scintillators

Photonic dE/dx 
through suspended 

quantum dots in TPC

WP 3 
(Superconducting 
quantum devices)

O(ps) SNSPD 
trackers for 

diffractive scattering 
(Roman pot)

FIR, UV & x-ray 
calorimetry

O(ps) high Tc 
SNSPD

Milli- & microcharged 
particle trackers in 

beam dumps

WP 4 (scaled-up bulk 
systems for mip’s)

Multi-mode trackers 
(electrons, photons)

Multi-mode 
calorimeters 

(electrons, photons, 
phonons)

Wavefront detection 
(e.g. O(ps) 

embedded devices)

Helicity detector via 
ultra-thin NV optically 
polarized scattering / 

tracking stack

WP 5 (Quantum 
techniques)

Many-to-one 
entanglement 
detection of 
interaction

WP 6 (capacity 
building)

Work package

HEP function

Technical expertise of  future workforce (detector construction); broadened career prospects and 
thus enhanced attractiveness; cross-departmental networking and collaboration; broadened user 
base for infrastructure (beam tests, dilution refrigerators, processing technologies)

( under way; in preparation; under discussion or imaginable applications; long-range potential )

Applied (detectors) Fundamental physics

Improved quantum measurements(Colliders, fixed targets)
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Membership is free (no common fund contributions)! (Only for academics! industry?)

Simple membership access (via request to CB) / leave (inform CB) processes;


WP’s are coordinated as WG’s


MB, POB, WG coordinators: by election through CB (1 institute = 1 vote) (Attention to balance!)

                                                          (sub-WP coordinators are appointed)


MB = spokesperson, deputy, CB, RB and POB chairs 

Structure of DRD5:

WP1 WP2 WP3 WP4 WP5 WP6

* CB: collaboration board; MB: management board; POB: project oversight board; RB: resources board; 
WG: working group for a specific Work Package21/25
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96 groups (as of 3.6.2024)

Finland:

Norway:

Austria: India:Israel:

Mexico:
Spain:

Switzerland:

Italy:

Germany:
UK:

France:

USA:

Canada:

Netherlands:

Croatia:

U. of Groningen

Oslo University

IQOQI Vienna

Inst. of Physics, Zagreb

Helsinki Inst. of Physics

U. de Zaragoza
U. de Cartagena
U. de Valencia

Leibnitz Univ. Hannover

U. of Pisa & INFN

U. de Aguascalientes

IITTP, Tirupati
IISER, Kolkata

U. of Geneva
U. of Zürich

SYRTE / OBSPM
CNRS - U. Sorbonne Paris Nord 

U. of Pavia
U. of Firenze
U. of Milano-Bicocca
Fondazione Bruno Kessler, Trento
IOM CNR, Elettra Sincrotrone, Trieste
Univ. of Bari / INFN

CERN

KIT, Karlsruhe
TU München
DESY
MPP Garching
HU Berlin

Univ. Heidelberg
Univ. Tübingen

Univ. Ulm

Univ. Düsseldorf
Univ. Mainz

Univ. of Warwick
Univ. of Birmingham
NPL
Imperial College
Univ. of Southhampton
Univ. of Sussex

Oxford University

McGill Univ.
TRIUMF

ETHZ

Northwestern Univ.
Caltech
MIT
Arizona State Univ.
Yale
Univ. of Arizona
NIST
LBNL

ORNL

Univ. of Delaware

TIFR, Mumbai

Univ. Bremen / ZARM
Semiconductor Lab HLL / MPG

University SOA Bhuvaneswar

LKB

Technion, Haifa

VTT

INFN Padova
Univ. Roma 1 & 3

FNAL

South Africa:
U. of Cape Town

UCLA

SLAC

Univ. Napoli

Poland: Warsaw TU
Nat. Centre Nucl. Research / Warsaw
Nat. Lab. FAMO / Torun

FBH Berlin

INFN Roma Tor Vergata

TU Darmstadt

PTB

INFN LNF
INFN Trento (TIFPA)
INFN Torino
INFN LNL
INFN Lecce
INFN Roma Tor Vergata

Univ. Claude Bernard Lyon

Iran:
Isfahan U. of Tech.

QUP / KEKJapan:

Korea:
Korea University

Tokyo University / ICEPP
Kyoto University

Czech Republic:
Czech Tech. University
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University / Lab. Country WP1 WP2 WP3 WP4 WP5 WP6 People

University of Queensland Australia 1

University of Western Australia Australia X 1

Swinburne Univ. of Technology Australia X 3

IQOQI Vienna Austria X X X X X 2

McGill University Canada X X X 1

TRIUMF Canada X X 1

Institute of Physics, Zagreb Croatia X 6

Czech Technical University Czech Rep. X X 2

VTT Finland X X 2

Helsinki Inst. Physics Finland X X 8

OBSPM / SYRTE France X X X 1

CNRS-Université Sorbonne Paris Nord France X X X 6

Laboratoire Keller Brossel, Paris France X 3

University Claude Bernard Lyon1 - CNRS (ILM) France X X X 3

University Ulm Germany X X 1

Leibnitz Universität Hannover Germany X X 3

PTB Germany X 2

DESY Germany X X X X X X 21

HU Berlin Germany X 1

FBH Berlin Germany X 1

University Düsseldorf Germany X 1

Universität Bremen / ZARM Germany X X 2

TU Darmstadt Germany X X 2

KIT, Karlsruhe Germany X 2

TU Munich Germany X 3

MPP Garching Germany X 7

University of Heidelberg Germany X X 1

University of Mainz Germany 1

Universität Tübingen Germany X 1

Semiconductor Lab HLL / MPG Germany X 4

IITTP, Tirupati India X 3

Indian Inst. of Science Ed. and Research (IISER),Kolkata India X X 6

TIFR, Mumbai India X X X 1

University of SOA, Bhubaneswar India X 2

Isfahan University of Technology Iran X X X X X 7

Technion IIT, Haifa Israel X X 1

University / INFN - Florence Italy X X X X 6

Fondazione Bruno Kessler Trento Italy X X X X X X 13

Univ. of Napoli Italy X X 6

University of Pisa and INFN Italy X X X X X 10

University / INFN - Pavia Italy X X X X X 14

INFN Padova Italy X 3

INFN LNF Italy X X 3

INFN TIFPA (Trento) Italy X 3

INFN Lecce Italy X 9

INFN Torino Italy X X 11

INFN LNL Italy X X 3

INFN Roma 1 Italy X X X 6

University / INFN Milano-Bicocca Italy X X X 6

 1

University / Lab. Country WP1 WP2 WP3 WP4 WP5 WP6 People

IOM CNR & Elettra Sincrotrone, Trieste Italy X X 3

University / Politecnico / INFN - Bari Italy X X 10

Univ. Roma 1 (Sapienza) Italy X 2

Univ. Roma 3 Italy X 1

Univ. of Napoli Italy X X 6

CNR-SPIN Institute Italy X X 1

INFN Roma Tor Vergata Italy X X X X 7

University of Camerino Italy X X X 5

QUP / KEK Japan X X 4

UTokyo / ICEPP Japan X X 2

Kyoto University Japan X X 1

Korea University Korea X 3

Universidad de Aguascalientes Mexico X 1

University of Groningen Netherlands X X X X 1

Univ. of Oslo Norway X X 2

Warsaw University of Technology Poland X X X X X X 7

National Centre for Nuclear Research in Warsaw Poland X X X 1

National Laboratory FAMO / Torun Poland X X X 3

University of Cape Town South Africa X 2

University Zaragoza Spain X 4

IFIC (CSIC - University of Valencia) Spain X X 1

University of Lleida Spain X X 1

Universidad de Cartagena Spain X 3

University of Stockholm Sweden 1

University of Geneva Switzerland X 1

University of Zürich Switzerland X 7

ETHZ Switzerland X 1

CERN Switzerland X X X X X X 4

Oxford University UK X X X X 5

University of Warwick UK X X X 5

University of Birmingham UK X 2

NPL UK X 5

University of Southhampton UK X X X 4

Imperial College UK X X X 7

University of Sussex UK X X X 7

Arizona State University USA X X 3

University of Arizona USA X X 1

UCLA USA X X X X 2

MIT USA X 1

Northwestern University USA X X X X 1

Yale USA X X X X 2

ORNL USA X X X X 3

Caltech USA 2

NIST, Time and Frequency Division USA X 3

LBNL USA X X X X X X 3

Univ. of Delaware USA 1

FNAL USA X X 1

SLAC USA X 1

 1

Participants per WP and total (as of 3.6.2024)

344 participants
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Tabulation of FTE / WP

Total number of participants (as of 3.6.2024): 344  ( = 100 FTE, assuming 30% scaling)

Total number of institutes (as of 3.6.2024):       96

FTE Total number of institutes 
involved

WP 1 21 45

WP 2 16 26

WP 3 18 40

WP 4 19 35

WP 5 18 42

WP 6 9 18

Widespread (geographically and community-wise) interest & participation 

Applied (detectors) Fundamental physics

Improved quantum measurements

24/25



Conclusions:
  • thanks to the involvement of key figures in the different Quantum Sensor and emerging 
technologies communities, we have identified a number of areas where the DRD5 
collaboration can provide an added value to both particle physics and quantum technology 
activities


   • we have formulated WP’s, milestones and deliverables in such a form that they are 
reasonable and acceptable to those communities


   • we have started the process of growing a community; this process will require time and 
trust, both among the participants, but also from the side of the involved institutions 
(DRDC, CERN). It is also an ongoing process that will rely on successfully implementing 
first milestones in form of workshops, reports, agreements and technical co-developments


   • we believe that the widespread response indicates that this endeavor addresses a real 
need and can build on an understanding that a CERN-style collaborative approach can 
benefit the different communities, as long as their idiosyncrasies are understood and 
accommodated

This is a nascent area of research for HEP. Our efforts at this early stage already indicate 
strong interest from the communities. As is the tradition of CERN, we hope that DRD5 will be 
embraced by the DRDC given the potential for significant contributions to the field at large
25/25


