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• ECFA Roadmap outline and physics motivation 

• Quantum Sensors: Superconducting sensor examples 

• Quantum Experiments: Table-top and larger 

• Next steps: Germany, DRD5, RDq, ErUM-Pro
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Outline



• ECFA Detector Roadmap summary: 

• Supports the development of quantum sensing technologies, the application to particle and fundamental 
physics questions, and the establishment of enabling collaborations, infrastructures and technologies.
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ECFA Detector Strategy: Quantum
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Why Quantum?: Mass Scales for Dark Matter

10-2 108 1018 1028 1038 1048

Standard Model Particle Scale 
Weakly Interacting Massive Particles   

Collider Searches

probably not below:    
de Broglie wavelength too long

Light and Ultra-light Dark Matter                             
Axions, ALPs                                     

Quantum Sensing

10-22 eV keV GeV mP

Superheavy Dark Matter 
Primordial Black Holes  
Gravitational Lensing

Composite Dark Matter     
WIMPzillas, Q-balls, bound states            

CMB, Cosmic Rays

10 M☉

  Quantum Sensing needed for Light/Ultralight Dark Matter, Dark Energy, cosmology, …



• Very Small Energy  Measure Temperature 
• Below a certain point, particle energy ends up as phonon excitations (heat) 
• Lower temperature to lower heat capacity and thus larger  
• Hitomi (X-ray): energy between 0.3 and 12 keV, resolution ~7 eV 

• Magnetic Micro Calorimeters (MMC) 
• X-ray and γ-ray spectroscopy (astroparticle/astronomy, LYNX…)  
• nuclear and atomic physics (APPA)  
• neutrino physics (AMoRE, ECHo)  
• light dark matter, axions (DELight, IAXO)

→

ΔT
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Quantum Sensors: Cryogenic Micro Calorimeters

Absorber

Temperature	
sensor

G(T)

T

E

Electron	Capture	163Holmium	Experiment	(ECHo)

[ECHo:	arXiv:2111.09945,	Hitomi]



• Measure temperature change with superconducting circuit 
• take advantage of sharp transition superconducting conducting 
• small temperature change can give large resistance change 
• coupled to SQUID amplifying circuit for readout 

• Examples: Cameras in astronomy with high spectral resolution 
employed from radio to X-ray (SPT, ATHENA, BICEP2)

→
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Quantum Sensors: Transition Edge Sensors

[Nagler	et	al,	JATIS,	7(1),	011005	(2021),	Irwin	&	Hilton,	Withington]

Re
sis

tan
ce

(Ω
)

Temperature (K)

1,280-pixel	SQUID	TDM	multiplexer	for	SCUBA-2	 BICEP3	TES	ArraySPICA	(SAFARI)



• ALPS: Producing and detecting axion-like dark matter particles in a light-shining-through-walls setup  

• Detection Challenge:  
• Single 1064 nm photon detection  
• Extremely low rates (about 10-5 s-1, i.e. 10-24 W)   
• Extremely low dark counts required  

• Setup at DESY: Transition Edge Sensor (TES), operating in the superconducting transition region
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Transition Edge Sensors for ALPS II

[https://doi.org/10.22323/1.398.0801, https://doi.org/10.1007/s10909-022-02720-0]
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• Many “particle” applications for quantum: Single-photon sensitivity, extremely low noise, low-energy…  

• See Stefan Ulmer’s talk yesterday for many more examples
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Quantum Sensors vs. Wavelength

Detector
Microwave	
3cm	-	3mm	
10-100	GHz	
0.04-0.4	meV

Submillimeter	
3mm	-	300μm		
100	GHz	-	1	THz	

0.4-4	meV

Far	infrared	
	300	–	30	μm		
1	–	10	THz	
4-40	meV

Optical	
2	μm	-	300	nm	

2-37	eV

High	Energy	
UV,	X-Ray

Transi]on	Edge	Sensors	(TES) ● ● ● ● ●
Kinetic	Inductance	Detectors	(KID) ● ● ● ●
Superconducting	Nanowire	Single-Photon	Detector	(SNSPD) ● ●
Hot-Electron	Bolometer	(HEB) ●
Cold-Electron	Bolometer	(CEB) ●
Superconductor-Insulator-Superconductor	(SIS) ●
Travelling	Wave	Parametric	Amplifier	(TWPA) ● ●
Josephson	Junction	Parametric	Amplifiers	(JJPA) ●

[Withington]

What about quantum experiments? 



Methods for Testing Δα/α Methods for Testing Δµ/µ
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Quantum Methods for Testing Variations in α and µ

[Stadnik]
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• Slow drifts 

• Oscillations 

• Fast transients
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Search for Variations at Different Timescales

Δ"
"

Time
Year	1 Year	2 Year	3

Δ"
"

Time
minutes	/	hours	/	days

Δ"
"

Time
minutes	/	hours	/	days

Dark matter - topological defects

Very light dark matter

New physics



• Ultra-stable laser excites atomic transitions 

• Establish feedback loop  a clock 

• Frequency comb: optical  countable microwave 

• Fluorescence-monitor 3-state system 

• Laser/sympathetic cooling with a second ion (eg Be) 

• Highly charged ions (HCI) for best sensitivity to 

→
→

Δα/α
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Optical Atomic Clocks w/ HCI
Ultrastable laser

feedback

Frequency Comb

|↑⟩
f0 

|↓⟩
optical

EBIT	test	stand	@MPIK Paul	trap	w/	optics Be	crystal	with	HCI	(Ar)
[MPIK: José Crespo, also Humboldt U., DESY, UoB, PTB…]



BASE: Quantum experiments for magnetic 
moment of antiproton, q/m ratio, antiproton 
trap at CERN 
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Quantum Experiment Examples: BASE, MAGIS, AION

BASE – Collaboration

C. Smorra et al., EPJ-Special Topics, The BASE Experiment, (2015)

Institutes: RIKEN, MPIK, CERN, University of Mainz, Tokyo University, GSI 
Darmstadt, University of Hannover, PTB Braunschweig, ETH Zuerich

Team at CERN, running 24/7 since 2013

Three experiments, 9 institutes, about 30 collaborators, 10 at CERN

• Mainz: Measurement of the magnetic moment of 
the proton, implementation of new technologies. 

• CERN-AD: Measurement of the magnetic moment 
of the antiproton and proton/antiproton q/m ratio

• BASE-STEP: Development of transportable 
antiproton traps

• Hannover/PTB: QLEDS-laser cooling project, new
technologies

MAGIS-100 Detector at Fermilab

MAGIS-100, AION: 100m atom 
interferometer experiments 
planned for FNAL, CERN
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Gravitational Waves



Some Groups Active

Hannover / Braunschweig
Ion and atom traps / clocks / QI

Düsseldorf
Ion traps / antimatter / 
molecules / clocks

Mainz
Ion traps / Magnetometers / QI

Heidelberg
Ion traps / SQUIDS / MMC’s etc. 

Jena
X-ray detectors

Berlin
SQUIDS, References

Blaum
Budker
Crespo

Enss
Galatyuk

Latacz
Mooser

Noertershaeuser
Obertelli

Ospelkaus
Ospelkaus-Schwarzer

Peik
Schiller

Schmidt
Schmidt-Kaler

Smorra
Stoehlker

Sturm
Ulmer

…

Karlsruhe: SQUIDS / etc. 
München
Ion traps / precision laser-
spectroscopy

GSI/FAIR: MMC’s / HCI’s

• Lots of active groups, many world-class activities and growing capabilities 

• Diverse funding, goals, and locations; more collaboration would help

15Terascale Detector 2023 | Steven Worm | 02.03.23 
                                                                              

Quantum Technologies: Existing Groups

[Ulmer]



• On the horizon: test cryostats for cryogenic sensors (DESY, KIT), Helmholtz Distributed Detector Lab (DDL) 

• New Collaborations: Consortium for Cryogenic Detectors and Superconducting Electronics (CDS)
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Review KIT-prioritized infrastructures - KNMFi / KCOP / HSS2023-01-13 High-resolution Superconducting Sensors7

Size of detector arrays

2000 2010 2020 2030

100

102

104

106

year

nu
m

be
r o

f p
ix

el

(industrial) foundries not available

projection for university 
cleanroom facilities

the actual need 
(or many large-area detectors)

~ 10 pixels

~ 100 pixels

~ 1000 pixels
international level

national level

Quantum Technologies: New Infrastructures



• RECFA Detector R&D Roadmap 2021: Chapter 5, Quantum and Emerging Technologies Detectors 
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ECFA Roadmap and DRD5 (RDq)
RECFA Detector R&D roadmap 2021

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

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

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

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

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

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

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

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

quantum sensing & particle physics

Monday 6 February 23
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DRD5 Timeline

Santander, 3.11.2022

interested
parties 

identified /
approached 
by platform 
convenors

2.2023 ff

projects 
proposed by 
interested

parties
(initial main 

focus on HEP)

LOI based on 4-5 initial 
projects subm. to DRDC
(by RDq spokesperson)

proposal based on 4-5 
initial  projects subm. 

to DRDC
(by RDq spokesperson)

platform convenors
identified

1.1.20247.2023

workshop to 
brainstorm / 
discuss the
proposed 

projects and 
select the 

initially most 
promising 

ones

10.2023

conference to 
discuss & fine-

tune the
proposed 

projects and 
to explore 

further ideas

4.2023

formal 
constitution of 
DRD5 / “RDq”  
collaboration

preparation 
of proposal

containing the 
“DRDC” 
projects, 

(as well as 
indicating 
additional

“non-DRDC”
projects)

preparation
 of LOI

timeline

draft 25/1/23 M. Doser36/36

“town-hall meeting”

call for wide participation in RDqi

Monday 6 February 23
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DRD5 Working Groups and Conveners

draft 2/2/23 M. Doser

clocks&and&clock&networks

David&Hume&&&&&&&&&&&&&&&&&&&&&&david.hume@nist.gov
Tanja&Mehlstäubler&&&&&&&&&tanja.mehlstaeubler@ptb.de
Steven&Worm&&&&&&&&&&&&&&&&&&&steven.worm@cern.ch

kine@c&detectors

Stafford&Withington&&&&&&&&&&stafford.withington@physics.ox.ac.uk
Alessandro&Monfardini&&&&&alessandro.monfardini@neel.cnrs.fr
Mar@no&Calvo&&&&&&&&&&&&&&&&&&&&mar@no.calvo@neel.cnrs.fr

superconduc@ng,&spinHbased&sensors

Konrad&Lehnert&&&&&&&&&&&&&&&&&konrad.lehnert@jila.colorado.edu
Derek&F.&Jackson&&&&&&&&&&&&&&&derek.jacksonkimball@csueastbay.edu
Hiroaki&Akamatsu&&&&&&&&&&&&&hirokia@post.kek.jp
Caterina&Braggio&&&&&&&&&&&&&&&caterina.braggio@unipd.it
Florian&Reindl&&&&&&&&&&&&&&&&&&&&florian.reindl@oeaw.ac.at
Shion&Chen&&&&&&&&&&&&&&&&&&&&&&&&chen@icepp.s.uHtokyo.ac.jp
Georgy&Kornakov&&&&&&&&&&&&&georgy.kornakov@cern.ch

optomechanical&sensors

Alberto&Marino&&&&&&&marinoa@ornl.gov
Andrew&Geraci&&&&&&&&andrew.geraci@northwestern.edu

atoms,&molecules,&ions,&interferometry

Marianna&Safronova&&&&&&&msafrono@udel.edu
Jeroen&Koelemeij&&&&&&&&&&&&&j.c.j.koelemeij@vu.nl
Nancy&Paul&&&&&&&&&&&&&&&&&&&&&&&&npaul@lkb.upmc.fr
Ben&Ohayon&&&&&&&&&&&&&&&&&&&&&&benohayon@physics.technion.ac.il
Sadiq&Rangwala&&&&&&&&&&&&&&&&sarangwala@rri.res.in

metamaterials,&0H1,&1H,&2HD&materials

E@enneYe&Auffray&&&&&&&&&&&&E@enneYe.Auffray@cern.ch
Florian&Brunbauer&&&&&&&&&&&&&florian.brunbauer@cern.ch
Arindam&Ghosh&&&&&&&&&&&&&&&&&arindam@iisc.ac.in

co-convenors as of 6. Feb, 2023

Monday 6 February 23

A few more to be added…

Clocks and Clock Networks

Kinetic Detectors

Superconducting and Spin-Based Sensors
Metamaterials, 0-1, 1-, 2-D Materials

Atoms, Molecules, Ions, Interferometry

Optomechanical Sensors

desy.de



• Previous grant round provided funding for detectors,                                                                                
instruments, methods & technologies in: 
• Particle physics 
• Ground-based astronomy and astroparticle 
• Neutron, photon, or charged particle sources 
• +others 

✓ Targeted at national/international facilities and infrastructures  update list? 

✓Well-aligned with strategy process & roadmaps  need to communicate ECFA-DRD plans to BMBF 

✓ Supports cross-thematic cooperation between universities and non-university research institutions 

x Does not support "blue sky" R&D, small experiments, or most future facilities 

• Might work for sensor development  need link to DRD5 

• Not a good fit for small-scale “table-top” experiments  possible connection to infrastructures

→
→

→
→
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Quantum Detectors and ErUM-Pro?



Thank you



Contact

 Deutsches  
Elektronen-Synchrotron 

www.desy.de

Steven Worm 
Head of Astroparticle Detectors 
Detector R&D DESY Zeuthen   
steven.worm@desy.de


