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Quantum Sensors for HEP

by quantum metrology community (Degen, Reinhard, Cappellaro, ñQuantum Sensingò RMP 2017)

Quantum sensing is typically used to describe one of the following:

I. Use of a quantum object to measure a physical quantity (classical or quantum). 
The quantum object is characterized by quantized energy levels. 
Specific examples include electronic, magnetic or vibrational states of 
superconducting or spin qubits, neutral atoms, or trapped ions.

II. Use of quantum coherence (i.e., wavelike spatial or temporal superposition 
states) to measure a physical quantity.

III. Use of quantum entanglement to improve the sensitivity or precision of a 
measurement, beyond what is possible classically.
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Particle Physics Cosmology

Quantum Sensors for HEP

Quantum Information Science (QIS)
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3. Quantum sensors already in use in HEP 

4. Future prospect
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Founding statement of ¬Quantum 2.0º conference series

¢¢Quantum 2.0 refers to the development and use of many-

particle quantum superposition and entanglement in large 

engineered systems to advance science and technology. 

Examples of such large quantum systems are quantum 

computers and simulators, quantum communication 

networks, and arrays of quantum sensors. New resulting 

technologies will go far beyond the (quantum 1.0) 

capabilities  .
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OpticaQuantum 2.0, óóQuantum 2.0 Conference and Exhibition", 

https://www.optica.org/events/topical_meetings/quantum/.



¬Quantum 2.0º

Quantum computing with entangled qubits, the main driver

Quantum communications, or ñquantum internetò

Quantum sensing

Quantum materials
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The global quantum effort is continually rising with current worldwide 

investments exceeding $40 billion. Overall, the global quantum 

technology market is projected to reach $106 billion by 2040.

QURECA, https://www.qureca.com/quantum-initiatives-worldwide/.
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¬for the discovery of 
macroscopic quantum 
mechanical tunnelling 
and energy quantization 
in an electric circuitº

https://www.nobelprize.org/prizes/physics/2025/summary/

Superconducting 
¬transmon º qubits

Single Cooper pair box
w/ two quantized energy 
levels (Nakamura, 
Pashkin , Tsai, 1999)



Types of qubits
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Qubits must be 

initialized, read 

out, coherently 

manipulated, 

and interact with 

a relevant 

physical quantity.



Quantum Ecosystem: an example
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https://www.nvidia.com/ja-jp/solutions/quantum-computing/
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ñwith error correctionsò



Qubit as quantum sensor

Requirements

1. Discrete quantum states

2. Reset and readout capability

3. Can be coherently 
manipulated, typically by 
time -dependent fields.

4. Can interact with a relevant 
physical quantity, leading to 
a change of E or G
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1, 2, 3 are from the 
DiVincenzo criteria for 
quantum computation.



Spin qubit example at room temperature
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Useful without entanglement



2026/2/5 14TIPP2026, TIFR, Mumbai, India       Masashi Hazumi (KEK, NCU, INFN)

High - sensitivity 
NV - center diamond 

magnetometer example



N entangled qubits as quantum sensors: 
a conceptual example with spin qubits
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Wineland-Bollinger-Itano-Heinzen 1994

Huelga et al. 1997

Initialization to the GHZ state

Spins in a magnetic field

Lamor precession

Measurements with projection

Measurement error of the 
magnetic field B (proportional to w)
is inversely proportional to N.
(ignoring decoherence)

In case of N separable spins , the precision is inversely proportional to  N.

Great potential of entanglement!

Fast phase rotation!



Quantum Communication Sensor Example

2026/2/5 16TIPP2026, TIFR, Mumbai, India       Masashi Hazumi (KEK, NCU, INFN)

Superconducting Nanowire Single-Photon Detectors (SNSPD)



Quantum Communication Sensor Example
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Cut-off 

wavelength

Active areaDark count rateMaximum 

count rate

Array 

size

EfficiencyIntrinsic photon 

number 

resolution

Timing 

jitter

5 ˃ m0.001 cm24 /s/mm21 Gcps6493%None18 ps

100 ˃ m1 cm21x10-6 

/ s/ mm2

10 Gcps10799 %101 ps

4x10-5 / s/ mm2

Records in 
2016 

Expected 
performance by 

2030

2.6 ps
98%

29 ˃ m 

1.5 Gcps3-5 photons Current records 
for isolated 

devices

0.1 cm2
4x105

[1] 

[3] 
[7] 

[4,5] 

[3] 

[2] 
[6] 

Superconducting Nanowire Single-Photon Detectors (SNSPD)

[1] Korzh, Zhao et al, Nature Photonics 14, 250 (2020)
[2] Reddy et al, Optica 7, 1649 (2020)

[3] Oripov, Rampini, Allmaras, Shaw, Nam, Korzh, and McCaughan, Nature 622, 730 (2023)

[4] Craiciu, Korzh et al, Optica 10, 183 (2023)

[5] Resta et al, Nano Letters (2023) 

[6] Chiles, PRL 128, 231802 (2022)
[7] Taylor, Walter, Korzh et al, Optica , (2023)
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Science Drivers in 

Fundamental Physics

for Quantum Sensors

Â Dark waves  

Â Dark particles

Â Cosmology 

Â Improved sky observations for HEP science 

Â Inflation and gravitational waves

Â Quantum gravity

Â Fundamental symmetries and interactions

Â Testing quantum mechanics

Â BSM physics with accelerators and colliders
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(not at all a complete list)

ǬƲǖǂǏǕǖǎƁƴǆǏǔǐǓǔƁǇǐǓƁƩǊǈǉƁƦǏǆǓǈǚƁƱǉǚǔǊǄǔǺ
arXiv ::2311.01930
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Quantum Sensors for HEP

(similar to the one in òQuantum Sensors for High Energy Physicsò arXiv:2311.01930)

New and emerging quantum sensing technologies and 

methodologies which have not been traditionally used in HEP 

experiments and whose development could efficiently 

leverage the large investments being made worldwide in 

quantum information science (QIS). ( definition in this talk)



Quantum Sensing 
technologies for particle 
physics and cosmology

Â Atom interferometer 

Â Atomic, nuclear, and molecular clocks and optical cavities

Â SNSPDs

Â Superconducting qubits 

Â Continuous variables quantum sensors and amplifiers 

Â Superconducting cavities

Â Qubit-based pair-breaking detectors 

Â Quantum capacitance detectors

Â Superconducting quasiparticle-amplifying transmon

Â Kinetic inductance detectors (KIDs)

Â Transition edge sensors (TES)

Â Spin sensors and NMR

Â Superfluid helium sensors

Â Optomechanics

Â Quantum networks and long-distance quantum coherence

Â Optical interferometry and precision astrometry

Â Dark matter detection and quantum networked sensors
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(not at all a complete list)

You can invent 
a new quantum sensor idea 
by yourself!

ǬƲǖǂǏǕǖǎƁƴǆǏǔǐǓǔƁǇǐǓƁƩǊǈǉƁƦǏǆǓǈǚƁƱǉǚǔǊǄǔǺ
arXiv ::2311.01930
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QCD Axion Search

ÂTouched the QCD axion predictions 

in m a = O(10 -6) -O(10 -4)eV

(ADMX etc.)

ÂGood examples of quantum 

measurement systems in use

ÂSQUIDs

ÂParametric amplifiers

ÂResonant amplification
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C. OôHare, AxionLimits, https://cajohare.github.io/AxionLimits/.



ADMX as an example
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Cosmic Microwave Background (CMB)
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ÂScience drivers:

cosmic inflation, dark energy

ÂPolarization -sensitive TES arrays 

read out with SQUIDs

ÂGood examples of quantum 

measurement systems in use

ÂTESs

ÂSQUIDs



POLARBEAR as an example

TIPP2026, TIFR, Mumbai, India       Masashi Hazumi (KEK, NCU, INFN)2026/2/5 26

ÅDedicated CMB polarization experiment

ÅLocated at 5200 meters in Atacama, Chile

ÅFirst light Jan. 2012, expanded to Simons Array 
from 2018

ÅPowerful TES array with 3.5arcmin beam for 
150GHz



Simons 
Observatory
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Operation principle of MKID

TES
TES

TES

MKID

SAT receiver



TES at beamline: example at J -PARC
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р5- ray Spectroscopy of Muonic Atoms Isolated in 
3ĽĿŔŔŌӉŖňœŇӉ1őĽōŒňœňŎōӉ"ŀņŁӉ0ŁōŒŎőŒёц

S. Okada et al.,

Journal of Low Temperature Physics (2020) 200:445ï451

https://doi.org/10.1007/s10909-020-02476-5
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R&D Projects

ÅSome programs are running to enhance connections 

between QIS and HEP/AP, including those at CERN(ẁ), 

NASA, US-HEP.

ÅSmall -scale individual/inventive R&Ds/projects are 

also active.
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(ẁ) DRD5: see the presentation by Maxim Titov on Monday, Feb 2.



Work groups at DRD5
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https://indico.cern.ch/event/1433194/contributions/6304168/attachments/3000321/5287057/250122_Worm_Quantum_Sensing.pdf
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Potential impact for accelerator experiments (p resentation at the 3rd meeting of the DRDC, June 2024)



Atom -based quantum sensors
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Atom Interferometry
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ÂDM cloud

ÂGravitational waves

Âetc.



Atom Clocks (and future Nuclear Clocks)
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ÂGravity, velocity, and unseen forces affect the tick rate of clocks: 

ÂBy monitoring the tick rate (by comparing to other clocks elsewhere), ultra-precise 

atomic clocks can search for changes and deviations in gravity, new forces, and 

variations to fundamental constants.

ÂR&D on nuclear clocks are also ongoing. Could be better by ~3 orders of magnitude.


