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Quantum Sensors for HEP
O

ﬁ quantum metrology community (Degen, Reinhard, Cappellarg 1 Qu ant um Se mn G

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

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

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

lll. Use of guantum entanglement to improve the sensitivity or precision of a
Kmeasurement, beyond what is possible classically. /
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Outline

1. QIS and new guantum technology

2. Overview of quantum sensors for HEP
3. Quantum sensors already in use in HEP
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Future prospect
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Outline

1. QIS and new guantum technology
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Foundi ng statement of —-Quantum 2.

¢c¢Quantum 2.0 refers to the dev
particle qguantum superposition and entanglement in large
engineered systems to advance science and technology.

Examples of such large quantum systems are quantum

computers and simulators, guantum communication

networks, and arrays of quantum sensors. New resulting
technologies will go far beyond the (quantum 1.0)

capabil 1 ti1 es . N
OpticaQuantum 2. 0, O0Quantum 2.0 Conf
https://www.optica.org/events/topical _meetings/quantum/.

TeS—

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




—Quantum 2. 0°

Quantum computing with entangled qubits, the main driver
Quantum communi cati ons, or
Quantum sensing

Quantum materials

QURECA, https://www.qureca.com/quantum-initiatives-worldwide/.

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.
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-for the diI s
macroscopic quantum
mechanical tunnelling

and energy guantization

I n an el ectri
Single Cooper pair box

w/ two quantized energy

levels (Nakamura,
Pashkin, Tsai, 1999)

John Clarke Michel H. Devoret John M. Martinis

Superconducting

0 i
https://www.nobelprize.org/prizes/physics/2025/summary/ —{ransmaon C] U b |

— e —————
2026/2/5 TIPP2026, TIFR, Mumbai, India Masashi Hazumi (KEK, NCU, INFN) 8




Types of qubits

Qubits must be
o Initialized, read
I o= out, coherently

N o

SUPERCONDUCTING TRAPPED ION SPIN .
manipulated,
and interact with
& a relevant
g physical quantity.
TOPdLOGICAL PHOTONIC j NEUTRAL ATOM |
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Quantum Ecosystem: an example

. ALICE £ BOB
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Q QUANTINUUM ®XANADU l:j.E..'.‘: 4 R TensorFlow Quantum - TKET |
: S8 igetti ’ XACC S
aws e
CLOUD SERVICE | &&= C o Ot Dol " SYSTEMS BUILDERS &
PROVIDERS e INTEGRATORS
Azure softserve
T | (hon 7
. “’33"_‘39 CINECA Fermonia .ﬂ (Aalwmtq
Soasc g& RGENCH agnostiq  ..c assi0 € Bluequbit
$OAK RIDGE K.Pl MW nencenal % -?_—-
ARk %) sucH Hp wosnne B SR A QM=
o ol R 0 QUANTUM SOFTWARE
qubi ,
RESEARCH CENTERS M | Ssawosoxa @ AND SYSTEMS
N zAPATA

https://www.nvidia.com/ja-jp/solutions/quantum-computing/
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@ Physical Qubits CY25 CY26 CY27 CY28 CY30

O Logical Qubits

Y. : | 2,000,000
Awith error correctionso

1,000,000 200,000

100,000

10,000
1,000

64-100+
100

Logical Error Rates <1.00E-7 <1.00E-12

Copyright © 2025 lonQ, Inc. All Rights Reserved.
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Qubit as guantum 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
achangeofEor G

1) ——

- 1) ——
E= h(UO § [
0) = 0) ——

1, 2, 3 are from the
DiVincenzo criteria for
guantum computation.
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Spin qubit example at room temperature

Nitrogen-Vacancy centers in diamond

[For reviews, see Doherty et al., 1302.3288; Barry et al. 1903.08176]

® In the ground state, . . 600 — 850 nm

. . . E Y

e pair forms spin triplet \

at NV center )
® Control/measure ‘. §

spin states ‘ | m<:+1

. . - ﬂ\ f' . 1E ——IF " =-=1
=P Quantum sensing \ "
3A, \! Ioy” D ~2.87 GHz

@ Sensor as temperature, pressure, magnetic field, ... i, —C

Many applications : quantum physics, engineering, bioscience,... particle physics!

~ Useful without entanglement

e

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

13



2026/2/5

High - sensitivity W] |1 * SR
NV - center diamond .. —

magnetometer example

AC sensitivity: 210 fT/(Hz)"?
DC sensitivity: 460 fT/(Hz)"?

@room temp.

Alumina
Translatable
semirigid
coax
o

J. F. Barry, D. A. Braje, et al., Phys. Rev. Appl. Beam sampir |
22, 044069 (2024). D-shaped mirror\

4— Quartz rods

Dielectric resonator

" Dielectric reflect
?Diamond

Reso! | (~13
\ Test field coil

Light pipe IR len

ny, (number of NV center) = ? F

oL
Volume: 6.3 X 103 cm? IUSE Y I

(3mMmX3 mmXx 70 um) m
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N entang|9d qu|tS as quantum SENsors. Wineland-Bollinger-Itano-Heinzen 1994

a conceptual example with spin qubits Huelga et al. 1997
. 1 1
Initialization to the GHZ state Pt =0)=|¥) =—=100--0) + — |11 - 1).
B V2 V2
) . . . ) . (;
Spins in a magnetic field H= ) =69
P(1) = ™" |¥) Fast phase rotation!
Lamor precession _ _l_ei%Ntloo.”(»_l_ Le—i%Ntlll 5
V2 V2
" 1 ]
Measurements with projection P erh ) 00 0y 1] )
Proj \/5 \/5
Measurement error of the . 2 1 1. | .
magnetic field B (proportionalto ~ w) [{FOIPLIFO)[" = 5+ 5sinNwr ~ 5+ SNaor,

IS Inversely proportional to N. —

(ignoring decoherence) Great potential of entanglement!

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

I —
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Quantum Communication Sensor Example

Superconducting Nanowire SinglePhoton Detectors (SNSPD)

T
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Quantum Communication Sensor Example

Superconducting Nanowire SinglePhoton Detectors (SNSPD)

Timing | Intrinsic photon | Efficiency Array Maximum Dark count rate | Active area Cut-off
jitter number size count rate wavelength
resolution
18 ps None 93% 64 1 Geps 4 /s/mm? 0.001 cm? 5>m
l ‘1‘ [4,5]
—— —_—
3-5 photons 1.5 Geps
[E— \4
4105 oy TS 7]
— (] [2] I 0.1 cm?2
2.6 ps EEE—— 4x10° /5 mm? 29>m
98%
1ps 10 99 % 107 10 Geps 1x106 1.cm? 100 >m
/sl mm?
[4] Craiciu, Korzh et al, Optica 10, 183 (2023)

[1] Korzh, Zhao et al, Nature Photonics 14, 250 (2020)
[2] Reddy et al, Optica 7, 1649 (2020)
[3] Oripov, Rampini, Alimaras, Shaw, Nam, Korzh, and McCaughan, Nature 622, 730 (2023)
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Resta et al, Nano Letters (2023)
Chiles, PRL 128, 231802 (2022)
Taylor, Walter, Korzh et al, Optica, (2023)
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2016

Current records
for isolated
devices

Expected
performance by
2030
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Outline

2. Overview of quantum sensors for HEP
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Science Drivers In
Fundamental Physics

for Quantum Sensors

A Dark waves
A Dark particles

A Cosmology

A Improved sky observations for HEP science

QLI*T UlaBydd it UuBLIN UBxNLA By Aghthh® BraditaliRrwaves

arxiv ::2311.01930

(not at all a complete list)

TeS—

A Quantum gravity
A Fundamental symmetries and interactions
A Testing guantum mechanics

A BSM physics with accelerators and colliders
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Quantum Sensors for HEP

_—

@milartotheonein oQuantum Sensors ffor High Energy mvs

New and emerging quantum sensing technologies and

methodologies which have not been traditionally used in HEP

experiments and whose develo

leverage the large investments

oment could efficient

y

@antum Information science (QIS). ( definition in this talk)

neing made worldwio

e in

TeS—
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Atom interferometer

)

Atomic, nuclear, and molecular clocks and optical cavities
SNSPDs
Superconducting qubits

Quantum Sensing
technologies for particle
physics and cosmology

> I>» I

Continuous variables quantum sensors and amplifiers

>

Superconducting cavities

>

Qubit-based pair-breaking detectors

oL S . A (?uagtum_ ga%acitaqpevdeteciors

QLU FFI UuaBydz uil UuBLJ UBZNljlj BR dZULrJ]éJ Ol d u.ND.%IA iy

arXiv --2311.01930 A ‘Superconducting quasiparticleamplifying transmon

A Kinetic inductance detectors (KIDs)
(not at all a complete list) A Transition edge sensors (TES)
A Spin sensors and NMR
A Superfluid helium sensors
You can invent A Optomechanics
a new quantum sensor idea A Quantum networks and long-distance quantum coherence

A Optical interferometry and precision astrometry

by yourself! )

A Dark matter detection and quantum networked sensors

TeS—
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Outline

3. Quantum sensors already in use in HEP
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QCD Axion Search

A Touched the QCD axion predictions | Frequency ]
10~
INn M a — O(lO _6)'0(10 _4)eV CAST
10710 Neutron Stars
(ADMX etc.) -

ORGAN
MADMAX
ORGAN

Pulsars

A Good examples of quantum

measurement systems In use

‘_|r‘—
>
v
)
S
s
<
0

A SQUIDs

A Parametric amplifiers

A Resonant amplification
C. OO0 AxaomnLenits, https://cajohare.github.io/AxionLimits/.
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ADMX as an example

ds waep

V-E= Q‘aﬂ-B -Va Field Cancellation
0B Coil

VxE=_-2"2 2

ot o
e

o
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v ot Jaryy ( Va ot Package T
E

V.B=0 =

m
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—— :
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Cosmic Microwave Background (CMB)

Apr 2025

A Science drivers:

H "ﬂ

’ lanck (PR3, 2018)
ACT(2025)
SPTPol (2018}19f27/75)
BICEP2/Keck (2 /121)

cosmic inflation, dark energy

CLASS (2025) 4

A Polarization -sensitive TES arrays

read out with SQUIDs

=
¥
2
=
oN
S
X
Q
—
+
—
=

-
o
L

A Good examples of quantum : ,
,-4'1\'|

\ Primordial
et K 0.1

measurement systems In use
A TESs

A SQUIDs

L0+ 1)C/E2m (uK)?

20 80 220 400 650 1000 1500 2250 3000
Multipole /

E—————
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POLARBEAR as an example

A Dedicated CMB polarization experiment
A Located at 5200 meters in Atacama, Chile

A First light Jan. 2012, expanded to Simons Array
from 2018

A Powerful TES array with 3.5arcmin beam for . B
1506 HZ ’ L Nulling Comb !

,‘\‘7 ,
- V.(f)

(a) Photo of an assembled squid amplifier readout card

| Bias Comb

(b) Schematic of the frequency multiplexed readout scheme
developed at Berkeley.

(a) CAD rendering of a wafer holder (b) An unfolded wafer module.
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TES at beamline: example at J

p 5 ray Spectroscopy of Muonic Atoms Isolated in
SLLRROHRMN eNH16L 0 Ehoit OoH"

u- beam -

connected '
to beam pipe

Kapton
: «
indows | PRIN
W
s H- beam
s
‘\‘\
G
K N
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4 E _55Fe & QN
. E SN N e
IS
a NN
a . N
‘Q\\~ F
. =N
window “{ Target [~ S
gas
source
= —]
(or SDD)
Acrylic flange & ~ :
10cm 3D view

—

Fig.2 A top view (left) and schematic 3D view (right) of the experimental setup (Color figure online)

T

-PARC

S. Okada et al.,
ﬁ ? d‘? rature Physics (2020) 200:44571 45
https:7doi. org/ﬁ?o 07/510909-020-02476-5

. . . — — —=x12ps
Energy calibration with %Fe = 68001 T iwit, time gate £
. TR 18
> L e e e e AL A e e > 600 L 3
= 1200 (a) 1 5 . : ~Mn Kp from‘SSFB
%) i 1 & r e
= 6400~
§ 1000~ ] - «—uNe 5-4 ]
Mn Ka ] 620’0__ i <«—uBe 3-2
800[ 7 r
C MNe 5-4 ] 6000~ _-Mn Ka from *Fe
600~ energy 5 B e -
i ] ool vt i AR LNy 161
B b w 40
400 41 I F
i Miks | o= 5k (€) _ |
- ] S E Time difference between
[ ] - = muon arrival and
200 J)J 1 2] 20 E X-ray detection by TES
| 2 E
| IS s |
5600 5800 6200 6400 6600 10 5 0 5 10
Energy [eV] Timing [us]

Fig. 3 a An X-ray energy spectrum obtained from a radioactive source Fe. Mn K, and K X-ray lines
are used for the energy calibration. b A correlation plot of the time difference between arrival time of
muon from the beamline and the X-ray detection by the TES versus the X-ray energy measured by the
TES. The beam pulse timing information is provided by J-PARC accelerator. The time gate of +1.2 ps is
used for an analysis to enhance the events originated by the muon beam. The origin of the background
could be particles caused by decay or reactions of negative muons (and also electrons contaminated in
the muon beam). ¢ The projection on the time axis for an energy range of muonic Ne 5 — 4 X-rays: from

6260 to 6340 eV (Color figure online)
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4. Future prospect
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R&D Projects

A Some programs are running to enhance connections
between QIS and HEP/AP, including those at CERNW),
NASA, US-HEP.

A Small -scale individual/inventive R&Ds/projects are

also active.

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

— e ————————
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Work groups at DRD5

WP in traps & beams to macroscopic ensembles
(HCI’s, molecules, Rydberg systems, WP4 (spins; nano-structured materials; hybrid
clocks, interferometery, ...) devices, opto-mechanical sensors,...)
(0-, I-,2-D) : : : (back
WP2 (Engineering at the atomic scale) WP5 | action evasion, squeezing, entanglement,
Heisenberg limit)
WP3 ] (4K electronics; MMC'’s, TES, SNSPD, WP6 (cross-disciplinary

https://indico.cern.ch/event/1433194/contributions/6304168/attachments/3000321/5287057/250122_Worm_Quantum_Sensing.pdf

e e —_—
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Potential impact for accelerator experiments (p resentation at the 3rd meeting of the DRDC, June 2024)

2-D)

HEP function
Tracking Calorimetry Timing PID Helicity
Work package
: O(fs) reference clock

gulE L (CIET i for time-sensitive | Rydberg dE/dx

systems in traps and Rydberg TPC hronizati ifi
beam) synchronization amplifiers
(photon TOF)

WP2 (Quantum ggﬂl\?:(;l:r]g;?;t?g Chromatic i Suspended / :  Photonic dE/dx

materials: 0-, 1- and ’ i embedded quantum | through suspended !

WP 3
(Superconducting
quantum devices)

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

WP 5 (Quantum
techniques)

tracking (sub-pixel); calorimetry

active scintillators

e el

O(ps) SNSPD
trackers for

dot scintillators | quantum dots in TPC !

Milli- & microcharged

FIR, UV & x-ray particle trackers in

O(ps) high Tc

diffractive scattering ! calorimetry SNSPD beam dumobs
(Roman pot) : , : . :
-------------------------------------- i
: Multi-mode Wavefront detection i Helicity detector via
Multi-mode trackers calorimeters i i i ultra-thin NV optically

(electrons, photons) i (electrons, photons, embc(-:f:l-gég)c(:lzs\’f)ices) 5 i polarized scattering /
: phonons) tracking stack

e
T l

WP 6 (capacity

Technical expertise of future workforce (detector construction); broadened career prospects and
thus enhanced attractiveness; cross-departmental networking and collaboration; broadened user

Jlelme) base for infrastructure (beam tests, dilution refrigerators, processing technologies)
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Atom -based quantum sensors

laser beam laser beam AtOm
* interferometers
atom space—-time

beam fluctuations

T detector  fringe analyser

laser beam laser beam

Atomic clocks

Atomic B
magnetometers

End=cap ion trap

Trapped ions

Image credit: JILA, APS/Alan Stonebraker,
https://cerncourier.com/a/can-experiment-access-planck-scale-
physics/, http://physicsworld.com/cws/article/news/2013/apr/24

T
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Atom Interferometry

AION Collaboration arXiv:1911.11755 y’ M a G IS - 1 00 MAGIS Collaboration : arXiv;2104.02835
4 e
]

< P AI @ g - Somesern 3 Fermilab SLAL B EHICACO
\ 4 { s
(}? < /) ,,/, *‘ STANFORD :-: :‘?\If‘\:l‘;;{llll\)(‘;: E Doruherp ilinois @ LIVERPOOI
/ > =~
Atom : £ >/ Ao @ - " : AION (UK) and
I\ U X
. 2 77 77 LUl 2z M : MAGIS (US) work in
interferometer G P 2 P PeX e ‘ equal partnership to
/ > / > “Birmingham) form a “LIGO/Virgo-
/’ % /' > T style” network &
2’ s’ o BB collaboration,
/' /' > % ------ providing a pathway
/ > 7 for international
Atom 3 Sl
> > < > = leadership in this
S3 % ) exciting new field.
0 : 0" |
( B \

A DM cloud
A Gravitational waves

Ve

A etc.
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Atom Clocks (and future Nuclear Clocks)
1997 Nobel Prize 300K

Laser cooling and
trapping }
2001 Nobel Prize

Bose-Einstein
Condensation

- electronic signal
feedback control |+————— i}
=% By———i2)
1
hvg 1
> B —t )

4

LT Y 5 ¥

interrogation laser

atomic reference

2005 Nobel Prize
Frequency combs

_ _ counter Y
The laser is resonant with the |1> % | 2>

atomic transition. A correction L A 4
signal is derived from atomic ] \/5
spectroscopy that is fed back ; wait
to the laser. ‘

optical comb Ramsey scheme

2012 Nobel prize
Quantum control

2022 Nobel prize
Bell inequalities,
quantum
information science

ll\) |8 |
Measure
population

Initialize
N I

An optical frequency synthesizer (optical frequency comb) is used to divide
the optical frequency down to countable microwave or radio frequency signals.

p K From: Poli et al. “Optical atomic clocks”, La rivista del Nuovo Cimento 36, 555 (2018) arXiv:1401.2378v2

A Gravity, velocity, and unseen forces affect the tick rate of clocks:

A By 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.

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

———N i
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A. Kawasaki, Quantum sensing using cold atoms and molecules for nuclear and particle physics, 2025,
URL: https://arxiv.org/abs/2411.19424.
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