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What 1s QUP?

QUP: International Center for Quantum-field Measurement Systems
for Studies of the Universe and Particles

— An Institute under KEK dedicated to quantum sensor research

New director: Toshiyuki Azuma
as of Dec 2025. The new QUP building was completed in October 2025

Former Pl at RIKEN and an expert
in AMO physics
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cryogenic facility

We have b5 dilution refrigerators
- 2 at old experimental hall

- 2 at new QUP building —

- 1 at Kamioka |
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Qubit measurement facility

Highest T; decay = 125.9 us
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Qubit measurement facility

DM data-taking has been already started at KEK QUP!

T2r
90% range: 3.32 - 5.88 us
Upper outliers: 11

T1
90% range: 29.64 - 56.42 us
Upper outliers: 7
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More than 50 MHz scanned in a few days w/o quantum
Quantum amplifier arrived at KEK last week
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-> 100 times faster measurements -> Scan speed could be 1 GHz / day
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DM search with superconducting qubits



Motivation

Axion: New pseudoscalar elementary particle haven't been discovered yet

In quantum field theory In Cosmology/asterhysics
" Axion solves AXIon solves & . =
w2/ | “Strong CP problem” | “Dark‘ Matter Fl'@blem
" . -;.fz‘ "Q
4 > dT ~ QObserved neutron EDM is .- 8‘5% Qf ma;l.'ter |n the Unlverse
T ‘unnaturally” small but we don t-khow What i iy

. ‘ p ° . g ’ . ‘
e - '_.. - L

Detecting “axion as dark matter” solves both




Axion 1s one of candidates, but---

Dark Sector Candidates, Anomalies, and Search Technigues

zeV aeV feV peV neV peV mev eV keV VeV GeV TeV PeV 30Mg
<+ —_— —>
QCD Axion WINPs
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
<% >
Pre-Inflationary Axion Hidden Thermal Relics / WINMPless DM
> +* >
P ost-Inflationary Axion Asymmetnc DM
ﬁ
Freeze-ln DM
>
SIMPs / ELDERS
&
Beryllium-8
>
NMuon g-2

Small-Scale Structure

< > el
Small Expernments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

DN S S S R S S S S L S L S

zeV aeV feV peV neV peV meV eV keV VeV GeV TeV PeV 30Mg

US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report
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Axion 1s the most promising!

o 3. Question 3: Dark Matter or Modified Gravity
Large scale survey (1675 participants)

of Big mysteries on Physics
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Question. The observed rotation rates of galaxies are faster than expected, given the

gravitational pull of the light-emitting matter contained in the galaxies. These rotation

by APS Physics Magazine

rates and related observations (e.g., clusters of galaxies, baryonic acoustic oscillation, and

Appea red on arXiv last week cosmic microwave background anisotropies) have led to proposals for “new physics” either

Nt tpS / /arXiV org /p df /2 605.11058 in the form of dark matter or of modifications to the laws of gravity. In your opinion what

is the most likely candidate for explaining these gravitational anomalies?

Personal Background

Answer Count (+10) Percent (+10)

This survey is for anyone interested. But wed like to know a little bit about your familiarity /St
with the questions posed. How would you describe yourself? a’
A‘ c
g\rfce;:gg{‘:gf y““dyi“g astrophysics 12% High-mass dark matter particles (e.g., WIMPs) 167 + 12.9
. — 00 A modification to classical gravity on galaxy scales (e.g., MOND) 192 + 13.9
, Primordial black holes 90 £ 9.5
A researcher studying 18%
quantum physics ¢ .
A hybrid of the above 344 + 18.5
A researcher in a field not 31%
listed above Effects of quantum gravity 168 £ 13.0
A science enthusiast 21% Other 164 + 12.8

Other 9% No opinion 252 + 15.9

10.0 = 0.8

11.5 = 0.8
5.4 = 0.6
206 = 1.1
10.1 = 0.8
9.8 £ 0.8
15.1 = 0.9
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Axion as Dark Matter

m, = O(1) ueV/c*, p, ~ 0.45 GeV/ce, A, Broglie = 0(100) m > dpy (Mmean DM distance)

///////

ize of axmn/ Iéﬁ/n/ch

_7474» +—¢7

—~r

' laseball ground

T _— Axion DM is like a bunch of
O(100 m) gigantic slow laser-like pulses




Nominal Axion Search and Difficulties -

3. Detecting tiny photon signal
2. DM — Photon

. x 10~
Converting Detector Amplifier +
Dark Photon |
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AXiOn W < .u. @ +
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+"Quantum *. E
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. . rth B e P
1. Put cavity on the Eart ii . HEE
_ _ _ Magnetic field 7 B S TR e o3 | | | |
Tuning with metric rod | s the most rich e 8.9642 8.9644 8.9646
: (virtual) photon source \i' Frequency (Hz) x 10°
m " e . .
< 2| Cavity tuning is annoying Pt~ Amplifier (JPA, TWPA) limited by
g 'g - heat problem . E -% standard quantum limit:
; - mechanical problem f:’ '5; g uncertainty principle for measuring
% =] - EM leakage from cavity O GC, = phase and amplitude at the same time
w = T o =
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How close to discovery axion?
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Main Idea
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— Any desired sensors can be made

manipulatable

A lot of ideas invented at

Adapt these advancements on
 Particle, Astro research area

QIS research area



Qubit Application to DM search

As cavity tuner As single photon detector As DM antenna

Zhao+ PRL 135, 201002 Moroi+ PRL 131, 211001
Nakazono+ arXiv 2505.15619 Dixit+ PRL 126, 141302 Braggio+ PRX 15, 021031 Thanaporn+ PRL 133, 021801
3 Thanaporn+ PRD 110, 115021
e — ) Watanabe+ Patras 2024, 2025
t re cm ™™ 2 frequency SMPD
B ad - e atanabe+ Patras :
= 7N Kang+ PRL 135, 181004
= | 0 [ qubit
— Dark Matter = - T
E R
Storage cadout AN,
Agrawal+ PRL 132, 140801
C. @) T l Zheng+ PRL 136, 171002
* L@uzzczcmmm VAl _H ---------------- - 1 >
C d L C 8 6 4 2 0 i 2 i@ -
T = q E) e e g (@8 @ [0 —— ]
L L 3 LA Y 0)
_ 10) Y 12) ~3} ) ~ m y
1900 © 9 Shion Chen’s talk
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Qubit as cavity tuner: DarQ-Lamb



Qubit as cavity tuner

13

Interaction

Hh = —=

o, + a)caTa + g(o,a + a'c)

HIh = (a)c + gz/A) 0,/2 + (a)q + gz/AGZ) a'a

A=w.—w

Cavity-Qubit ModeCrossing

cavity->qubit
— qubit->cavity

Qubit tuning

-—= fit_curve,C=17.59fF
—== linear_line, f=8.616GHz

Conventional tuning
friction heat
- mechanical difficulties
- EM leakage

sonant Frequency[Hz]

No heat essentially
No moving parts
cavity can be
pertect closed
geometry



Dark Photon
Waves

T A
T N
- T

:

Readout by standard
axion search like readout
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Qubit as cavity tuner

eak magnetic flux[

Coll

Tuning of qubit frequency Is easy
Just applying external small magnetic field
to the squid loop



AVIND,
#532005°




DarQ-Lamb Resglt

Cavity frequency [GHZ]
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Frequency [GHZ]
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-50 " I 10 616 3.618
= 5
V. x 10~
10—13 -
-60 .
-70 1071 =
: ~15
Blas current [mA] O 02 03 oz o5 06 o7 | |

Dark photon mass [eV]

Proof of principle experiment arXiv:2505.15619

Tuning range Is proportion to the coupling between qubit and cavity
We are trying to enlarge coupling with optimized qubits

0.8 0.9 1.0
x 104
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Qubit as single photon counter



Why Single Photon Counting?

Sensitivity already hits the standard quantum Iimit

1
AnA¢ > —. ~30 mK@1GHz, ~300 mK@10GHz

2
Single Photon Counter
0 Quantum limited amplifier
y (JPA or TWPA) > subverts the [Imit

| ampllfy both (jUSt ignore phaSe
Information)

amplitude and phase

23
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Single photon counting

Pioneering work from FNAL/U Chicago

-4
Dixit+ PRL 126, 141302 :
. 2 ) 2 T
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1/37 of SQL — ~1300x speed up



ose enhancement
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Sudden news from China: Cat

https://conference-indico.kek.jp/event/352/contributions/7337 /attachments/4931/8075/KEK-QUP2025-30min.pdf

‘@) I (b) [ ' ' —10©) DM, weak displacement
W (z) = 2 s "
Z) = |-~ | Exp. ™
2 T N | '
2 F W - - ) .
’Q\ | — . .
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12 2l e o 5
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23 z § 2 |2
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O 2 o
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= 16
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. Aluminium
Axion needs B-field

How can we survive?

Nb dies << 1 Tesla Qubit dies << 1 Tesla

Most of superconductor for qubits are pure material
— Explore other than pure material !

100-200 hm

2/
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High Temp. Superconductors

https //mdlco tdll SJtu edu Cn/event/4847/t|metable/ 20260428

f= 12.3 GHz
Qprs = 800k

(cf. Qa, = 35k)

* HTS performance test up to 42T
. = Commissioning run for axion search

Grenoble hybrld magnet

" ne

@ Top and bottom water boxes
(3 Outer vacuum chamber

5)3 — @ 2 sets of active thermal screens
® He vessel and superconducting coil =
® Eddy-current shield
Q_O @ Inner thermal screen
@ Inner bore tube
6.0000e+05 © 2 Bitter magnets
5 200064'05 (0 14 polyhelix insert
6.0500e+05
4.4700e+05 :
Fieldin T Warm dia.  Grenoble hybrid magnet con-  Electrical powerin MW
ity | S _4 - 20_0_@ S :0_5 (no mal) in mm figurations 2
____________ 3 _'_9 ?. ?_0_6;!- 03> (2 (43)" > 34 14 helix + 2 Bitter + superc. 20.7+28+04
QHTS > 10 x QC 34 (35) 34 14 helix + superc. 10.6 +1.1+0.4
u
17.3 (1 7.5) 375 2 Bltter + SuperC. 10.9 + 1.1 + 0.4 I
8.5 (9.5) 812 Superc. alone 0.4°

Slides from SungWoo Youn
IBS-DMAG



Ways to introduce B-field

Parallel field doesn’'t penetrate
superconductor
— qubit can survive in B-field!

:(I ) | | | | |
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= 5 Y T | “" X 3
= - : \\ .‘ t \‘_ *
0 Single JJ SQUID Yo s '~'~~ o
10 FI T1 TSChO TZ* -F m/1¢ Techo ® TZ* \ | S !z '\: i
I I I I I I ‘i I Lo
101 I:—I | | | = | | | -
: (c) - o - Photon-shot-noise limit (d) -o- Photon shot-noise limit
— : Charge dispersion $ Top charge dispersion ! i TR
i ol Bottom charge dlsperS|on'” l E ' ‘
%2 E = . . —
ERL: " l : Pl
2 ! i 0 ol 3
O _ s
P=10 F s ”'I l “I | :
- C'e-o-o—o--.._.__‘~
-2 - ‘\‘\\ _ “.‘-....~'.\ i
10 FI I I \\s, I FI I \"‘~._. I ( I
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8
By,1(T) Bj,1(T)

J. Krause et.al., Phys.

Rev. Applied, 17, 034032 (2022)

Usual qubits (Niobium film + Aluminium junctions) live at least 1 Tesla
— We aim to increase up to ~ 10 Tesla with some improvement (like high Hc superconductor )
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Sudden news from Italy: SMPD

(b) (b) Photon = g
Haloscope | Frequency SMPD detection w
* __tuning priods
- Incoming | 1> «click»
; photon —
i Wh |0 /1
id

§ 0)
Wq
Wp

Lescanne et al. Phys. Rev. X 10,

021038 (2020)
(c) \SNI:::Dh::g::ope Similar noise level to Fock state
Q Q This can be operated
enes OUTSIDE of magnet !!
Calibration
. | port

-2 | 0 ] 2 |
5f (MHz)
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For preparing sudden news from Japan

N

Josephson junction

RO signal (a.u.)

~400 [nm]

: .
| See Chikara Kawai's poster

Optical microscope image of the

superconducting-qubit circuit and

SEM image of the Josephson

junction.
0.20 | —— Ra;w data - —0.14 - A\ — Réw data

‘R Fit data : Ti=115.7+11 5ps i\ it data : 1=49.9hs

0.15 I —0.16 - \‘

: i ] oy )
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Summary

Recently founded QUP is working on quantum sensing

AXxion Is the most promising dark matter candidate

Qubit can be tuner of cavity
— |nitial results

Qubit can be variety of single photon counters
Fock, Cat, SMPD--

We (as particle physicists) shouldn't forgot about magnetic field
Nb35Sn, ReBCo, Nitride qubits ---

We (as particle physicists) should think about the best way to
utilize quantum technology for particle physics

‘novel quantum way” gives results but not always leads discovery of DM!I
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GHZ) = @28 + OO0

Game changer: Entanglement | ___ . _..._...

PRL.131.211001 (2023)

Frequency (GHz)
10°

107°
101

10-11

ssssssss

10'15 —
10°° 107
Hidden Photon Mass (eV)
DM excites

a single qubit

— sighal « n

We did this already

qubit

PRL 133, 021801 (2024) arXiv:2510.01816
103 e
! T?
My 1 Ti ET | !
T = F : 1073 e o
10° 10! 102 103 10% 10° 10° 10’ 108
Prepare GHZ state of number of qubits I
n qublt array Projection to W states
at noisy environment
These n° .. enhancement is truly game changer

qubit
— Towards large scale experiment with many qubit array



SREFE cavity for Quantum

Collaboration with NTT and ICASA at KEK. World best Q value at single photon level
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(d)
Signal TWPA Signal
Input Pump Output
300 K
B0 —————eb e L
HEMT
+35 dB é
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20 20 t
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' +20 dB

W e

Direct application to guantum computing (bosonic codes) might be another direction



