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I Mass range
DARK MATTER

~1 to ~30
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i) Why Axions?
Strong CP problem

QCD EXP

Neutron Explain.dark matger2-@983).
: p - 1o~ S e

Peccei-Quinn solution (1977)

Spontaneousl|
Unbroken symmetry Br £<en Symme}t/ry
(= (T~ £,)

v s
N

Invisible axion (1979)

* Very light (sub-eV)

« Extremely weakly interacting
* Produced in early Universe

RaPeccei &HEQuinh

fins the
al test A new particle:
Axion (1978)

v Of clean

= =
A deterg.é‘é(s up the

problem!

F.tWilczek &

S. Weinberg
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KILLING TWO BIRDS WITH ONE STONE

Strong CP problem Dark matter
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.fbs'“f Axion models and detection cRG
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- Axion interactions with SM

_m Fermions __| ___nEDMs __

Hamiltonian / JayyaE - B JasrVa - S 9JepyaS - E
\
Observable ( Photon I Spin precession Oscillating EDM
\

\ Power spectrum /l Magnetometer, NMR,
phoLon counter,,

- Axion models ___

Detection NMR, polarimeter, ...

Y SM ferminons BSM fermions
. Standard (f, ~ vgw) Invisible (f 4 > vew)
Ruled out Benchmark
. R SER S

AAAAA

Turn?ng ‘dark matter into light!

--

_ Sea of (Inverse)
o Clas:;;clgl EM virtual photons Primakoff effect
P. Sikivie

- Detection principle
- Sikivie effect (1983)
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.v) Search strategies
- Haloscope
- Dark matter halo in our galaxy (cavity resonance) Magnat ot (5
2 2
* Fayy z:()mx 107> W (%) (O_Lgcéﬂ) (1.1ngz) (1(52 T) (SZL) (O(.:6) (1%65)
~ photons/sec cc

- Helioscope
- Solar axion

2 2 2
_ g B L 2(1—cos qL
- P z2.6><1017( _“W_)(O)( )gr, F — 2(1=cosqL)
|4 10~10 Gey—1 10T 10m (qL)?
~10 photons/day

Production Cavity (PC) Regeneration Cavity (RC)

=

Detector
OCOoOO0OOONOO00nN
Wall

- Light shinning through a wall

- Axion production at lab T

4
: _ g P BL
« N. ~4%10 SHZ( ~ aYY_ ) ( laser)( )(BPC)(.BRC)
14 10710 gey—1 40W 560 Tm/ \5000 40000
~1 photon/day
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s) Axion search — current status ~ ERBER'
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Cavity haloscope

- Resonant conversion when f .. = feav
- Most sensitive in ueV (GHz) region

- Axion-photon conversion power (a—yy)

Ya 2 p f

Payy = 9 x 10723 W (2222) ( ‘;;ev) (L)

0.36 0.45—-) \1.1 GHz
(~100 photons/sec) cc

*(me7) Gr0) (52) (o)

- Signal-to-noise ratio (SNR)

Magnetic field (B,)

System noise (P = kzTAf)

SNR = Psignal — l Payy At Tsys = Tenr + Taaa
Pnoise  4kp(Tsys/0.2 K) | Qq/108 ex) 02K ~3x107%2Ww

(~4000 photons/sec)

- Unknown mass = > scan rate (F.O.M.)

2 2 2 5
d GHz ( 5 0.2 K P 10 _
4o (2 () () () ~ mivicrecrsy
dt year \SNR/ \Tgys) \1x10-22w/ \ g, Y
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ﬁb‘;, Cavity haloscope — in a nutshell ciRG:

- Leading sensitivity in the ueV mass range

Cryogenics T d f Quantum noise
| B4 V2C%Q limited amplifier T
dt Tsys [ — —

[P e B8 Py ~ 102 W

(~100 photons/s)

VI (fm[] —m m
Signal amplification
w/ minimal noise

Tunable High-Q resonator

Thermal noise reduction - V, Q, C, Af

High field Magnet B

Resonant enhancement

f. axion = Tcavity

Boosting a—yy conversion Extreme conditions!

Signal enhancement



PARTIQAL 2026 Quantum probes of axion dark matter

i) Cavity haloscope = Axion radio m

Preamp
i FFT
MHz kHz

GHz

Cavity P ‘ l f =m,c?h

Magnet
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Frequency tuning and signal

ﬂwm Background-Subtracted
mspewa
3 Ntabe,
N
£ RS
- - \
PN = e e
N4/ 3 Cond e =
N V. onductor £ \ i)
1l 1.05 -.&)-;
Q 0,
1IN 100 (%) I A b v |
0.1 I (]
| S =y WAV
[ (o] 20 40 60 80 100 120 140 160 180 E
; Rod position (deg) wn W
n
1 ! !
g Synthetic DFSZ Synthetic KSVZ
| 100 . Signal . Signal
‘l 0.98 80 B 1 l |
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0.01 : L j} “g 0.92
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Field-Free Region

Quantum Amplifier

Package

Antennas
Mixing

Chamber

Microwave
Cavity

Tuning Rods

"Magnet

Quantum probes of axion dark matter

100-250 mK
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Quantum probes of axion dark matter
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- Leading sensitivity in the ueV mass range

Cryogenics T

Quantum noise
limited amplifier T

df

— A~

dt

BgV2(C?Q T3%

N

\

B s a

Py, ~ 10738 W

(~100 photons/s)
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Signal amplification
\

« W/ minimal noise
S

-’

~ -
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T , Tunable High-Q resonator
Thermal noise reduction

V, Q, C, Af
High field Magnet B

Resonant enhancement

f. axion = Tcavity

Boosting a—yy conversion Extreme conditions!

Signal enhancement
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Power detection vs. photon counting
(w/ amplifiers) (w/ single photon detector)

_ f =10 GHz
Transistor-based Single photon detector
Heat dissipation SPD
(Th ~ K) 1k (SPD)
3 - !
§ 0.100f _ E Game changer
I~ = Total noise . .
0.010 — Bosonic occupation |1 at high frequencies
0.001 — Standard Quantum Limit| and low temperatures
1 | - . - Tnnlse Tphy
JJ non-linearity 107,001 0.010 0.100 . 10 100
Quantum limited Tty [K] (@)
Tsqu ~ 50 mK x f [GHz] Readout
X Transmon i Dark Matter
Storage
AXAY > h Single photon counting
v Not subject to SQL

Quantum squeezing (Ty < Tsq. )

(Th << Tsa)
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. SC-IN-SC (SIS)

Insulator

) Josephson junction

Superconductor

Cooper
[ AAAA /\N\/ \\/\/\/\/\,
Pair
/ Cooper
N\NNV] EIVAAAC)
Pair

Superconductor

|¥1le'®r  Cooper-pair W, |etP2
Tunneling
Superconducting weak link:

Phase difference (¢p = ¢p; — ¢5)
U

Governing dynamics

+

JJ symbol

Quantum probes of axion dark matter

- Josephson effects

- DC effect

Iy =1I.sin¢

- Supercurrent at V=0
- AC effect

d . 2eV(t
. d‘f = 2eV/h = I,(t) = I, sin (eT())
- Voltage sets MW oscillation

- Josephson inductance
CUp = L=

cos¢’ T T 2mi,
- Lossless, nonlinear, flux-tunable

Core element of quantum devices
SQUID — JPA — Qubit

quantum-limited

amplification artificial atom

flux-tunable

m
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{is) QNL amplification ARG

or Basy™
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- Flux-driven Josephson parametric amplifiers (JPAS)

2m23 OB s Nobel Prize in Phyiscs 2025
2.30-\ - ,< - \ ' / Frequency tui
n
o Data T
§2251 % o = °“. 2 = -
5 ] Fit 0.. s Ic Icocos<q | %
= o e le | T
L | =
2.20+ . '~ ( i
i . ° Parametri =4
® 2.287 2,288 2289 e 3 '
15— £ I '
' -0.5 0.0 0.5 L() == ‘
9190 __ 2
@ Output /’§u‘peroonduct7r 4
signal coil / > <
§ /4 - coplanar wave guide resonato?“~-_LMJ_L , ..
_ DC SQUI& John Clarke Michel H. Devoret John M. Martinis
Input = .
; ¢ v
signa I - L R
b - [N x X X Xy KX
(}39 o o o / 0.10-
QNL
0.05-
‘ Cewer ~ PF
g Lewer ~ nH (const) PC 000l - — —
i um
ptl')gr{‘a LSQUID =~ pH (tunable) portp L 1.24 ;éqﬁuency ((":-ILIZ) 13
\
© . . .
O O * High gain / low noise

U. of Tokyo & RIKEN * Narrow bandwidth (~50 MHz)
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i-JPA system ARG

- Parallel-series configuration

fipa; # fip 4 = frequency multiplexing

21
20
| g L
= & e, @
JPA 1] JPA z] wpaz| |pas JPAS] JPAe] £ 19 %060, 0 0‘\_ & :&Wﬁ,’.‘w’.
| | | | Py o0 ® f.=1.48 GHz
-
18]
171 . | i
1.20 125 1.30 135
2002
= == Standard quantum limit
< 150 .
£ 150 -
[0} ® ..’ R
2]
91001 ee "M o N
- ®e00000 @‘w
§ 50
< -----------------------
0l . , . . . .
1.20 1.25 1.30 1.35 1.40 1.45 1.50

Frequency (GHz)

* High gain /low noise
3-layer shield (Al—u— Nb) » Broad bandwidth (~300 MHz)
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‘i) Lumped-element JPA CiDE

- SQUID array = large (tunable) inductance

Signal
|  Pump * No wave guide resonator
. =0 .
Ce : - Multiple SQUIDs
— B * Interdigital capacitor
N
Ny « Wide tuning range
(a) LX)
401 e
738 , /
5 :
€361 g
) ) - N N
34 : L4
5 839 | | 1,62 GHz | g 3
_ S 8 ' =
> 5 30 . £ &
203 s281 < Tuning with dc flux bias % 5
§ @ 261 < 2
0.2 E
bty 24 i ; ! m
t -40 -30 =20 -10 0 10
S I A Standard quantum limit __________ o eeoemmeemen Coil current (mA)

30 32 3'.;1requency (GHz)S'G 3.8 4.0 U. of Tokyo & RIKEN



) Traveling-Wave Parametric Amp. m

Nonllnear lumped-element transmission line

Commercially available

Pump lT Flux bias

In —| —p —p |— Out

-2.5

20 i
Al-TWPA-C gain |
g 15 e WV . WA N 20
z { 'm
c . o ' r1.5
8 10 7 .‘-"‘ " \ ¢
@ WTVY : ! -1.0

‘_ *> 1.0 photons

0.5

TWPA-added noise photons

AI TWPA C added noise

0 T T T T T 00
4 5 6 7 8 9 10
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i) Signal detection & Btvicio T,
Power detection
(w/ amplifiers)

Transistor-based
Heat dissipation
( Ty~ K)

JJ non-linearity
Quantum limited
TsqL ~ 50 mK x f [GHz]

X

AXAY > h

Y Quantum squeezing (Ty < Tsq. )
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i) Quantum squeezing BARE

<
”
\
Wt

- JPAs in phase-sensitive mode o insonsit
ase-insensitive mode
- Squeezed-state receiver (SSR) X
Nature 590 238 (2021)
AXAY > h
queezer >
Y

TSQL ~ 50 mKX f[GHZ]

P S Em— w5, s ° . .
_ P N, p =2, 8Qoff x,.. reflq;:ted noise
] 0.8 o2 W . . N.=25Qoff |] o cavity noise
3 = * Ny Total noise noise
3 06 ot —— N, f=7.1,8Qon |
S — —  N,f=7.1,5Qon
g 0.4
02 * Reduces N,
' SSR:+ Increases §,
fos spies sl s oeiminiain 4 i E 1 | e [ itimipmmines] ——_— 1 °
10 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.0 Increases df/dt
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Power detection vs. photon counting
(w/ amplifiers) (w/ single photon detector)

_ f =10 GHz
Transistor-based Single photon detector
Heat dissipation SPD
(Th ~ K) 1k (SPD)
3 - !
§ 0.100f _ E Game changer
I~ = Total noise . .
0.010 — Bosonic occupation |1 at high frequencies
0.001 — Standard Quantum Limit| and low temperatures
1 | - . - Tnnlse Tphy
JJ non-linearity 107,001 0.010 0.100 . 10 100
Quantum limited Tty [K] (@)
Tsqu ~ 50 mK x f [GHz] Readout
X Transmon i Dark Matter
Storage
AXAY > h Single photon counting
v Not subject to SQL

Quantum squeezing (Ty < Tsq. )

(Th << Tsa)
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Quantum probes of axion dark matter

10) +11)
V2

Qubit

* Two-level quantum system:|0) and |7)
*  Quantum information

» Superposition + entanglement
* ex) Spin-1/2, photon polarization, atom energy state

\

Superconductor

/
Weak Link
\
r

Harmonic Quantum LC oscillator Anharmonic Quantum LC oscillator

w23 =Wwo1
Wiz = Wol [ wiz # wo1

| Wo1

wWo1

Nonlinearity provides unequal energy space
“Artificial atoms”
Flexible, tunable, scalable

[Transm on qubit ¢

\ « Stable operation

| Shunt

capacity

hW()l = El - EO =
_ Polc _h
(E; = 21 yPo = 2e

8E,E, — E,

e2

'EC:E)

« JJqubitin E;/E;>> 1regime
« Charge-noise reduction
 Long coherence (~100 us)

\\

\

)
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Dissipation-Engineered SMPD EABE

- Qubit-resonator dissipator Phys. Rev. X 10, 021038 (2020)
(a)

Incoming
photon

Waste

Outgoing  Dissipative
photon bath

50€2

(b) Photon c) Detector
detection ﬁ Way (©) Wy

|0)
w
q
Nmax ~ 0.58,
min 1 AWM:

de ~1.4ms™
Yreset~(370 ns)_l

reset
Qutgoing
photon
Incoming | 1) «click» | ]_)
photon N
Wh *"’\fW\I‘H 0 /1 W e\fV\/\/\m
w

. Irreversible process
Small bandwidth! (Quantum Nondemolition detection)
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- SQUID-based tunability

- Buffer + SQUID

- Four-wave mixing
VvtV =Vt
-n~05
- Iy, ~100s7t

- AXxion search
- 7.3 GHz
- High-Q cavity
- 2T magnetic field
- 20x scan rate

- Cyclical operation
- v, # V.. bkg only
- v, = v, 8gl + bkg
- In situ calibration

) Tunable SMPD

Quantum probes of axion dark matter 26

m

PRX 15, 021031 (2025)

SMPD
Frequency
\ tuning

SQUID

Qubit
readout

Pump

SMPD tuned
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1 Microwave signal detection ciRG:

RS
3
B

F

Power detection vs. photon counting

(w/ amplifiers) (w/ single photon detector)
100¢- ‘
i _ f=10 GHz
Zzgfslgisjtlsgg 10} Single photon detector
(Tn ~ K) it _ (SPD)
z — l
g0100; . Game changer
~ == Total noise . .
0.010} — Bosonic ocoupation at high frequencies
I — Standard Quantum Limit| | and low temperatures
| - . === Tnnise=Tphy
JJ nonlinearity 107,001 0.010 0.100 . 10 100
Quantum limited Tony [K] (a)
(TsqL ~ 50 mK x f [GHZz]) Readout
Transmon i Dark Matter
ter Storage
Single photon counting
Not subject to SQL
(Tn << Tsa)

Quantum squeezing (Ty < Tsq. )
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v) Nanobolometer ERG:

- Nanowire bolometer with SNS-JJ resonator readout
Redshift upon heating

Rev. Sci. Instrum. 94 054710 (2023)

i = (b) Probe out* | (d) [-7=-80dem
- ~ Py = -83dBm
! 1.0
SNS i o
junctions | | =
N/ = 0.5
75 I\
Cy
o 500 550 600
Probe frequency (MHz)

f, = Probe frequency

\ SNS junctions

Y1011 | [Bebein P, =Probe power
PPV S  =Heater frequency
ALAAAAR P, = Heater power

Al
I = Current bias

* Series of SNS J unctions I" = Reflection coefficient

- Ultralow power measurement LU W0 =
- Broadband: 100 MHz ~ 20 GHz Normal metal (Au,Pd,.,) nanowire

- Low noise: NEP,,,, ~ 2 aWAHz

» dc heater Graphene (SGS)
- In situ traceable calibration Low C & small V => fast detector speed
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Cavity haloscope — in a nutshell

10N GrRouP

Leading sensitivity in the ueV mass .!, st S phton o)

Transistor-based | f=10GHz
Heat dissipation

df B4V2 CZ Q (Ty~K) 1

Single photon detector

Cryogenics T bokew

Game changer
- Total nose % i
== Bosonic occupation 4 at hlgh frequenc:es
— Standard Quantum Limé | and low temperatures

T 1

Tecne®

Psig ~ 1 0—23 V| J onlmean!y
Quantum limited
(~ 100 photon& (Tsau ~ 50 mK x f [GHz))

I—‘;.o‘kii‘o

Storage

Single photon counting
Not subject to SQL

(Th << Tsad)

Tunable High-Q resonator

Thermal noise reductlon - V, Q, C, Af

High field Magnet B

Resonant enhancement

f. axion = Tcavity

Boosting a—yy conversion Extreme conditions!

Signal enhancement
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) Quantum vs. Axion

Nobel Prize in Phyiscs 2025

John Clarke

Discovery of
Macroscopic Quantum
Phenomena

J\-

Quantum
Tunneling

Energy

Superconductin
P g Quantization

Circuit

Demonstrating that quantum
mechanical effects can be observed

Michel H. Devoret  John M. Martinis

Nobel Prize in Phyiscs 20XX

MBDECC

Zzzz 77272z

Yyyy Yyyyy

2X000¢ Xxxx

Discovery of
Axion Dark Matter

[l
NL;?

Axion- " Single-
Photon  Superconducting Photon
Conversion Circuit Detection

Providing evidence for the
predominant origin of dark matter

xioN GrouP
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Listening for Dark Matter
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