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Outline

® Motivation of ultra-light dark matter
® SRF Cavity Search for wave-like DM

® SRF Cavity with qubits (Quantum Non-demolition Detection)

O “Simultaneous resonant and broadband” detection
© Large sensor-array to eliminate the noise

® Summary and Outlook
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Background: Dark Matter

Unknown composition; vast mass/frequency range

QCD axion VDR limit unitarity limat
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m, ~ GHz ~ 107%V

Compton
wavelength reaches
lab scale (m)

Resonant cavity
(antenna) + quantum
amplifier

Quantum mechanics:
matter behaves both like
particle and wave

Ultralight dark matter
macro-scale wavelength

wave background field

Beyond particle-scattering
DM searches

Large potential for wave
detection

Background: Wave-like DM Search

Milky Way Galaxy

m ~ 107%%eV

de Broglie
wavelength reaches
galactic scale (kpc)

Astronomical
observations (time,
position, polarization)




Spectrum of Ultra-light Dark Matter

TheVirial Theorem: the velocity of dark matter near Earth is
approximately 107-3 boosted by gravity.

Mgq

10~ eV

Frequency: w, ~ GHz

107° eV

mg

Coherence: 7, >~ ms

—6
Max Exp. Size: )\, ~ 200 m 0" eV

Ma

Woave-like DM: axion, DPDM, milli-

charge particle etc

Ty ~ l/ma(v%M) ~ Qa/ Mg ~ 106/ma

Almost monochromatic!

Bandwidth of axion
DM is 107°

Detector bandwidth 106
accelerate the scan rate

Mo ~ 1/may/(vdyg) ~ 10%/m,

Momentum width 107>




Various wave-like DM search

Chandra, NuSTAR,
Fermi, Planck,
INTEGRAL
AMM-Hewton
eROSITA, COBE,
HINODE, LISA,
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Background: Wave-like DM Search

Axion (ALP): spin 0, CP odd Dark photon: spin |
mili-charge particles?
~ Y
\\\ kinetic mixing
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Magnetic Field
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induces an effective current induces an effective current
under strong magnetic field. anyway.
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SRF Cavity Search

4

. for wave-like DM




Current status

© Axon dark matter detection competition :

Traditional resonant cavity: ADMX, CAPP, HAYSTACK
LC circuit: DM Radio, ABRACADABRA
Nuclear Magnetic Resonance: CASPER, Spin amplifier (USTC)
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Cavity with static B field

mg
(5}2 + —0; + mg) E, ~m,cosm,t
1

Qq ~ 10°
Quantum amplifier to
readout the signal. m, ~ GHz ~ 1076 eV

Cavity size ~ (axion
mass)/-1

Signal power
decreases with axion
mass

e.g. ADMX, HAYSTACK



Wave-like DM-photon
coupling produces
microwave signals

Hidden
Photon

AVANY '2VaVa

nup < 1071

Superconducting (SC) cavity: Q ~ 10"

e~ 2.8 x10°1°

Ground-Based Wave-DM Search

Microwave
Photon

Microwave resonant
cavity: high-sensitivity
(high-Q) receiver

r

Higher Q,
higher
sensitivity
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(

tint
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Accelerator SC cavities
have ultra-high Q

Q: ~5 orders
higher than
conventional
cavities



Key Result: Tunable Superconducting-Cavity Wave-DM Search

Peking University established the SHANHE

dark-matter search collaboration

First successful tunable
superconducting-cavity search for
dark-photon DM, reaching the best

sensitivity € < 2.2 X 10710
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SHANHE Collaboration, Phys. Rev. Lett.
133 (2024) 2, 021005

mHz Hz kHz MHz CHz THz eV

An anisotropic dark
photon background
gives a signal
modulated by
Earth's rotation.

Constraints on DM annihilation into a dark-
photon background
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SRF Cavity

P Sionificant 0, > 10" compared to copper cavity with 0, < 10°.

P Superconducting Radio-Frequency (SRF) Cavities:

extremely high 0, ~ 10" - improve SNR « 0"

P |-cell elliptical niobium cavity with mechanical
tuner, immersed in liquid helium at 7~ 2K

»TM,,, mode: z-aligned E, maximizes the
overlap for dark photon dark matter (DPDM)
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SHANHE Collaboration, Phys.Rev.Lett. 133 (2024) 2, 021005



Experimental operation

Parameters
Value Fractional Uncertainty

Vit =V C/3 693 mL <1%
6, 0.634 &= 0.014 1.4%
Gnet (57.30 + 0.14) dB 3.1%
QL (9.092 + 0.081) x 10° /

max 1.2991643795 GHz /
Af() 11.5Hz /
tint 100 s /

microwave electronics for DPDM searches

300K

VNA

0/0 Spectrum

Analyzer

Noise Source\




Scan Search with Mechanical Tuning

Motor

P Mechanical tuner scans resonant frequency f, with

Tuner arm

Piezo

the step ~ f,/Opy

P Calibrate f, and its stability range Af, in each scan

P Frequency drift sf, < 1.5Hz and microphonics effect

/

Op R 4Hz
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P Conservatively choose Af, ~ 10Hz
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Data analysis and constraints

> with each 100 s integration time

P Group every 50 adjacent bins and perform a to address small
helium pressure fluctuation.

P Normal power excess shows Gaussian distribution:

SHANHE Collaboration, Zhenxing Tang,... Jing Shu, Phys.Rev.Lett. 133 (2024) 2, 021005

5 -1MHz -0.5MHz 0

CMB distortion

4 Standard Normal
Distribution _1 1

FAST

SRF scanning
this work

-4 f . : : . : .
0 500 1150 60 120 1/ -6 -5 -4 -3 -2 -1 0
Scan step i Counts ma’ — 2rfM [neV]

P First scan search with SRF and most stringent constraints in most
exclusion space.



Few comment on Q0 > Oy,

fi = 1.297GHz

1_4,(10-16:] ——— - - Direct Exclusion
f 3y 10-16 ' : from the cavity
e I i | )
1.2x10716 | : Noise power
E reduce with 0
e 1.1x10718]
3 |
1.0x10"16 ¢ .

; _ Virialized DM
9.0x10717 | { Exclusion
8Ox10-17 Lo L Scan step:

~1000 0 1000 2000 3000 4000
J X Opm

(m, —fol)/Hz

simple fit function (constant): .
attenuation factor almost | different from ADMX



Data analysis and constraints

mHz Hz kHz MHz GHz THz eV
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Cosmic DP backgrounds

The Cosmic Axion Background

Jeff A. Dror,!»2:3:* Hitoshi Murayama,®3 %1 and Nicholas L. Rodd? 3%

! Department of Physics and Santa Cruz Institute for Particle Physics,
University of California, Santa Cruz, CA 95064, USA
*Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
3 Theory Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
*Kavli Institute for the Physics and Mathematics of the Universe (WPI), University of Tokyo, Kashiwa 277-8583, Japan
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Modulated Signal from Galactic Dark Photons

©® How about galactic DP backgrounds? (Anisotropic
backgrounds, from annihilation or decay?)

Perturbative cascade decay (broad 4-body spectrum)

Parametric resonance decay (relative sharp 2-body spectrum)

® ADMX experiment (axion) |
10 ®F
The very deep constrains for DP would . ,
, , , Pl e bound very weak!
give us much stringent constrains L o
S : Leen
. . é 10 '05 :H, e CAST (2017) _.,
® Polarization e |
1(_)—11:_ EJ,—"’ i ‘ Trw = 1.81 .
Longitudinal: from a heavy dark mrliioas G e

Higgs decay 0 T 60

mpwv [[.LEV]

Transverse: axion-DP coupling
T. Nitta et al. (ADMX), Phys. Rev. Lett. 131, 101002 (2023)



Modulated Signal from Galactic Dark Photons

P Galactic dark photons from DM decay, e.g.:
cascade decay from DM halo

P Vectorial observable « A’
— angular-dependent signal « C(9)

— modulation as the Earth rotates

P Production is polarization-dependent,
modulations for longitude and transverse
modes are opposite Har

n 0.2+
P m
9 DN W e S .
4& ... TMymode 0.1

. S | -

— Longitude
— lransverse

C(6)

C)
i 4 ' ¥ A e . % :

S ol. | |
() /4 /2
7,

Yifan Chen, Chunlong Li, Yuxiang Liu, Yuxin Liu, Jing Shu, Yanjie Zeng, e-Print: 2402.03432 [hep-ph].




SRF Constraints for Galactic Dark Photons

P Same dataset as DPDM search

P Scanned range within galactic dark photon bandwidth — combine all
scan steps to analyze

P Longitude mode has better sensitivity because of the larger spatial
wave function ~ w,./m,,

m/(2m) [GHZ]
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10" | |
10" |
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P Gradient color region represents exclusion for different DM mass
SHANHE Collaboration, Sci. Bull. 70 (2025) 661



SRF Heterodyne Axion Detection

® Key challenge: axion detection with SRF cavities in strong magnetic fields.

Strong fields break superconductivity; axion searches require magnetic

Ealds Fermilab design complete
Inject high-power microwaves to generate a strong AC magnetic e . -
field inside the SRF cavity. 3¢ Fermilab
Z (atg n Sn ) +w721,) E, = o\, (B8;a) arXiv:2207.11346
Mode: E; Axion DM: a
Dynamic field By:

Tune mode splitting between near-degenerate
levels to match axion mass, enabling smaller
axion mass scans.

A. Berlin, R. T. D’Agnolo, et al., JHEP 07 (2020) 088.



SRF Heterodyne Axion Detection £ ~ GHz <300m>

L
. . - . Conventional cavities: GHz
© Superconducting-cavity level transitions probe axion dark
matter and high-frequency GWs fo[FR]
L 100 10 100 10° 100 10" 108 10° 10" 107 107 10° 107
10
Use energy-level 107 .
splittings to probe 110 o
Iower-freglu(e;;\/s/y axions o | " SHEEEEE
an S — : |
T 10"
> =13
8 10
MHz ~ GHz — W
ag 107
10
- ST S
7< ERAA
Optimized for DM-induced transition measurements: 107" (P BB ST 5)
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No group has yet demonstrated this; Fermilab,

CERN, etc. are actively competing. MHz-GHz: almost no terrestrial coverage!@1:
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Research Plan and Methods

Research content: axion-DM search via superconducting

resonator transitions
One measurement, two

Research Plan outcomes:
© Phase | (Pl) proof-of-principle experiment: Reanalyzed axion data
© Use existing niobium cavities from accelerators; resonance enables high-frequency
frequency 200MHz GVVs searches

© Measure via mechanical squeezing; scan range IMHz

© Projected beyond current axion-photon coupling limits
101'GeV~!, down to about 10~ 12GeV ™!

© Phase Il (P2) transition-measurement experiment:
©® Complete new cavity design and fabrication; level splitting about 1MHz
© Tune level splitting to achieve scan range 100KHz ~ 1MHz

© Control noise near thermal-noise floor; target coupling limits of
1071 ~ 107 4GeV ™




Research Plan and Methods

® P3: multimode resonator network
for broadband/resonant readout:
® Broadband readout over

orders of magnitude; per-band
bandwidth > MHz

© Sensitivity: ~ 1071 Gev~!

Process optimization:
improve antenna design/fabrication,

mode isolation, and cavity fabrication precision
to reduce mechanical and phase noise
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SRF Cavity with qubits

d (Quantum Non-demolition B

. Detection)




Key Result: Cat-State DM Detection

Al SC cavit Nb-based quantum-
for uantun); sensing SC cavit 9)
N Based on 0=1.62x10 -
sensing : 20 2
accelerator SC-cavity | order improvment ¢ D P)| g ~ | /|| o]
upgrade
oM Y @ | — Single-photon readout: L R ——
fieldn '\ Y& =@ R | non-destructive, lower : !:j
- P quantum noise | 7 N - Prepare
o X2 | four-legged cat states
" os| .o | : o s
\BL/ / "jj higher sensitivity
e <7.3%x1071 '

Phys. Rev. Lett. 136 (2026) 17, 171002

Interdisciplinary quantum precision tech accelerates dark matter searches! @




Quantum qubits measure DPDM

a b ¢ Readout
— \1.9cm

l-l-l Readout m

Storage 6.011 GHz

Qubit Readout 8.052 GHz
Qubit  4.749 GHz
I 7.0 cm
Transmon I Dark Matter e TS %wqaz
g 1
f f f -I-Q)(aTa —0.,
2
Storage : Storage
e Measuring only the photon number while
H = wea'a + ~SWe0 2z " p I lv i h h
9 completely ignore the phase (quantum
non-demolition measurements).
Hiny =d- E Quantum qubit (two level system)
=gloy +o0_)(a+ al) as a single photon detector
el
~ 2xe’a50; Using Ramsey interferometry to

measure the photon number parity



Quantum qubits measure DPDM

Wave-like dark matter background field will change the time
evolution operator. For a coherent state, can be modeled as a
displacement operator.

D(p) = e/’ =F'a where | f| = \/pDMmDMGVGT

Acting on the cavity prepared In the vacuum state
(1D 10)| & [(11paT10)] = 151

For a large n Fock state, signal enhanced by (n+1).
(n+ 11D )| ~ [t 1gal 1| = 18P+ 1)

Shorter coherence time 7, =T! ~ /n, More difficult to prepare

cavity

Sensitivity mainly given by the background photon number 7,




Quantum parity measurement

Ramsey interferometry in Bloch Sphere Excited state probability
_ _ ATE 3 N IRIRD 'iTT
B pulse Evolve  period ) pulse Ly
Ie) |e> |e> fo.s-
‘g> i ‘e> .\ 0.2
V2 ! 'R y ull

Ig)ﬂ hidden Markov model to
=~ specify the probability
—iH; g)+]e /\/52 —'%xtle))/ﬁ -
Ho—n ()'Z = T
Ad ' T ¥

P
10-1. ...l. *@ e s awasas®* .

The qubit state is flipped if there is odd |
number of photons in the cavity. [ 2 e




Quantum qubits measure DPDM

DPDM: Using the

Fock state (N=4)
to measure

DPDM: Using the Vacuum
state to measure

Wigner function of |4)

logio[m. /GHz] logg[ma:/Gllz]

5 -3 0 3 -6 3 0 3
-4 I S Is;trgldht:’cﬁonf -4 | CEMB(1) 3}3{',?,;50,,-_
. W\‘\ : _ [%cﬁﬁ} B,
| m. (GHz) |
8} 6.000 6.011  6.022 - -8 g , \
: 7 | ) | v 5.9645 5.9651 5.0656 9
| |||||||||I|| ””ll””” . b% 4l |
| e Il I } Qubitbased | Boreden il
121 & -11 ' photon counting R - B e &
| J _?J,E | —— QU 4: |
| o e, | UL . YV omml] S e
-16 + 2481 2486 2491 p -16 | , :
| Mo (peV) . -7 | Regonpreddsdom e Ry PROTIT gk Sodle cosmic mfation
-1.4 . s -1‘0 . L s 1 " x " _‘6 . . -12 — -14 -1‘0 . -‘6 . . -‘2
log1o[ma:/eV] logiy[my /eV]

e > 1.68 x 1071

A.V.. Dixit et al. Phys. Rev. Lett. 126, 141302 (2021)

€ >4.35 x 10713

A.Agrawal et al. Phys. Rev. Lett. 132, 140801 (2024) @




Measure DPDM using cat state

Here we define the 4-component cat state (compass state)

Start with:

[po(@)) < |a) +| —a) + i) +| —ia)

Signal: |¢1(@)) Separate Backgrounds: [¢3())

(b)

Im (5)

4 L |deal

a=1/10

Po(B) = |(¢1(a)|D(B)|do ()] ~ |81 |er|?. 30

-2

0
Re (B)

2

4

- (c)

DM, weak displacement

| Exp.

A
—
. n
“
-
“

. lo

0
Re (8)

.-2
™

wW(B)
2




Experimental setup
We design a high-Quality superconducting cavity based on Nb

T, = 4.6ms, Q ~ 108 One order better than Al
AN | '
\-“._:\N\S\,_ —N\N\N\N\— \ \
=
UHFQA HDAWG

output input  Trigger Trigger
o ‘\' NN '

ARF amplifier
P S — -~
[ |
| |
| 500 |
| o '
|
. © OO | .
| Circulator e 1y [
| O A AN i |
| - "'"'"""""'T"I' |
: R 8 :
| \ |
R N IR
i 10mK N C :
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Ramsey Interferometry

The compass state has to use a 4-fold parity for the Ramsey interference

g pulse about x-axie Evolve z/2 period —% pulse about x(y)-axie for

le) le) le) even (odd) state

19) lg)
t=0 0<t<ﬁ

| -st start the 2-fold parity as before: |a) ® |g) — |[¢p+) R |g) + |[d-) ® |e).

b)Y R|g) = |do) ® |g) + |P2) ® |e), —g pulse about y-axie for odd
¢-) ®le) = [p1) ® le) + |o3) @ |g)- state

sequences: alternating for |¢,), constant for |¢3), and
random the even-parity states |pg) or |p2). @




Preparing the cat state & calibration

| Detection |
aC 0) — D(F) /o W | e
Cat state = Mimic DM \Ll'w /
O lg) — preparation . \ .
R10) = M |
| O AT n,= 0.82+0.04
Number of independent trials
b S 2 6 e o WON e
:;’20 -_1 _--- -q "
T - — 0
= O 16 memmam — o
o £ w—— - c n.=0.85+0.04
8 < 12 e R E o g
I ‘ ©
2g° = - . 2
> 4-— -q 8-
'g -:— - 8
Q. (0 m——— ——'% =
C e A T —— T 2]
cu
D
=
g
210"
=
5
a 107°
10 20 n,= 0.66 +0.02
Number of parity measurement (M)
10 107 1072
statistical P of positive # false positive # Injected ny, =|B/*

Nmeas = NaPao(B) + 0a, P,(B) = Ialzninj @

detector efficiency




DP search using cat state

a c L) L} . L L . L L L
i‘ DM field s} Global fit
. - ~ 0
Cl0)— ——  Signal integration > o _
- * ¢ | T ?
- State Dwell time T Detection - o o * Vacuum -
initialization 2t 1 o !
R0} — _—
A_ | | | 0Ll—o .
4 6 10 12
b |al?
~ 5| la*=4 |al*=6 |af?=8 laj?= 10 lal?= 12 4 A
? [ » | _ &
S 3 | (s |t 8 s
= /% L > o ¢ o 0 0
o - - ® a -
; | s |02 o 0'/$$ Ter.
< 1_.—‘_‘*. ’ o9 ‘: L 4 .' )
0.8 - |
1 10 100 1 10 100 1 10 100 1 10 100 1 10 100

Dwell time T (us)

DPDM: Using compass |
state get a real £ .
enhancement 8.1




DP search using cat state

Within the DM coherent time, the probability of positive events

Nmens = aona\a\zg(f) + b, T + C,.

t2 ifo<t<r
g(t) =~ . P ™M =~ 152 us
momt it > mMm.
[$o(a)) Ntrials Fitted Parameter ) oo
a= V4 40719 ao(s™2) 3.441 x 107 2.710 x 10°
a =6 35129 ba(s™") —2.759 3.324
~1
o=V aw ) m
8(S . "
a=v10 47017 bro(s ™) 6.913 3.473
a= V12 28885 bia(s™) 13.215 4.073
vacuum 81040 4 1.130 x 10°° 8.879 x 10~°
Co 1.158 x 10~° 9.848 x 10™°
1.645 x 1072 10.863 x 10~°
€n = 1/ a m Cs B B
-0 \/ o/ (PDMMDM Ver) c10 2.244 x 10~3 11.726 x 10"
C1o 3.142 x 1072 17.638 x 10~°

pDMmDM‘/eﬂ—‘ = 1.10 X' 103° 2,

e < 7.5 x 1076 near 6.44 GHz (26.6 peV) (39




Sideband tuning

H,; = ga”g) (f\eiAt + h.c.. Use A to tune the cavity f
2
Couplei |n, f) to|n+1, g), b~
h N :QE‘, e Data
- —  0°/4A fit
~
cl .
I
R T -6 -2 2 6
Al2m (MHZz)
(b) 4_'__'_._._'_._'_._'_”_.L__'_._'._._'__‘
aem=oMiz - Still have large |
Moderate tunning f for O(100) kHz 7.5 r,highQ 4 ¢
~ J .‘ o .
See Fang Zhao et. al, arXiv:2501.06882 [hep-ph] .| N f
for wide f tuning using flux tunable SQUID CREE A S
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Measure DPDM using cat state

Finally we achieve 10-1¢ sensitivity for 6.43 GHz

10

Mass (ueV)

f Mass (peV)

26.64092 26.64105 26.64117 26.64130

Cosmology - _--~"" | QUALIPHIDE
— T K o O g -7
d d|d d > % 2 £
o % X % % S z b - Cat states
> O o] O ) < = 2
g - QqQ >u<) ‘ 14
e o lo® o] B | v
% |2 33 Ef= ° |
SCaD e
(Thiswork) "~ ~===--.___| _ 10
a . . he—————— = | - A A A : 5 A A e
2 4 6 8 10 6.44175 6.44178 6.44181 6.44184
Frequency (GHz) Frequency (GHz)

Phys. Rev. Lett. 136 (2026) 17, 171002

(41,



“Simultaneous resonant .
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Research I: Coupled Multimode Resonators Break Narrow-Band Limits

® Key challenge: the sensitivity-bandwidth trade-off in wave-like dark matter searches.
fo = 1.297GHz

a0l | \ \ N Longer efold time gives higher sensitivity but narrower bandwidth

5 1'1”0_16:v \ Superconducting cavities: ultra-high sensitivity; must cover broader frequency ranges
sox1071T} € < 2.2 X% 10_16 |.3 GHz Phys.Rev.Lett. (2024)  World-leading
S e e <73 %x107'° 6.5 GHz PhysRevlett. (2026)  sensitivity

SQL: quantum uncertainty bounds scan rate X sensitivity in conventional scans.

>queezing can surpass SQL: O() HAYSTAC: ~1.9% sensitivity gain

K. M. Backes, D. A. Palken, S. Al Kenany, et al., Nature 590 238-242 (2021)

LIGO: |15-18% sensitivity gain
LIGO Collaboration, D. Ganapathy et al, Phys.Rev.X 13 (2023) 4, 041021

Quantum squeezed state

Need much higher scan-rate efficiency at fixed sensitivity @




Key Result: Quantum Enhancement Broadens Resonant Scans

lOglo [ma /GV]
-11  -10 -9 -8 -7 -6 -5

_ —121 _ single-mode 'LC.
P s © Engineered multimode coupling A - muirode R
: : " L O i
2 ° | | in cavities and LC circuits ¥ | Dark Matter o
Axon .| § . S axion
- boosts scan efficiency S p—
b‘B _______::Z::::: ------------
S b ” (Axion)
Wa ~ Ma © Surpasses the standard =
quantum limit of conventional
Readout upgrade, detectors.
broadband scan
® Same run time: 100-1000x
higher sensitivity (light dashed

kHz MHz GHz

(

2
Cx
-40 -20)

\[ lines)

Phys.Rev.Res. 4 (2022) 2, 023615 (co-corr.)

) 20) 10
UJ/H[:

Rept.Prog.Phys. 88 (2025) 5, 057601 (co-corr.)

44,

Interdisciplinary quantum precision tech accelerates dark matter searches!




Media Comment

Physics World featured our quantum multimode approach
for broadening resonant-detector bandwidth.

A
RESEARCH HIGHLIGHT Our method is novel ‘ physicswond
: - and far more efficient
SearChmg for dark matter pamC|eS A consultancy firm with expertise in radiation

15 Oct 2025 Paul Mabey safety can help companies developing a new
generation of commercial fusion reactors

A research team from China and Denmark have proposed a new, far more efficient, method

L of detecting ultralight dark matter particles in the lab

Their method allows us to search for these elusive dark matter particles in a faster, more

efficient way.

Our proposed dark-matter search
method is fast and effective




Research Innovation

® Novel idea: multimode coupling boosts bandwidth

Phys.Rev.Res. 4 (2022) 2, 023015 Bandwidth: boost kHz to GHz
Same principle for any resonator (up to 1()6-f0|d)
. dout

g 1 'éa . Y » -

vT(Sz) ~ . (_) COUPIlng _10. ! '10—10

Q4+ 279, |\ (2 term kHz MHz GHz

| E J )] :a :
AQdpr
AQcavity Y

Bandwidth depends only on readout coupling g, Rept.Prog.Phys. 88 (2025) 5, 057601

not on cavity broadening y (signal unchanged)

HAYSTAC: similar single-mode prototype,

~5.6x sensitivity gain
Proposed binary-tree: tolerance-robust, scalable

Y. Jiang, et.al, PRX Quantum 4 (2023) 2, 020302 @



Chain and Binary tree

amplified readout conventional reacout
. j l

Loss ~ . g NG s X e b e e e
~Ja AN : : : R o

“‘ . i : (): R L *,

: : : i = signal
i) ‘ | ; ; 2 - .
o T S S

b ' c. C’? b, b'l' a. a‘l‘
Detector DeSlgn ............. B L S AP Y ' Steteesesmereressmcmenasaats® .

quantum amplifier conventional detector

Probing mode:
ho(a + §T)\|f

Single Cavity Design
with PT symmetry

» Beam-splitting: hg(ab' + 3'b).

» Non-degenerate parametric interaction: h.G(Bé" + 576*).

> PT-symmetry (3 <> ¢') emerges when g = G.
(3+¢&") = —i(g—G)b—iaV+.--:
B — _’YrB—ig(é\_FeT)_I_"'-

» Double resonance when g > intrinsic dissipation y:

24,02 56(Q) ( = ) |
SVLC(Q) = , Readout coupling 7,

47



Multi-mode resonators

 Nonlinear element = ¢, ¢ ¢, = gala;, Ga,a,, -

Classic pump mode quantum mode

* How to realize three wave mixing:

Superconducting Nonlinear Asymmetric

Josephson Ring Modulator (JRM) Inductive eLements (SNAIL)

used for |JPC and other quantum device

2 Port L Port2 (d)
R, 2c = = 2C, R, o—l
— ¢ 0X) . 2 E 5
- () — N :
O — —EON -
T - K A K
[ || P :
Extarnal dri . | = sternal d

Bergeal et al 10 Devoretetal 18 48
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REespPoNnse

g/’)’ — 1067 Noce = 10 NOise PSD

— Single—mode

J = (IsI> - 1GF)

f1-ode resonators

readout

49



Chain and Binary tree

readout

e Non-Hermitian chain (McDonald et al 18, Chen et al 25 ROPP)
e Amplity single quadrature
e Sensitive to phase fluctuation and higher order interaction

e HAYSTAC realized a prototype of N=1 (Jiang et al 23)

L
.
*
*
Csi;
*
31),
*
*

ld22  Cozr,

Qi1 Citt /A2 Ci2t [Aiz Ci3- [A1a  Cis

e Binary tree: (Chen et al 21 PRR, Chen et al 25 ROPP)
e Amplify both quadratures

® Robust to phase fluctuation

50



SENnsl 1v1ty ennancement

lOglo [6] lOglo [gafy X GGV]

log1g [ho]

—121
—157
—18;

—21]1

—11

logig|m,/ev]
~11 -1 -9 -8 -7 —6 -

—— single-mode LC
------- multi-mode Circuit
aco e Solid line: single mode
T—— SQL with e-fold time~10" s
"""""""""""""""""" [Axion] .
il oy Dashed line: multi-mode
with bandwidth~ @,
-
M
Gy

LC
Circuit

1012 109 10-6 @wleV]
- | I 1 1
kHz MHz GHz
A
Noise
PSD J
2\ readout
Aw,~ GHz MM
rkHZ SM
W

v

SNRHUMM N W ant

SNRHUSM wrf nOCC |

e Simultaneously scan N, = 6 orders
for high-Q detection case

S
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How to eliminate the noise!

Even we use various clever ways to background
noises, even beyond standard quantum limit, can
we really to further suppress them!?

One observation is that when using multiple
sensors, the DM signals can be coherent among
multiple sensors, while most backgrounds are not!

Consider the 2-level systems readout Can apply to various systems
« The displacement operator Can generalize  SRF cavity
ﬁ(ﬂ) = P4 P4 \yhere p = %WDMei‘pDMt Mom = €pmy Pom@GV
. Restricting to the two-level subspace * Transmon qubits
D(B)|g) =~ |g) + Ble) S %EDMWC%M

e Dark matter signal
* Trapped ions

Ppm
Hpym = €€py
Moy

(1 D) 19| ~ |(elpatle)| = 151

» Sensitivity mainly given by the background occupation
number 7.




How to eliminate the noise!

Density matrix

B (18 ﬁ*)
o= 18)(8] ~ ( i

What you can measure is the population

Density matrix with error measurements (diagonal term) !
D — g(p) — PT, pgg{j" Preset PO — PT,Pge
plgpeg Py Pee + PresetP1

Relax and dephasing

PT, = e_T/Tl and PT, = e_T/T2 S |87
SNR =2 =D
. B PresetP1
Thermal population
: 54
o and p; = 1 — pg S _ pr, | P

ﬁ - \/presetpl .

J. Shu, B. Xu, ... arXiv:2410.22413



How to eliminate the noise!

Two detectors

W) = D(B)|gg) ~ |gg) + Blge) + Bleg)

* Density matrix

1-28% B B 0 l—€e4,—€eg O O O
2 B2 0 0 e, 0 O
p(2) = |¥N(¥| = p p° P 0(,53) B
Vi g2 B2 0 0 0 ¢ O
0 0O 0 0 0 O 0 O

* Dark matter signal

(eg|p@]eg) +(ge|p®lge) = pi7 +p5) ~2° + e, +¢p

Increases with N,



e Define

%c=<\/§*®\/§*>zz(\/?_(®l>= 3B
Where\/)_(=%<

« Applying .,

2 =

(

\

How to eliminate the noise!

1

2
[ )
7=
0
ip

~Liip? 0 —ip)

1

l+i 1—i
77 =
1 —i 1+i>

2

0
p

(

\

0 p
0 0

0 2p%

* Pure signal given by

Pags — P33 = <2ﬂ2 +

1
0
0
0

oS O = O

+ O0(B?) +

Coherent signals are off-diagonal, how to measure them?

D

VX! -
¥~ Use an unitary transformation
realized by quantum gates
%(1—614—63) %(€A+€B—1) 0) 0
—é(€A+€B—1) %(I—GA—GB) 0 0
0 0 % (GA + EB) é <€A — GB)
0 0 —é <€A — eB) % <€A + GB)
€A+€B> ~4%%_5»  No incoherent noise!!!



Generalize to N nodes

Four nodes
9) — Upwm * .ﬁT _ \ET X
190 — Ubwm VX — VX! ~—
19} —{ Ubm — VX HVX N Ul e o .ﬁ N N nOdeS
%N/Z,NT
9) — Upym VX F—+—{ VX . T Y

Signal (off-diagonal)
goes like N2

Backgrounds go like N

N
T VT T TN 57

1810 18&) 1&) 18)  rewwes lgn-1) 18w



How to eliminate the noise!

DM DM induced
field correlated signal

l l with uncorrelated Coherence-based
YvVv background noise measurement
A A /;
- ~—7|Uom — 5 -
o, ngz)
— W%@@ — -

"q;__)‘ Upm

= |E’ . _ (2)
C —Upwm P%Qﬁ@ae U(Z) U24
B 7@.‘[ ED e 34 1 N Enhanced
2 _ i _ . _ _ DM signal
Q . (z') (z;) (z.)
) 71Ubwm W%'UN—LN_UN—Z,N —\Unjan T

J. Shu, B. Xu, ... arXiv:2410.22413



How to eliminate the noise!

The gates have infidelities, can be much smaller

Sensor type N0 Two-qubit gate infidelity F
Cavity 10~° [46] 10~ % [47]
Transmon |10~ ° [48, 49] 10~ [50, 51
Tons 10~ [52] 107° [53, 54
L IR R LR TR P R PP PP P PP PP PP PPPPRPPPRTPS
10717 o . .
-~— Application to the r.eal
2 10 e, - quantum qubit - chips
> &
g 103 .\..\ .
Q i \'\,
L S~
10-4“; _ i?\?jtpcndcnt e A @
| — - depolarization TS~
| === thermalonty TS~
10 5- ®maA simulatons 0 TS=L

1 2 a4 8 6 32
N J. Shu, B. Xu, ... arXiv:2410.22413



o @

d Outlook B




Summary and outiook

® High-Q SRF is extremely interesting in Haloscope wave-like DM searches (get
deepest constraints).

® Using advanced high quantum technology like QND and “Simultaneous resonant
and broadband” can greatly improve the sensitivity

® DP backgrounds has rich information (polarization & angular distribution).
® Can be extended to sensors arrays (quantum 2.0)

® In the future (axion, GWs, quantum qubit, etc), much more can be done..




o @

d Backup B




> @
Magnetometer for DM

4

. Search




Key Result: Magnhetometer-Array DM Search

Experimental realization:
ThEOI”)’I quantum sensor arrays magnetometers precige\y
enhance sensitivity and measure orobe dark photons; two-site
particle spin polarization .
correlation removes common-
mode noise

Phys. Rev. Res. 4 (2022) 3, 033080
Nature Commun. 15 (2024) 1, 3331

Two-site rejection of New shielded-room search Experimental result: USTC
common-mode noise apparatus and method collaboration
b Atomic magnetometer b Compton frequency (Hz)
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Key Result: Earth as a Shielding Cavity for mCP Dark Matter

Earth's ionosphere as a

(Featured in Physics, co-corr)

35‘:“.“-':\ : . - Sabnam Shrestha 2026F 2H25H 06:04
o O conducting cavity:  SS_ | .
) N Request for your comments for Physics World Article on you...
’ * : | EAER
geomagnetic search for WA jshu@pku.edu.cn
ultralight millicharged DM,
, , o Dear Dr. Jing Shu,
improves stellar-cooling limits
: | am a PhD student contributor for Physics World, the
by 13 orders of magnitude. international magazine published by the Institute of Physics.
Phy-gTC‘g ABOUT BROWSE PRESS COLLECTIONS GI' "Geomagnetic Constraints on Millicharged
010 L N (U (GO n The Physical Review Letters, and | thought it
- | P ' | the readers of Physics World. | am therefore
; ' S - synopsis  Ite a short news story about the paper for a general
10715 i \Ce.
: ] , 3 Earth’s Magnetic Field as Dark-Matter
10200 _; Sensor me to answer a few questions about your work?
Q;E E )‘ ,’l :': i E: January 27,2026 « Physics 19,510
10_29 i ‘_/__’_/_'.: .... ' Super.\IAG_l e _?NIP_L _l_l-l_l_l_l_t_.- Dark matter having a small electric charge would presumably generate a magnetic-field variation an Earth’s
buperl\L\G 1 ll]l[l d : 0 T ~:L.. surface, but observations find no such signal.
. boundary f.o...o-e-===={] :
1030 ffice=viave ' $ Featured by APS Physics
ey = Pro]ectedESglsittl;my A
i (SNIP un i Ve . .
0B _ Invited by Physics VWorld
1078 107" 10-16 10‘lq 10“4
m¢ [CV]
Phys. Rev. Lett. 136 (2026) 4, 041001 @




Step |: Measure Cavity property

|-2 connection: VTS measurement for the cavity property.



Step 2: calibration

| -3 connection: calibration by subtracting the line loss to get the
total gain G_ net.



Step 3: Do experiment

300K

Spectrum
Analyzer

Noise Source

2-3 connection: tune the cavity resonant
frequency to do the experiment



AXxion detection

® 1.3GHz SRF, using two levels at 2.27 and
2.47GHz (modes different from 2207.11346)

® Preliminary run still has some problems
for the antenna coupling

e [wo modes can only be coupled at
4K, with 0 ~ 108
e AC field energy 0.2J (B ~ mT)

 UNA

TM210-1




AXion detection

2.27 high | |
¢ Mechanical tuning
_ y = 1.08973x 107 x + 2. O Increase 227 GHZ mOde f

o Decrease 2.47GHz mode f
o >1MHz axion mass scan range

22445

22424

o Bounds around g,,, ~ 8 x 10~"“GeV

| T T T I T T T S A TR N T N IR TR Y T SO AN SR SR TR N B 4”

- 2.47 high 1.1x10-""
2.46392 -
: -11
2.16302- y = 246392 - 719598 x 10~ x 1.0x10
: >
216301 - 8
~ 9.0x107"2
2.46391 - éi;
216300 -

8.0x10712

11111

-0.6 -0.4 -0.2 0.0 0.2
ma-911217.2 (peV)



2K plan

Need the new Cryostat to determine
the antenna position at 2K

e [uture 2K pathfinder plan
o Use a better HEMT and optimize
some circuit

o Decrease the noise down to 5K,

0 ~ 1010
o AC energy 200J (B~0.07T)
o 1MHz axion mass scan
o Hope to gain the sensitivity
~ 10714GeV

5 ary




HFGW

. 3 ‘ .
/ \.-;_m‘,l X Ej, - Ot en

Jv. % |En|?

Fsig = % Q SV (7n o 130)2

cav

Overlapping factor

Jy X E; G
Ve (j‘ d3x \E,,l")l/"

Nn =

V(B)
Inverse Gertsenshtein Effect

Neglect the mechanical
effect, sub-dominate @



HFGW angular sensitivity

For an incoming (8,9) GWs, for our

pumping modes, in the PD frame

FiH0E=2.3113 GHz {E53: B (K RS (Vim)
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