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The Dark Universe

Dark matter: hypothetical matter that
interacts weakly ordinary matter.

The bullet cluster (ESA)
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X-ray:
NASA/CXC/Cf | " :
A/M.Markevitch

Optical and
lensing map:
NASA/STScl, @ ;
Magellan/U.Ariz |EECEENESRE
ona/D.Clowe =
Lensing map: |
ESO WFI &

Hot intracluster gas Gravitational

detected in X-ray (contains lensing
most of the baryonic matter) / \detected mass

Estimated matter-energy content of the Universe :

DARK
ENERGY

BARYONIC
(ORDINARY)
MATTER

=» Non-zero local dark matter density, with
extremely weak interactions with standard matter

The AXION particle
=» good Dark Matter candidate



The Axion Particle

Solve the strong charge-parity (CP) problem Laboratory searches via electromagnetic
conversion experiments: HALOSCOPES

Peccei-Quinn solution: spontaneous breaking of symetry

R.D. Peccei and H.R. Quinn, PRL’77, Weinberg, PRL’78, Wilczek, PRL’78...

ﬁ \
Primakoff effect Lagrangian axion—photon E Wa =
interaction term: 2 AXION =
----- o)
= Wax ©

: AXION Sl =3
gaVY (DaXCOS(waxt) E = BO
CAVITY

PHOTON Bo P. Sikivie, PRL 51,
14/, 1415 (1983)

Wg = Wax



The Axion Search

Parameter space explored by axion experiments benchmarked
by KSVZ and DFSZ predicted axion mass and coupling strength : : _
Challenges in axion searches:
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Research Project Goals

Key goals of AXION sensing:

» Expand the mass scanning range =)

» Boost the detection sensitivity

» Simulate a fake axion signal
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Magnetic materials in
resonant cavities

Non-linear coupling H

Phase-jammed signal A
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Magnetic Tunabillity

Ferromagnetic cavity Copper cavity Cavity’s hat

AXION FIELD

A
a
-/Alxm\

i
i wax

We=Wary  ayy D, cOS(wWaxt) E-Mo Teflon support YIGrods  Teflon support

YIG crystals permeability tensor : frequency and magnetic resonnance dependence

: wi(wy +wpy ) — w? . WWpr
Hr(w) ipa(w) O Landau-Lischitz- M= al fg _52) » Ha = w2, —w?
pw) = po | ~ika(w)  pr(w) O “Gjpert equation " ,
0 0 1 wy = oYMy ,  wg = poyHo +inw

A. Cottet and T. Kontos: New J Phys 28 024504 (2026), Gurevich and Melnikov (1996) 7



Gyromagnetic Modes

pr(w)  ipe(w) O
f(w) = po [ =tpa(w)  pr(w) 0O

0 0 1

Maxwell equations

in a cylindrical
cavity
knmp Znm 2 pT 2 1
Wnmp = = +
IU/J_G a L /*LJ_G

2 2

with  f =uou"’ﬂ Ha

(n, m,p) = angular, radial and longitudinal modes
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Experimental Results

YIG magnetospectroscopy 20mK 3 Inhomogeneous B field model overlay ;
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Achieved 28.4 GHz/T slope, in addition to good understanding of the dispersion with analytical approach

High spectral density of gyromagnetic modes, including modes with lower slope than expected

On-going analysis to identify additional, Comsol simulation




Axion-Photon Coupling
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Conventional Haloscope FoM

_ . _ L F-RADES
Figure of Merit (FOM): F = — with T the Frequency [MHz] (branches +/-)
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(Article in preparation) 11



Research Project Goals

Key goals of AXION sensing:

» Expand the mass scanning range =)

» Boost the detection sensitivity

» Simulate a fake axion signal
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Quantum Detection Scheme

] Phase-resolved haloscope with magnet tunability scheme
Conventional

haloscope Ql

A A 2 . .
P o |4+ dgyl 4 : cavity signal

with 4,4, <« 4

a4, . axion signal

Y

K : Kerr constant

Non-linear

coupling QA t : interaction time

AD o K|A + Ay, |2t
A. Cottet and T. Kontos: New J Phys 28 024504 (2026),
Gurevich and Melnikov (1996)

Y

| Cavity drive and axion field interference term from

=> Phase accumulation the superconducting circuit dispersively coupled

over time ¢ Awg = K[ a]% + [agx|* + 214]|8,, | cos(@ay) ]

13



Non-Linear Quantum Interferometry

Ramsey experiment on fake-axion signal
T

0) 2 =(|0)+]1))

L.(10) + 1))
V2

—=(10) +e"[1))

LU
2

’ * Superconducting Circuit

W\WV\M/\’CaVity drive & read-out

IAwa Coherent signal

VVVVVVVVVVWVVWVWVWWVWVWVWVWWV <= Fake axion

» t signal
2K g*
BT

|\/ncav + \/nw e Pw | :

=» Ramsey fringes are strongly
modulated by interfering signal

A () 25 2 -15 -1 0.5 0

VD ——

3

Prax (rad)

C. Fruy, A, Théry,
et al. (2026), Phys.
Rev. A 113, 023706
5.87

5.81

5.85

5.83
f.. (GHz)

drive

=> Detection at w ., = ws,,
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Quantum Enhancement Detection Method

Phase-resolved detection at w,, = @4,

=1 ~3 -6
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C. Fruy, A, Théry, et al. (2026), Phys. Rev. A 113, 023706

n, = average photon number in the transmon drive pulse
d;o = max distance between two points with the same
amplitude

-5 .
Increased sensitivity 107 photons in 400 ms

at cosmological limit

12 X102 W/VHz

(Qgx)*
Fhalo = A?& ~ mHz
Increased Figure «
of Merit (FoM)
Ofx
thase 5 el ~ 0.4 MHz

a

A. Cottet and T. Kontos: New J Phys 28 024504 (2026)
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Research Project Goals

Key goals of AXION sensing:

» Expand the mass scanning range =)

» Boost the detection sensitivity

» Simulate a fake axion signal
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Magnetic materials in
resonant cavities

Non-linear coupling H

Phase-jammed signal
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Phase Jamming

Power spectral density:

kTF Kw,

$(6) = P, (1 " 2w )

0(t): random phase fluctuation

F: noise figure

P,: oscillator output power at w,

Aw: frequency offset relative to w,

K: flicker noise sensitivity (scaling factor)

w,. corner angular frequency between flicker
and white phase noise

David M. Pozar, Microwave
Engineering, 4th Edition, Wiley, 2012

Linewidth (kHz)

o
1

Bandwidth
- ] Hz
—20 H —— 10 Hz
— 100 Hz
— —— 1 kHz
g 401 10 kHz
% 100 kHz
= —60
(]
2 )\,
£ -80- i il
wﬁ L VN 4
100 ﬁrﬂmwtﬂ ﬁ ﬂ “w 1}-[
i ok
9.6|085 9.6690 9.6695 9.6i00
Frequency (GHz)
100 1 Bandwidth 20
. 1 Hz ,.rl
801 @ 10Hz !
® 100Hz !
60d ® 1kHz / Measurement
10 kHz ! instrument- limited
40 - 100 kHz I,’
20 - J
| true 1kHz
(L S S 4 | source
10 10! 102 103 10 10°

Bandwidth (Hz)

more realistic
fictitious axion source
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Key Points and Outlooks

Large tunability of the phase-resolved haloscope through gyromagnetic materials

Technical focus on mode (0, 1, 0) isolation and manipulation

Tri — partite coupling by implementing gyromagnetic modes in Chloe’s detection setup

Phase — jammed source to simulate ~kHz linewidth axions

Phase-jamming tunability by using phase shifters in the MASER - like setup

Thank you for your attention !

18



Benchmarking Parameters

€ = 12¢ y =21 % 28 GHz.T™' poMg = popgppsS =0.25T

p=4.22x10* m™ S=5/2

a=2.5 mm

Characteristic RADES measurement time

1/Traprs = 107 Hz

Magnetic flux density due to static magnetization

[L()A‘]{) =035 T

Cavity volume

V =200-1073-7- (2.5-1073)" » 3.9 x 106 m®

YIG permittivity

€ = 12¢q

Gyromagnetic ratio

v =27 x 28 x 10” Hz/T

Axion energy density

Paz = 0.45x 10" eV /m”

19



Quantum Enhancement Detection Method

Phase-resolved detection at Increased sensitivity
Weqy = Wi = Wy

1073 —e— -3.6 dBm

15.072

14.775

dig (mV)

Q (mV)

14.477

10° 10" 10° 107 10" 10° 10' 10°

Nphotons

14,179
-7.717 -7.448 -7.180 -6.912

I (mV)

g w -3 .
C. Fruy, A, Théry, et al. (2026), Phys. Rev. A 113, 023706 Sensitivity of 107° photons in 400 ms

=» Need to increase the magnetic volume to improve sensitivity
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Gyromagnetic Modes in Cylindrical Cavity

Solving the Maxwell equations in a cylindrical cavity with YIG tensor leads to the Helmholtz equation:

e, 10e, 1 &%,

+ - + = +k%,=0
or? r Or 12 062 c

with k = w,/pt, € and

iy = i Hy — g iy v ug(Ho + My)? + 2inypo(Ho + Mo)w = (1 +7°)w?
LR, 22 Ho(Ho + My) + inyuo(2Ho + Mo)w — (1 + n2)w?

Spatial solution and boundary conditions:
el’™P(r,0,z) = Z Z Z (Apmp cos(nf) + By sin(nf)) sin(kjp2z) Jn(kinmr)

n m p

£niam ’
K. = ,  where z,,, is the m™ root of y

a

; _ 2 2 ;
lp = f’ wlere p 1s an imteger

Consider n = 0, the magnetic dissipation, then:

\/,u,gfﬂ (Ho+ Mo)* +Q2 + s\/pféq/‘l (Ho + Mo)* - 2u2~2 (H2 - M2) 2, + Q4

nmp nmp nmp

Wnmps = \/5

with
1 N2 2
s=+1 and Q%mp:—((z—) +(2£))




Gyromagnetic Modes Measurements

Copper barillet and teflon holders

Copper barillet and direct coaxial excitation

N
o

[

Frequency (GHz)
un

[
o

Magnetic field (T)

Magnetic field (T)

-0.40
-0.43
0.453
©
0.48
S
-0.50 5
=
=
0.53 §,
(C
-0.55=
-0.58

--0.60
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Coupling Strength

1 Lo
The coupling Hamiltonian: H. = —gayy €08(Wast — Paz) f[[ rdrdfdz E - B

HoC

(" Time harmonic solution to the Helmholtz equation:

E=8(r,0,t) =- Y twnmdn (knmr) (sin(nd) + By, cos(nd)) (Anmei“””“t - A,’;me_i“’"mt) G

n,m

Magnetic field:
\ B = /.L()(Afo + H())ﬁ + B(T‘, 0, t]

H. =) hcos(wazt — Yaz ) gy (Tom + il )

azxr Om

2
with the coupling strength .= Lgawuo(Mo + Hp) : Vhw()m
zZ

h,uoc 0om €
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Q= (E-Bo)jy)
(Bo - Bg)jy) (E-E*)py)
2 1 : 2, 2 wo
o (E-Bg)?=u2(My+H)’h vV Wom (Tth +1hom)) — (E- B0)|20) = pio (Mo + Ho)" h——3%" sz
a m Z0m - ) a“ m “0m
I:T?L;I.]m, Th()m.’] = 5mm’
o (Bo By = po(Ho + My)?
(B-E)gy =hm 3
: = Wom
° 0) Woe & 0
m 4 . . 1 -1 th
Forone mode (n,m,s) C™=—— with zom=m|m- 7))t O (m ) the m"" root of ],
Z
Om
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Conventional Haloscope SNR

AP,
SNR = — A. Cottet, kT. Kontos 25’
VvVo

0 \2
« APy = Z(i‘;") amplitude of the axionic signal at resonance

a

_ 4(1+2np)
Vo= " a7
a

signal variance

4
> SNR =1 H‘j\—‘;:e%:]:halo
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1 cavity

fom [MHZ]
.10t

—— \ \,.,____
/
//
T [
m, [eV]
— Jksvz
— Wo, 1, +s

4 cavities in parallel

First 3 Modes Coupling Constant

fom [MHzZ]
-

107
10712 — \ ~
10—135 /
10—14; /

E JI 1111 1 1 1 1 ||
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Phase-Jammed Source Setup

Amplifier Cavity resonator spectrum
O_
https://nardamiteq.com/docs/MITEQ-
AFS.PDF
Model : AF$3-04000800-07-10P-4 Y
Freg. range (GHz) : 4 -8 .i%
Qo _ 4
Gain (dB) : 28 3 0
Noise Figure : 0.7 )
S 60
~
wnv
_80_
~100 1, , , . . . . : :
000 025 050 075 1.00 125 150 175 2.00
Frequency (Hz) x1010
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Ramsey Experiment: Bloch Sphere

F I, Q=
) N ST
2 o2
f?- iz (T14
=TI | L) +]1) T o, U
4 \ = ')
Ty V2 / Ny / f __ : "y
I_' | : | ‘ll.l
P& 6w X Ty \
(1]

4y

' ’ Superconducting Circuit
,\/\/\/\/\/\/VV\/\’Cavity drive & read-out
2K g° i 12
Apy~——= |\/m +nye (pwl

IAqDW Coherent signal i A2

»
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