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Axions as dark matter

* Proposed solution for strong CP problem: not « Conversion into photons via inverse Primakoff effect:
observed charge and parity violations in strong y
interactions, as it is predicted by SM. o e q

* Viable dark matter candidate. £ﬂ77 X gﬂ")’aE - Be
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Experiments

Source

) ADMX,
Relic s HAYSTAC, CASPEF, CAPP,

1 MADMAX, QUAX, RADES,
sudiein= ORGAN, ..
Lab ALPS,

) 0SQAR, CROWS,
axions ARIADNE...
Solar | ¥ SUMICO, CAST,
axions ‘, | (Baby)IAXO
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Haloscopes

Haloscope: a resonant cavity immersed in a magnetic field for galactic dark matter
axion conversion into microwave photons.

Preamplifier Mixer

>~ FFT
L~

Magnet Cavity
Local
oscillator
Y
a
P g — | - Avylv,~ 21070
&
v =m,cih
Frequency

ADMX collab.

DOI:10.1146/annurev-nucl-102014-022120
Haloscope experiments — ADMX, HAYSTAC, CAPP,
QUAX, MADMAX, RADES, ..

Durham, September 2026 - David Diez Ibafiez e B PN e 413 ' 4


https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120

Haloscopes!

* Problematic:

higher m_, = lower V - lower sensitivity

F ~ Qagﬂ,‘,}/m21‘341/2 T2

A

« R&D to go to:
* Higher B magnets -
« Larger instrumented volumes
 Lower noise sensors

SYyS

A

* Higher Q cavities

gI'Q
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Very active R&D in many groups!

* More powerful magnets

Multicell structures:

* Phase-matched CAST-CAPP project
e Filter-like In the CAST magnet

* Dielectric loading

* Photonic bandgap

 Dielectric layers/mirrors
(dielectric haloscopes)

N/0Y
ooo

P|zza cavity”
. . at CAPP
« SC deposited cavities > 2008.10141
QUAX at LNL

* Lowering T with cryogenics and
novel sensing techniques




RADES colaboration
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Expertise in:

* Cryogenics

« Cavities and MW filters
« Particle physics

* Quantum devices

* Magnetic materials
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RADES pis projects

Born at CERN in CAST helioscope. d e,
Exploring haloscope technologies (HTS coatings, multicavities...) DarkQuantum
MMP Munich setup in commissioning (dilution fridge with 12T magnet) ERC Syneray Grant 2023
Experience with several data taking campaigns (CAST, SM18)
ERC Synergy Grant 2023: Dark Quantum (Irastorza, Kontos, Paracanu, Wernsdorfer)
Frequency [MHz]
10° 10*
| SM18 - Rades |

RADES (this work]

Arguedas, Golm et al. JHEP (2025)
Mg [EV] Arguedas, Golm et al. JHEP (2021)
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New press

New press

.

Top Adaptor

Pressure
homogenizer

REBCO (Rare-earth barium copper oxide) tape covering the surface.

Increase Q factor in magnetic fields.
Challenges: cover non flat surfaces, bubbles, big cavities...

103 1 " " " 1 " 1 L 1
1 [ | I
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Fig. 6: Results of quality factor measurements with the cavity
immersed in liquid helium. The resonance frequency of the
cavities is f = (8.8 0.1 ) GHz at 4.5 K.

DOI: 10.1109/TASC.2022.3147741
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https://doi.org/10.1109/TASC.2022.3147741

First RADES setup at ~10 mK

* Mechanical tuning via vertical cut:
Garcia-Barcelo et al. 2607.28883

« TWPA-based readout being implemented
* 12T solenoidal magnet
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See https://doi.org/10.22323/1.474.0044
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DarkQuantum proje

[ ]
DarlsQuantum e B
ERC Synergy grant: DarkQuantum % ’ ‘
102? N N 3
Enhance haloscope searches with quantum techniques. o'k ) E& | .
E é/ x :
« Low frequency range: 200-500 MHz (1-2 peV). _ ¢ 3 BSVZ |
Quantum-limited linear amplifiers 100} {érc M zé:rc 5
* High frequency range: 8-18 GHz (30-75 peV). : L{ 3 ) |
Quantum readout to surpass Standard Quantum Limit. ~ 10°'F 0T o Ot 3
- LF HF
100 R 10
mg (eV)
Pl researchers: Collaborators:

*  MPP (Munich)
« Universidad Politécnica de Cartagena (Region de Murcia)
« DESY (Hamburg)

Laboratorio subterraneo de Canfranc (Huesca)
« Wolfgang Wernsdorfer (KIT, Karlsruhe) . ICMAB (Barcelona)

« lgor G. Irastorza (Unizar, Zaragoza)
« Takis Kontos (LPENS, Paris)
« Sorin Paraoanu (Aalto University, Helsinki)

Durham, September 2026 - David Diez Ibafiez : : i PP ~‘:‘ 10



DQLF: RADES - BabylA;

Current BabylAXO timeline:

Low frequency range: 200-500 MHz (1-2 peV)

» 2026: Site activation
» 2027: magnetless-commissioning
DarkQuantum enhances the readout chain of . gg%gi dark p']{'?to': rl?mt
_ . : magnet installation
the RADES-BabylAXO proposal » 2030+: commissioning + axion runs
Roadmap Toward RADES-BabylAXO experiment

vaannphys g

Scaling Up Detection Volume: Scaling physical cavity dimensions from the 1m prototype to 5m multi-haloscope QVP:;::?!S;%::;TT::::Z‘LC;R;E':;::JL“" s

Saiyd Ahyoune, Alejandro Alvarez Melcén, Sergio Arguedas Cuendis, Sergio Calatroni,
5, k Devlin, Alejandro Diaz-Morzillo, David Dfez-Ibddiez,

arrays, matching BabylAXO magnet sub-volumes.

RADES-LF @ BabylAXO: very competitive prospects for 1-2 meV DM axion searches. g o

José Reina-Valero, Kristof Schmieden, Tim Schneemann, Marc Siodlaczek, Stefon Ulmer,
and Walter Wuensch

4 x 5m long cavities with tuning slabs.

fong. with  toal valable mageetic voums of sors than 7 . I this

DarkQuantum will push RADES-LF to SQL. Baseline proposal:

https://doi.org/10.1002/andp.202300326

Standard axion DM paradigm could be fully tested in this range. * 4 cavities, 5m long
2 x 10-m long 70-cm diameter magnet bores . Tuning slabs.
BabylAXO: unprecedented \ ' « 2 x 70cm diameter bores
magnetic volume to be available ° 2T magnet

to axion community

*  Ultra-cryogenics for unorthodox
size and dimensions:
challenging but possible.

*  First 10x-scaled-down prototype
cavity built and tested.

« mKtemperatures

SERVICES

Thermal shield at =35 K

J.M. Garcia-Barcelé

Durham, September 2026 - David Diez Ibafez : : PR P S n



DQLF 1m prototype!

Im long prototype is being developed within the RADES collaboration

| 50.00 mm

Simulations Experimental characterization

1000.00 mm

ww 00°09%

504.00 mm

SKIT

Karlsruher Institut fiir Technologie
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DQLF 1m prototype

Tuning characterization Mode map (same direction)
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Experimental measurements

same direction
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DQLF 1m prototype

Characterization of Tm long prototype at KIT:

« Q factor tested (26k in simulations, 10k in measurements at RT)
« Better behaviour with opposite rotating plates

« Different materials for plates being tested

» Optimization of antenna coupling

* Full readout chain in operation

This allows to plan the first data taking campaign in a magnetic field:
M1 magnet at CERN

Durham, September 2026 - David Diez Ibafiez



DQLF plans at CERN

DQLF First-Gen Prototype | 10

DQLEF _proto @ CERN M1
2x2 cavities, 220 days

Establishing the Testbed
KSVZ
oL
~1 Meter Resonant Cavity: Currently under construction to 107E [bh1 7 ~—
evaluate detection mechanics at sub-GHz frequencies. First ~ |
prototype already built and tested at/KIT)Second design effort 107k 3
. ) | L

ongoing at[Q,E,,R,N: v ; ¢ 10—6 7 % ]0—6

M1 magnet my(eV)

CERN SP Il {'\dl‘l m ‘htl
Availability of suitable magnets at CERN T‘m‘m’r"d'“‘k’“""»i“i“".?\.‘“'.‘“’“'“w‘

s Measurements during

. , : e Long Shutdown 3 in a 3T,
opportunity M1 magnet: 3T, 80-cm wide. 80 d t
Could already get physics from them: using | ’@ cm wide magnet.
M1 magnet at CERN North Area? Recent i . . .
— mK dilution refrigerator
designed for this cavity.

North Area + Long-Shutdown-3 (LS3) a unique

Eol to CERN SPSC submitted (sept-2025).

httns://cds.cern.ch/record/2941908

J.M. Garcia-Barceld

* Proposal submitted and strong support from Magnets team at CERN.
« Meaningful physics results already achievable with a Tm long cavity.

v » ,('g, ni!-l TR
B G
“-*ﬂ\!nmo- b~ o "
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Microstrip SQUID amplifier (MSA):

¢ Quantum limited readout at hundreds of MHz.
« Standard SQUIDs very low gain for these frequencies.
« Microstrip SQUIDs well suited for higher frequencies (MHz/GHz)

MSA: source connected to
metal sfrip one end of the coil and
(electrical

engin — 22 SQUID ground plane, the
other end is left open.

dielectric layer

Gain of microstrip SQUID amplifier vs length

groundplane of input resonator (coil)

30+
The /2 microstrip resonator
25
a ]
E 20 1 23 mm 8 mm
Ib q)bias o 16 mm
Integrated input Vout = 15 ]
coil of SQUID )} . 4 mm 3 mm
l g o 10 ]
Vin l'e) Vom . S 1 /\/\
T ' i i ‘V 5 __| LI I B L B | LI L A TTT T T[T 11T TT T T T[T 11T T
§ " 0 1000 2000 3000 4()00
Wire-wound — T —
Iq,m coil beneath SQUID @, =Ml Frequency (MHz)

Adapted from presentation by Sean O’Kelley,
Clarke Group, University of California, Berkeley (LLNL, 2018)
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_20 -
_40 —
o 60
Z
O -80-
100
: SQUID operating /, and /;
. SQUID not-operating (}, = 0 and /, = 0)
-120 - : : =
1(I)0 | 200 | 3(I)0 | 4(|)0 | 500 | G(I)O | 7(I)0 | 800
Frequency (MHz)
VNA portl / 30dB gy -63dB

Signal generator T=4K T=30MK

Input between T =30 MK
-20dBm to -10 dBm MSA

Durham, September 2026 - David Diez Ibafiez

Gain measurements at 30 mK:

Homogeneous gain of 20 dB (at 280-360 MHz).
sensitive to small external field noise, flux trapping
- needs perfect shielding & ‘zero-field'.

Noise temperature characterization ongoing

(measured added noise <200mK, target 50mK)

VNA port2 /
Spectrum analyzer

HEMT



R, =

Plan de
Recuperacién,

DarkQuantum
oo ERC Synergy Grant 2023
e
Quamm | N
I:?z:(ew\
o 10° ‘ — DarkQuantum high frequency:
N :
S [ l ]
10°F ) « 8-18 GHz (30-75 peV).
LE . - ‘ * Qubits as quantum sensors
10'E| 5 - :
é - ] * Tests in Underground Laboratory of
[ Vel Canfranc (LSC)
100:& % 100 mHz E . H
T s ] * Main challenge: Superconducting
- \ | qubit in a magnetic field
10—1 L Dark 4
- Quantum ]
[ . ‘ LI
2x 1072 31070 4x107° 6x 1073
g (eV)
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Quantum sensors for haloscopes

10-21 . Linear receiver:
| B Av
10-22 Prr = hv(n+ 1)1/ -
= 10723 Standard quantum limit:
S f
g 10_24_? PSQL = h!}” %
E ] === Standard quantum limit 2
55 ] = =  SPC + 1 Hz DC rate
10 o :EE ’; ;g ﬂi EE :ZEE Single photon counter (SPC)
] = =  SPC + 100 Hz DC rate
10_26'5 —— Linear amplifier ﬁ 27”/,,”
1 — 5ingle photon counter Pspe = hvg——
1072 101 109

Temperature (K)

Lamoreaux et al. Phys. Rev. D 88, 035020 (2013)

(f=5 GHz, Q=10"6, t=1s)

Durham, September 2026 - David Diez Ibafiez : - G A f'_.’.._Z’U
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Quantum readout of an haloscope

Move from measuring IQ conjugate variables to N¢ and measure only one of them

Measuring power

Q |
Axion conversion induces
a displacement in IQ plane

SEESARER T
< -‘f-'ﬂ*-'-s%.yf;-%;;f-'w f T i 21
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Quantum readout of an haloscope

Move from measuring IQ conjugate variables to N¢ and measure only one of them

Measuring power

Q

Axion conversion induces
a displacement in IQ plane.

Acual displacement could
be tiny compared to noise.

Durham, September 2026 - David Diez Ibafiez : : T PP ~‘:‘ 22



Quantum readout of an haloscope

Move from measuring IQ conjugate variables to N¢ and measure only one of them.

Q

Counting photons (N) | Measuring phase (¢)
Q A

Vi

Measuring power (1Q)

Durham, September 2026 - David Diez Ibafiez . } ‘.. s o -:.'. i 23



Quantum readout of an haloscope

Move from measuring IQ conjugate variables to N¢ and measure only N

Q

Counting photons | Measuring phase (¢)

Measuring power

Microwave single photon counter

Durham, September 2026 - David Diez Ibafiez : 3 2N a3 -.“‘ 24



Quantum readout of an haloscope

Move from measuring IQ conjugate variables to N¢ and measure only N

Q

Counting photons | Measuring phase (¢)

Measuring power

Microwave single photon counter

Durham, September 2026 - David Diez Ibafiez : : T PP ~‘:‘ 25



Working principle

* Readout cavity: To check the state of the transmon

 Transmon: Superconducting qubit

« Storage cavity: dark matter conversion into photons

Characteristic qubit frequency changes when a
photon appears in the storage cavity.

Readout sequence designed to be sensitive to
storage photon presence and to reduce quantum
errors through quantum non-demolition
measurements.

Single photon counter

a b Qubit Excited State Probability
1.0
ﬂ ﬂ n=2 n=1 n=0
: %
0 0.5 : ¢ o
9
Dark Matte oh ®
. = $ ® o @
- 100 Mﬂl RN ey
B 4.746 4.748 4.750
Storage Frequency (GHz)
Dixit et al. Searching for dark matter with a
superconducting qubit, Phys. Rev. Lett. 126
5 S i
PNl 26
R e B
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302

A T —

Single photon counter

Transmon

Double cavity
(Readout + Storage)

Optical microscope

_______ -
— > S e

Dilution refrigerator: 10-20 mK

Durham, September 2026 - David Diez Ibafiez



Non demolition measurement:

Parity measurement

Interferometric measurement. Parity measurement
Precession of qubit state in the Bloch sphere Photon in
dependent on photon content. z storage cavity
8
w2l tp = 7/(2X) —mf2|
1) B »
‘1 \ g T e— %pUlSGS
o
n=~>0 l ; ] ; ’ J
| % Readout
‘ S pulse
n=1 " l 0 ) | - ! <y , e
Parity sequence: (/2 + Wait t,, + —m/2 + Readout) x N times N times
:‘.a..._r\';_:‘g: he b4 S A B
Durham, September 2026 - David Diez Ibafez :wﬂ'“'.’ 1 il ; s 98
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BRENE _.\ e

Parity sequence

Non demolition measure

Injecting photons

Not injecting photons
{1 e o- - - 1- o
lye 2 o2 #9022 Pt .
I I i ] \ \ Al ] \ \ n
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Hidden Markov Model

Probabilities of hidden states

No photon in storage cavity

Photon in storage cavity
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Non demolition measurement

Distributions of likelihood test

- P(nn 1)
Likelih test: M=
ikelihood tes Plno = 0)
Lo 10000 measurements per run
; ¢ orage
©® 0s00¢ 00 g4 °e : ::Dl'aie? 10° R '
. . | * o ¢ . . |C;> :]?c?—irti‘ection
E 10- _ .| ol | 5 [ ]Injection
= ] I
8 ° I
S 10°] *e .
= 1 e
®
10" °°* ..o
] °
! ' . = 3 1(.)27 T 170[172 10"
102 105 108 10 Likelihood Ratio A;

Likelihood threshold

Likelihood threshold: Chosen A value to discriminate the presence of a photon.
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Background rate

First RADES runs in Aalto University

"2 | |12 | Readout | Delay | b | Totaltime (0vz)

Run1 52ns 88ns 52ns 800ns 100ns 1092 ns 22.932 us
Run2 52ns 88ns 52ns 800ns 100ns 1092 ns 22.932 us

Two runs with 10000 parity sequences each.
Same parameters in both runs.
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Background rate estimation

—
o
Lsd
M

Background (Hz)

—
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Run 1
e Run2
Ath
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-- °® o° o o °
102 10° 10°

Likelihood threshold

Background rate

10000 measurements
T? =20 us
/1th = 4‘ X 104

Ay, = 4 x 10 Background (Hz) Efficiency Live time (s)

Run 1
Run 2

25.7%
28.6%

17.94
87.35
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* Efficiency corrected background
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Exclusion limits Frequency [GHz]
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Dark photon exclusion plot
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10~4

Y.H. Chang et al. Benchmarking dark matter
search using a parity-check protocol with
machine-learning optimized pulses, Phys. Rev. D
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Scale up

Increase volume for
higher sensitivity
Test mode clustering
and qubit couplings

Tuning sytems

« Vertical cut tunning

« Ferromagnetic tuning (YIG)

Frequency (GHz)
» o K &

(o)}

ob
o

02 0.4 0.6 0.8 1.0
Magnetic field B (T)
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Next steps SPC

Magnetic field

Magnetic resilient qubits:
Granular aluminium
Shielding and counter coils

slow3  SE(A+B)  2um (x8,000)




Look for a coherent signal interfering with a known reference tone.

Coherent axion signal with coherence time dependent on the linewidth:

Y S5GHz axi 10° 200
T, =— = Z aximon —» 1, = = S
a=7F @ = 5% 10%Hz H
(c) (d) Niter 0 10 20 50
Q,
I/I Pw
// )

210 212 214 216 218 220
[ (mV)
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Phase resolved haloscope

Axion phase measured with respect a coherent
reference tone (3)

Awg = K [[a12+1341? + 2[allagy| cos(@g)]

The random phase of the axion signal makes the
state rotate in IQ plane due to interference pattern.

Diameter of the rotation proportional to the axion
signal amplitude.

36



Phase resolved haloscope

© N, 107" 10° 107°
Pulse sequence: i
. . /
« Continous refence tone at detection mode (yellow). b o
. E
« Ramsey interferometry pulses (green). | g-i s % o
« Readout tone (red). L5 | o’
’S‘ | [ ]
I
. o . ] é I 10.2 . : E "9
Axion weak tone injected for calibration (blue). : | Ty e
. - @
Amplitude and phase of the weak tone vary. g | oo
I
_4 I
107 | P o
. . I ?.P e ®
Coherent signal at auxiliary mode frequency I : _ ”'0
|
IA‘pW Auxiliary mode drive 10° 10_tls 10" n 107 107 107
WWWWWWWWW W
W\’ Cavity read-out
Varying pahse: circles in 1Q plane
Superconducting Circuit . . T .
Varying amplitude: diameter of the circles
> t Smallest detectable signal: circles become a blob
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Granular aluminium transmons:

grAl

Transmon: Granular aluminium with niobium pads.
Weak anharmonicity K = 200 + 50 kHz

.”% This has disadvantages but helps in a high density photon environment (pump).

> = @ Al - : -
2-4 nm ® AlO, Works ongoing to increase anharmonicity

Rabi oscillations with in-plane B field
Al grains in a AlO matrix.

a b
. . N 5.90 . . e
Behaves like a chain of N 8 I 588 8
. . 0} = ) z
Josephson junctions. = - 2
5.85
5.84
Superconducting circuit t, ()
icti i c d 586
co_nS|st|ng in twq pads and a - g-077 |}
point-contact union. N T Faw 3
Qo \-'; Qo \‘i § A4 b ik \‘;
WO 5.82 g
E 5.82 ~05~
. g 1 0 1 2
GrAl 25nm constriction t, (us) t, (us)

A.Théry et al. PRB 109, 06450524 (2024)
C. Fruy et al. PRA, 113 023706 (2026).
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Frequency (GHz)

Magnetic tuning

YIG cylinder: 1 cm long, Smm diameter
Resonant frequencies dependent on B field applied.
Ongoing work: Identification of axion mode and from factor characterization

Experimental measurement Comsol simulation
175
—60
15.0
—80 .
N
12.5 T
e
—100 g
10.0 o
S
LL
5.0 —140
2.5 ~160 #
0.0 0.2 0.4 0.6 0.8 1.0
B field (T) 8 field (T)
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YIG simulations:

Analytical model
General trend ok, needs optimizing for details

Form factor

Eorm
20.0 =R
20 —
] 16 = 15.0 /
@)
O 14 bl
2 >12.5
e 12 8
5 =
10.0
%10- g
L 8l s
6 . --76
4 — . - - F =-14(
0.2 0.4 0.6 0.8 1.0 0.2 04 0.6 0.8
poHo (T) Magnetic field (T)
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Sensitivity prospects

If both branches of YIG resonances can be followed and assuming reachable sensitivity during
data takings as in the first calibration these are the sensitivity prospects for axion searches:

Frequency [MHz]
103 104

10~°
CAST

10710

A

SN1987A
: 10—1] NuSTAR
| Pulsars
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e ORGAN _
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104
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2

(o)}
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For 90% C.L. - SNR =1.28

Pg; Pg;
SNR= 9 Y.t

O noise A) P

Axion prospects:

P > B
Psg=9*—B*VGQ—
7 a 1+B
Parameter Value
Sp 1.2-10723) W/VHz
Integration time (t) 10% s
Vv 30 em?
Q 10°
B 0-27T
G 0.5
6] 2
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Improve GrAl circuits

« Calibrating evaporator for
higher accuracy in oxygen

pressure and growing rate.

* Increase anharmonicity

Background runs w/o B field

Design pulse sequence for
background run.
Data managing in longer

runs.

Test different qubits with
the same protocol.

10.2|
- 274 -27.1
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Next steps phase haloscope

Phase jamming calibration

Linewidth (kHz)

o

Develop a 1 kHz source
Phase shifts randomly
Mimic axion signals better
than any other calibration

source.

1001
801
60 1
401
201
lo---0--0--0"

Bandwidth
® 1Hz
® 10Hz
® 100Hz
® 1kHz

I
10 kHz /

100 kHz /

Measurement
instrument-limited

—> True 1kHz source

10! 103

Bandwidth (Hz)

i

105
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e DarkQuantum roadmap

DarkQuantum-LF

Autumn: complete working set up Im long cavity at KIT
Next year 2027 : Dark photons data taking.
2028: Several month data taking campaign at M1 magnet at CERN.

Long term: Sm long cavities for BabylAXO helioscope

DarkQuantum-HF

Now: GrAl qubits to be tested in magnetic field.

Autumn: Data taking campaign with the phase resolved haloscope.

Autumn: Design of bigger SPC and include tuning.

Next year 2027: Operate single photon counters in several laboratories (U. Zaragoza, MPP Munich, IFAE...)
Next year 2027: Operate tuning system in a SPC.

Next year 2027: REBCO tape in a SPC.

ioRs
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Enhancing high-frequency axion searches with q;ahm sensors at RADES

THANK YOU !!!

DarlhQuantum
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European Research Council
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The work presented in this seminar is part of the work carried out in collaborations

(RADES), and funded by many agencies. But in particular | want to personally
acknowledge support from:

The European Union’s Horizon 2020 research and innovation programme under the

European Research Council (ERC) grant agreement ERC-2023-SyG 101118911
(DarkQuantum).

European Research Council

Established by the European Commission

the European Union tortnem.
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u n e y the author(s) only and do not necessarily reflect those of the European Union.

Neither the European Union nor the granting authority can be held responsible

Durham, September 2026 - David Diez Ibafiez

SRR T

PR g

S
L AR R -


https://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiSydm4_MHbAhXCvhQKHVQpA0sQjRx6BAgBEAU&url=https://erc.europa.eu/managing-your-project/communicating-your-research&psig=AOvVaw3FKYgDkr27kq0I37R0hfHn&ust=1528475324887615

Post-inflation QCD axion predictions
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Axions and ALPs predictions

Cay € [0.1,10]

10-10 Stars

i
[

10— 11 Astrophysics 2 Telescopes
r— o I
i —12 -7 §
|> 10 ',,—gé'(’fefb %
] e :
SRR I "*Y 0ee™
9. 1014 il b
— ent
= 10-15
& 10

ALP misalignment
(early matter domination)

-19
10 LAY L L L i e e e e N -

10-12 70~ 10710 10° 10® 107 10® 10° 107% 102 102 100! 10° 10!

m, [eV]

Durham, September 2026 - David Diez Ibafiez

Sl



Single photon counter

Readout (f,) Storage (f;)

Frequencies Simulated  6.860 GHz 5.024 GHz
Measured 6.867 GH= 5.051 GHz

EM simulation: Ansys-HFSS
Qubit simulation: Black-box superconducting circuit quantization

S. Nigg et al. Black-box superconducting
circuit quantization (2012)
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https://arxiv.org/abs/1204.0587

Transmon: superconducting qubit

Josephson junction
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Bloch sphere
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Readout fidelity

Fidelity=0.95739

0.015 -
0.010 A
* Prepare state
el . « Readout pulse
* Plotin IQ plane
0.000 - * Set threshold value
—0.005 +
-0.010 4

-0.010 -0.005 0.000 0.005 0.010 0.015 0.020

Figure 8: Readout fidelities. Blue measurements with qubit in ground state, red with qubit in first
excited state.
% g}'{%“!‘l}l@:;ng! S

-

T g A - g
sk PR L AL 5
”, e e
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Pairs of conjugate variables %2
" e
Vb \ Coherent state in blue
[1,Q]=i [N.Qb]:i Lo\ Thermal state in red
. — Fock state in orange
] = a —;aT N = ﬂjﬂ 1_

¢ Coherent state: well-defined phase, Poissonian number distribution.

* Fock state: perfectly defined number — complete phase uncertainty.

Power measurement

P = hwla'a) = hw(N)
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Device parameter Symbol Value
Transmon frequency |g) — |e) Wy 2m x 4.629 GHz
Transmon frequency |e}) — |f) We 2m x 4.357 GHz

Sideband qubit-storage frequency |f0) — |gl) 1wpo—g1 27 x 3.935 GHz
Transmon anharmonicity g —2m x 272 MHz
Transmon decay time T} 16.7 ps
Transmon decoherence time T3 6.2 s
Transmon background photon Mg
Storage frequency W 2m % 5.051 GHz
Storage decay time T 20 s
Storage decoherence time T3
Storage-Transmon Stark shift 2y —2m x 4.6 MHz
Storage background photon Tig
Readout frequency Wy 2m % 6.867 GHz
Readout-Transmon Stark shift 2X gr
Readout fidelity |g) Fyg 0.95739
Readout fidelity |e) Fe.e
Readout time t, 800 ns
Parity time iy 88 ns
902 rotation pulse time /2 52 ns
Waiting time between measurements tw 100,/1000 ns
Time between parity sequences t 1 ms

Table 3: Parameters of the single photon counter.
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Cryostat lines!®

( DIG ] (LD readuuq AWG
A

Mini-Circuits
ZX10-2-183-5+ splitter

Narda-MITEQ

LNA-0-04-000800
-07-10P

. 300 K .

e L

jr— — A R ————— e o

| HEMT

LNF—LPI“cqi_SF

H still

“: ----- ﬁ [ I o= L o= L sz

LNF-CICI4_8A
3 Dual Junction
circulater

Bluefors ' HE
IR filter

! RLC elec.
: F-30-8000

: Directional minicircuits 3.9-9.8 GHZ

: 54 coupler '
: DC 5
: LNF-CICI4_8A RADC-4.0-8.0-Cryo :
: Raditec circulater 5

Figure 7.20: Layout of the input and output RF lines inside the cryostat during the
parity measurements.

SEEAGER T
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Magnets

Bluefors LD dilution cryostat at MPP Munich

1 2 T m a g n et PROPRIETARY INFORMATION - DO NOT DISCLOSE WITHOUT AMI PERMISSION
Diameter: 7cm
Height: 40 cm AvencAl AT SN <2

10000g 1000g
MXC plate _
i

900g

50000g

100000g

12 FIELD DIRECTION
—

M21877.DSN PROPRIETARY INFORMATION - DO NOT DISCLOSE WITHOUT AMI PERMISSION 28 MAY 2015
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Photon injection

Pulse sequence to inject a photon in the storage cavity

/ 1 photon in the storag \ op— v T B v ti.me : . . S
Storage. 1 -
Detuning Readout 20 F
Qubit% Xge || Krrer 091 WNWV\;HQJ = ol :
“Delay X, 4 =
. " &
. a 60F T =20 us
O le1) Wye
|fO) \ /21T = 4.629 GHz 80k
@ Wer/  _ 100 — : : : : - : -
|e0) ® /Zn = 4.357 GHz 12 10 -8 -6 4 2 4 6

Wro-g1/  _
/9 = 3.935 GHz
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_ Background rate

Results: counts and efficiencies

* oo *000 04 @ Runl o @ Runl
; *t e te o + o ® Run2 o 0.6 o counts e Run2
_ ] =
2 10 LR S o = 70000
= Calibrations ‘1o ®e -
3 : 5 0.4 .
- ° - 2 e
S e 8 . L v 5 ®
E L Tﬂ L.
£ 10 '3y g 02 R
% 82 o0 — o ©®
Backgrounds o 2 e oo ® %o
[ ] [ ] N 5
10? 10° 10® 107 10° 108
Likelihood threshold Likelihood threshold
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ackground rate

Comparison with previous works

Ay, = 4 x 10% Background (Hz) Efficiency

Run 1 17.94 25.7%
Run 2 87.35 28.6% 0.2

Chicago group (D. Schuster) Background (Hz) | Efficiency

Searching for dark matter with a 40% 8.33
superconducting qubit
A flux-tunable 64 15% 135201.75 (37.5 h)

cavity for dark matter detection

IR
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Non demolition measurement

Hidden Markov Model 0g)  [0e)  [1g)  [le)
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DQLF 1m prototype!

Tuning characterization
Mode map simulation

(slab same direction rotation)

Antenna at ¢ = 0°

/ Antenna at @ = 90°

—90 -45 0 45 90 135 180 225 270
Plate angle « (deg)
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DQLF M1 magnet

DOLF @ M1 layout

* Every component placed according to
stray field Map & magnetic sensitivity.

M1 Magnet

M1 Magnet

28mT

160 mT

45 mT

NI g T
< ":.va;ﬁ?!%ﬁwj ST ATEghs
> > by »

- AR -

¥
.
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Will be read by quantum-limited
microstrip SQUID amplifier

SQUID gain already characterized (KIT)

First noise figure measurements (<200
mK added noise, target 50 mK)

MSA noise calibration

lo (LA) Ticad = 85 MK —— 26.6 YA
-30 27.9 uA ly, opt =~ 6-11A —— 26.4pA
27.4 pA — 26.1 pA
27.3 pA —— 25.7 pA
—-40 27.2 pA — 253 pA
27.0 pA — 0.0 pA
- —— 26.8 pA
E -50{ — 267 pa— I, ont \
el reference tone
= at 292 MHz
(5
=
o
o
- ‘&—T' s
80 0KHz 'MSA OFF'
RBW = 1 KHz
291.96 291.98 292.00 292.02 292.04
Frequency (MHz)
(e)
1.8
1.6 Frequency = 290 MHz .
1.4
=12
£
3 1.0
g
0.8
©
n
2 0.6 {
04/ tif { Slope / (kg. RBW ) = Gy ~ 110 dB
0.2 Intercept / Slope = T, ~ 120 mK
0'%.0 0.2 0.4 0.6 0.8 1.0 1.2
Tioad (K)
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