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MAgnetized Disk and Mirror Axion eXperiment

Searching for dark matter v, [GHz]
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> MADMAX searches for the dark matter axion o o -
> Axion motivated by solution to strong CP problem —_ 11)0 " s
> Abundant production by vacuum realignment ‘> 10-1
and topological defects TR
> Popular dark matter candidate —or
> Axions within a magnetic field induce an effective 5 .
current: J, = g.yBa (modified Maxwell) 1016
> Fullsize MADMAX designed to be sensitive down 1077
to QCD band at 40 pyeV to 400 peV 107
> Parameter space out-of-reach for curr'ent dark 10";/\1\04\\“\“\6,9@,@\0/7mws\q,xﬁ/g\“ﬂw\ 10 4@ A A A® A AT
matter searches and laboratory experiments g [€V]

Axion landscape with MADMAX projection
Yellow band: benchmark QCD axion models
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Working principle
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Electric fields at a dielectric interface

Photon emission at dielectric interfaces:
Electric field from axion «+» B-field coupling
Discontinuity at interface solved by v emission

« Interface to a mirror: €2 — oo
— Called a dish antenna, signal power = P,
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Working principle
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Schematic MADMAX setup

Eq
MADMAX booster is a dielectric haloscope:
Electric fields at a dielectric interface Stack of dielectric disks in front of a mirror
- Photons emitted at dielectric interfaces (w = my)
Photon emission at dielectric interfaces: - Signal amplified by resonances and interference
- Electric field from axion < B-field coupling - Scanning possible by disk movement
Discontinuity at interface solved by v emission - Amplification quantified by the boost factor
Interface to a mirror: ez — oo 5% = P.iy/Po
— Called a dish antenna, signal power = P, (central for sensitivity calculation!)
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Simulated measurements
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Simulated measurements
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|— simulated measurement with fake axion
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Experiment

Simulated measurement
(with software-injected axion)

> Baseline shape subtracted using savitzky golay filter
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Simulated measurements

|— simulated measurement with fake axion

Fake axion
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Power excess [10° " W]
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Frequency [GHz] Frequency [GHz]
Experiment ) .
Simulated measurement Residual power
(with software-injected axion) (with software-injected axion)

> Baseline shape subtracted using savitzky golay filter
> Expected noise fluctuation o o % known
— Power excess can be translated to units of o (with some extra steps)
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Simulated measurements
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|— simulated measurement with fake axion

Fake axion

o

Receiver

Power 10" W]

-

Power excess [10° " W]

1

~0.50,
19.10 10.15 19.20 19.25 1930

Frequency [GHz] Frequency [GHz]
Experiment ) .
Simulated measurement Residual power
(with software-injected axion) (with software-injected axion)

> Baseline shape subtracted using savitzky golay filter
> Expected noise fluctuation o % known

— Power excess can be translate&nﬁto units of o (with some extra steps)
> Potential outcomes:

> 50 excess found:
— potential discovery, perform rescan
No > 50 excess found, set bin-by-bin limit:
— ga~ that is ruled out by measurement with 95 % confidence (requires boost factor!)
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Axion run
CERN

J/ B Taper Lens Disks Mirror

G0

Separation rings

© Olivier Rossel

Setup schematic

3 2200 mm sapphire (e ~ 9.36) disks

Tuning rod enables frequency fine-tuning
Closed design allows for easy simulation
1.6 T Morpurgo dipole magnet

Run performed from February to March 2024

VVVVYV

Setup in Morpurgo magnet
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Boost factor determination
Model based

Taper Lens Disks Mirror

Test signal Ey, [ \ YAV /‘ .
: VSIS \ Rod
Reflected signal E,, :

> Boost factor is not directly measureable
> Reflectivity is: Sy, =T = Z = [T]e~®

> S11 depends on the same quantltles as 32
— Model parameters extracted from Sy, fit

Separatlon rings © Olivier Rossel
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Boost factor determination

Model based
Taper

Lens Mirror

CNENLNAMA _
0001+

Separation rings

Test signal E,,

Reflected signal E,,

Boost factor is not directly measureable

Reflectivity is: S1y =T = Zeu = [T]e~?

S11 depends on the same quantltles as 32

— Model parameters extracted from Sy, fit
Convention: S1;[dB] shows |T'|? in logarithmic scale

Group delay: 754 = —9¢

© Olivier Rossel
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Boost factor determination o [ ey 2%
Model based
Taper Lens Disks Mirror E
Test signal E,, “’ [ r “’ /A g o %‘-
“ 0[ 0 0 ;uréing - TE,, resonance :moge:zsn) detay) 100
| | 0! n odel (group delay a
\ \ \ \' _10l \‘ E
Reflected signal E,,, Separation rings o Olvior Rossel 50
H H -15 “1?50 18.52 18.54 18.56 18.58 °
> Boost factor is not directly measureable : ‘Frequency (GHz] :
> Reflectivity is: Sy, =T = Z = [T]e~® N L
> S11 depends on the same quantltles as 32
— Model parameters extracted from Sy, fit w150
. . . . 1000
> Convention: Si;[dB] shows |T'|? in logarithmic scale .
51
. — _99
> GrOUp delay. ng - Bw 018 50 18.52 18.54 18.56 18.58
. . . . Frequency [GHz]
> /32 uncertainties from goodness of fit, 3D correction e

and time stability Reflectivity fit and resulting boost factor
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Axion run

Power Boost Factor g2

Frequency [GHz]

18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23
2500 { 2 .
M\AD Preliminary B Peak
18.531 GHz
2000 18.543 GHz
18.557 GHz
1500 —— 19.196 GHz
19.215 GHz
1000 4 \
™ K \\
0+ T T T T T T T T T T T
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55

Axion Mass m, [peV]

Boost factors of all datasets

5 different booster configurations used
— Demonstrates tuning capability

Preliminary Frequency [GHz]
18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23

10-10

Axion-Photon Coupling |ga,| [GeV~"]

95% CL upper limit oo
- expected median limit
10711 4 ++++ 16% to 84% limit range
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55

Axion Mass m, [peV]

Combined limit

First axion search with a
dielectric haloscope

Submitted to PRL, [arXiv:2409.11777]
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Dark photon run
Universitat Hamburg (UHH)

Mirtor

Sapphire Bead
Disks

Focusing Homn
Mirror A\ Antenna Booster

Receiver connection

Setup schematic

> 3 2300 mm sapphire (¢ ~ 9.36) disks . Setup with added absorbers

~ No magnet: pe?’?orm éark phot())n search 1: Booster, 2: Focusing mirror, 3: Antenna
(massive photon mixing with SM photon)

> Open prototype for full-scale MADMAX

> Run performed over Christmas 2023
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Boost factor determination

Measurement based
Perturbing object

> Boost factor 3% [, dVE - J
(E: Antenna induced field, J: axion/dark photon current)

> Difference perturbed - unperturbed
reflectivity: AT oc E?
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Boost factor determination

Measurement based A’?@l’v\le T L TT T T T T T T 3.75
Perturbing object F T f I IE
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j S Y Boost factor dark photon run
> Boost factor 3% [, dVE - J > Described in detail in
(E: Antenna induced field, J: axion/dark photon current) [JCAPO4(2024)005] (J. Egge et al) and
> Difference perturbed - unperturbed [3CAP04(2023)064] (J. Egge)

reflectivity: AT oc E?
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Dark photon run

Results
10
=
Rl
7
z
E 10"
10" Unpolarized DPDM 3
i P, =03 GeV/em?® 3
L s n n 1 L s n n 1 s " " " |
70 K 80 85
Dark photon mass m, [ueV/c?|
First MADMAX physics results, including reinterpreted axion limits
> Sensitivity to the kinetic mixing x > Leading dark photon limits over a

> Accepted by PRL, [arXiv:2408.02368] ~ 1.2GHz = 5 eV range
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Summary & Outlook

Preliminary Frequency [GHz] 7
18.53

18.51 18.55 1857 1917 19.19 1921 19.23 J\AQ HAX Preliminary

10-10

Axion-Photon Coupling |gq,| [GeV~']

luster N
“ ? E——BRASSp——— MADMAX
i Prototype
95% CL upper limit [ - CB200
N == expected median limit e RYPISITE Unpolarized DPDM
10- ==++ 16% to 84% limit range P, =03 GeV/em®
L L
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55 i T . S
Axion Mass m, [yeV] ark photon mass m, [ueV/e?]

MADMAX is a dielectric haloscope looking for axion dark matter around 100 peV
Two full calibration schemes have been developed

Axion and dark photon search successfully performed with prototypes

Prototype limits already world-leading at their mass range

VVVYyV
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Summary & Outlook

Preliminary Frequency [GHz]
18.53

1851 1855 1857 1917 19.19 19.21 1923 RUMAX Preliminary

10-10

95% CL upper limit
—=— expected median limit 13
10711 ==+ 16% to 84% limit range

Axion-Photon Coupling |gq,| [GeV~']

Unpolarized DPDM
p, = 03GeV,

cm?

76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55 o - Vel
Axion Mass m, [pev] ark photon mass m, [ueV/c?|

MADMAX is a dielectric haloscope looking for axion dark matter around 100 peV
Two full calibration schemes have been developed

Axion and dark photon search successfully performed with prototypes
Prototype limits already world-leading at their mass range

> Outlook:

VVVYyV

CB100,

- Cold data from CERN currently being analysed T o0 ez
- Custom MADMAX cryostat expected next month 8 v 08300_20 (2028, 50 days)
- Increase number of disks from 3 to 20 Sl

+ Movable disks with piezo motors R e —— L S—
- Full-scale setup installed at DESY cryoplatform > 2030

10715

80  Axion mass [ueV] 100
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LNA noise model

=

. . . Noise model schematic
> Noiseless two-port device with voltage
and current source connected in parallel

> Two-port device impedance from

deembedding of LNA internal length = Simss
> Parameters: sim open

Voltage noise amplitude V,,
Current noise amplitude I,
Voltage/current noise correlation ¢

Tsys [K]

17.5 18.0 18.5 19.0 19.5
Frequency [GHz]

LNA standard fits
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Booster noise model

Preliminar
o [T Praimindry 1000 PROIMINAY [~ oroaiband measurement 2500 i [—185431e]
e
800
T 600 3 2000
z £ 400
= ~ 1500
2 = 200 @
3
i+ =
200 3 500
18.50 18.52 18.54 18.56 18.58 18.00 18.25 18.50 18.75 19.00
Frequency [GHz] Frequency [GHz] 0.
18.50 18.52 18.54 18.56 18.58
. . . . . Frequency [GHz]
Reflectivity fit Noise signal fit

Resulting boost factor

Receiver chain modifies boost factor by reflecting parts of the signal
Noise model of booster with receiver chain

Electrical distance between receiver and booster varied

— Good fit confirms understanding of full experimental setup
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CB200 bead pull

Booster
mode

I's

|El [a.u.]

Parasitic 09
modes

200

18.4

18.6

Dielectric
© bead

)
q"en::y 18.8

g.A ] ’ Vector Analyser [GH?/ 19 o
N g

Measured E field within closed booster

> Frequency of TE;; mode resonance confirmed by bead pull measurement
> Parasitic modes well separated
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CB200 full setup

CB200

B-field & Morpurgo ;waénel
T - monitors i

B-field
Receiver probe
chain .
outside the Flfsr]t LNA
B-field with T-

sensor
Spectrum attached
analyzer for R&S
RFI spectrum
measurement analyzer

FSw43
VNA for S11

calibration 7>

measurements r

Computer .
with GPU ) : | e filter

Receiver chain outside the B-field
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Tunable | owpass
bandpass™filter
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CB200 B field overview

1504 [ F‘
£ 1251 _
3 1.00 1 _
S B2 Peak @
g7 18.531 GH
5 . z
& 0.50 - 18.543 GHz
= 18.557 GHz
0-251 _‘ 19.196 GHz
0.00 4 L] U J I L 19.215 GHz
2024-02-23  2024-02-27 2024-03-02 2024-03-06 2024-03-10

Time
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CB200 statistical analysis

Axion lineshape and cross-correlated power excess

DESY

Axion at 19,166 GHz

10

20 3
v =, [kHz]

0 20 50

Frequency [GHz]

18.51 18.53 18.55 18.57

19.17 19.19 19.21 19.23

Preliminary

Power excess [1072! W]

76.55 76.60 76.65 76.70 76.75 76.80

79.30 79.35 79.40 79.45 79.50 79.55

Axion Mass m, [peV]

| First searches for axion and dark photon dark matter using

Normalized power excess

Normalized power excess

Preliminar

Configuration 1

data
-+ sig. amplitudes for |g5}| =4 x 1071 Gev~!
same for individual physics-runs

18.52 18.53 18.54 18.55 18.56 18.57
Frequency [GHz]

Preliminar

10! 107 10°
Counts

Configuration 2

data
-~ sig. amplitudes for |gf/| =4 x 10~ Gev~
same for individual physics-runs

19.18 19.19 1920 19.21 19.22 19.23
Frequency [GHz]
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10! 10? 10°
Counts

Cross-correlated normalized power excess
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Uncertainties

Effect Uncertainty on x
Effect Uncertainty in |gay| Bead-pull measurements 2 to 17%
Y-factor power calibration 3% to 5%  Bead pull finite domain correction 5%

Receiver chain power stability
Axion field — TE;; overlap

Boost factor determination
Frequency stability of TE11 mode

Total

Axion run uncertainties

DESY. | First searches for axion and dark photon dark matter using

< 2%  Receiver chain impedance mismatch <1%
6%  Y-factor calibration 4%
<59%  Power stability 3%
< 2%  Frequency stability 2%
5% to 109  Line shape discretization 4%
Total 9 to 19%
Dark photon run uncertainties
Page 19
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Open booster mechanics

no gHe (T ~ 28 K); forward
no gHe (T ~ 28 K); reverse
gHe (T ~ 5 K); e

roe

3
BT

Loaded motor movement at cryogenic temperatures in a
magnetic field

Qualification of piezo-electric actuators for the MADMAX
booster system at cryogenic temperatures and high
magnetic fields

[JINST 18 P08011]

3KOT e 35K0T

10001~

500
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[+ motor2 I
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2 st o
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ANi Y
I ST (0 6 W (e I
ks Y W St g 2

¥ B hER o
-5 H [—t

6 12 18 24 30 36 42 48 54 60 0 250 500 750 1000 1250
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Disk movement at cryogenic temperature in a magnetic field

First mechanical realization of a tunable dielectric
haloscope for the MADMAX axion search experiment
[JINST 19 T11002]
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