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Dark matter (DM) QCD axion search

C QCD axion =cold DM candidate motivated by particle physics

Scale of Peccei-Quinn symmetry breaking f, [GeV] = only free parameter of the theory
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C QCD axion =cold DM candidate motivated by particle physics
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Lattice/x(T):

Post-inflation Strings:

Strings+Walls:

Npw > 1:
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l C MADMAX targets the favored post-inflationary range m, ~ O(100) neV I
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MADMAX (1/2)

C A novel experimental concept: dielectric haloscope

A Constructive interference of coherent EM waves emitted at dielectric layer surfaces
+ resonant enhancement (~leaky resonant cavities): boost (b?) | signal wrt mirror only
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C MADMAX (MAgnetized Disk and Mirror Axion eXperiment)
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MADMAX (1/2)

C A novel experimental concept: dielectric haloscope

A Constructive interference of coherent EM waves emitted at dielectric layer surfaces
+ resonant enhancement (~leaky resonant cavities): boost (b?) | signal wrt mirror only
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C MADMAX (MAgnetized Disk and Mirror Axion eXperiment) 100 GHz for m,=400 neV
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MADMAX (1/2)

C A novel experimental concept: dielectric haloscope

A Constructive interference of coherent EM waves emitted at dielectric layer surfaces
+ resonant enhancement (~leaky resonant cavities): boost (b?) | signal wrt mirror only

: B B. \* A : detect. SNR T 2 days ) /2 Av \"?
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pacing 15 mm @ 40 eV - 1.5 mm @ 400 neV]
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A Axion mass scan: move discs with piezo motors (mm prec.) at 4K under 10 T (50 MHz steps)

Frequency

[C MADMAX exploits a novel exp. approach to probe an uncharted phase space]
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MADMAX (2/2)

C A novel experimental concept: dielectric haloscope

A Collaboration formed in 2017 C O(50) physicists and engineers from 11 institutes
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CPPM

'b Cub . 5
L2 Universitit Hamburg \(§ i

P & MAX-PLANCI-2STITUT EBERHARD KARLS
\ FUR PHYSIK RWTH UNIVERSITAT
By it TUBINGEN

Iréne Jollot Curie
Laboratoured Physique

MAX-PLANCK-INSTITUT éééz U ﬂly0‘r51d ad
FUR RADIOASTRONOMIE 4,,;,:‘_‘" d e Za ra g 0za

institut

DER FORSCHUNG | DER LEHRE | DER BILDUNG

A First generation experiment with 3 main challenges:

1. Develop and build a large dipole magnet providing a O(10 T) B-field
2. Calibrate RF response of receiver at cold in O(10) GHz regime
3. Move disks (tunable booster) at nm level precision at cold and under high B-field

C Prototyping phase since 2020 to validate the concept

C Gradually build the final booster design + perform 1st searches
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MADMAX search for axion (1/3)

Name Booster  Disks  Test @CERN [ 4 - S Lo

«éwg_g g T A=
CB200 Closed 3, fixed 2024
f =200 mm  (room temp., B-field)

Booster (mirror + 3 sapphire disks f = 20 cm)

MBS Taper Lens Casing ) DISkS ) M|rror \
| J/ - - \
| e ) \
| @ |8 = Tuning |
| S Rod |
' : cha . ; . J
| *#l  Cylindrical Wavegwde Separatlon Rlngs |
H | e -

S D £ D E A e -
Receiver =] > = L]

: Filter LNA  Filter LNA  Filter Filter LNA L= =
Chain

1GHz 20dB 1GHz 20dB 250MHz  <24GHz 20dB Spectrum Analyzer

Low Noise Amplifiers (LNA) + filters + spectrum analyzer

U Booster peak tuned at 2 frequencies ~18.5 and 19.2 GHz
[manual change of disk distances by ~0.3 mm with separation rings]

U O(10 MHz) variations around these frequencies
[manual change of mirror-disk distance by O(10 nm) with tuning rod]

U 15 days of data in Morpurgo magnet at CERN providing B=1t0 1.6 T
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MADMAX search for axion (2/3)

C Determination of the boost factor
A Booster & receiver noise model through fits of reflectivity and noise measurements
A Boost factor curves b?(n) determined with ~15% systematic uncertainties
C b?ud@ O( 2 P>600 over 2x50 MHz bandwidths [=2x0.2 meV axion mass scan]
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{ C Demonstrate the scanning capacity of MADMAX booster ]
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MADMAX search for axion (3/3)

A No excess observed in acquired power spectra [HAYSTACK procedure

o

C limits on axion-photon coupling |g, [for each 0.9 kHz bin]

A Limits better than existing ones by up to x3 with modest system [few small disks, reduced B field]
C confirm | substantial potential of MADMAX concept

Axion signal for m,=76.75 meV & |g,=3.5x101* GeVv!
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[ C First dark matter axion search with dielectric haloscope ]
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MADMAX search for axion (at cold)

Name Booster BINE Test @CERN

CB100 Closed 3, fixed 2024
f =100 mm  (cryo temp., B-field)

A Developed low-cost cryostat in G10 with CERN cryolab: >24 hours below 10 K
A Developed receiver chain calibration procedure ' at cold

CB100 in G-10 cryostat

. B field ()
—

34 cm

Inner vessel

.
20 30 0 400

» | Coldin
12 hours 4} “

Temperature (K)
Temperature {K}
T a
:cssun:'l::\.nbarj E E
Pressure (rhbar)

0= fiberglass / ep

Time (Hours)

C First operation of a dielectric haloscope at

cold under B field
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MADMAX search for Dark Photon

Name  Booster Disks Test @DESY

A No magnetic field C Dark Photon

OB300v1 Open 3, fixed 2023-24 .
f =300 mm (room temp) (DP) search, with 12 days of data
i ;ar;d;y 77777 F o::u;in; [Booster <5 spprie | A Booster peak tuned at 19.5 GHz [fixed disk
i disks f = 30 cm Bead -~
: -CB%gdeB Mier A 4 ARy spacing] C mpp~80 neV
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—t—1 | Mirror

v ==

— — — Booster (mirror+ ?3‘
98 98 83mm P sapphire disks f =430 cm

f .. s
DAQ Board “@Focusing Mirror -
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s = ster |
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\_D; x > - > | [
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28dB  14-25GHz 23dB  14-25GHz 23dB  19.0-20.4GHz

Low Noise Amplifiers (LNA) + filters + mixer
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In situ determination of boost factor

A Measure change in booster reflection coefficient DG S
caused by small perturbing dielectric object (bead)
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A Deduce reflection-induced electric field at bead —— = b Decon. et et~ 1/
position (3D scan) A Ex ( my,z) " DG, ( M,y,z) : OV!.L/‘\/
S S~__H " 1
A . . i C q \
A Deduce boost factor b?( nthrough Lorentz reciprocity = —soblto ol b
02

approach [which relates EM fields of 2 different sources] [ ’ [ { fig - apth

C 5 \ _0'2-_|IllllllllllllIIIlI]IIIIII
2 —50 —40 —30 —20 —10 0

| Faraday Focusing Booster 2 [mm]
| Cs%gdeB Mirror Sapphire Disks Bead ﬂzoc fdv ER
| -

[

l0g;0(|Er 1/[1 V.m™])

98 98 83mm

|
|
|
| :““I‘L VI:“‘(““IJ\A 1 I LI I I | I LI I B | I L B B I 3'75
i | - Eg btw mirror
irror ~
| and 1t disk
| 103 o X 3.50
|
| v :J: £

1 ll]llul 1 lllllul 1

B r =Amp(R)

ot

Amp(in)

X Horn 10
Antenna o de 2.50
' d t fund tal G d
, il EERVINA NV st
[~ 10 19.25 19.50 19.75 20.00 20.25 '

Frequency (GHz)

{C Developed bead-pull method to measure b? and its uncertainties ]
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MADMAX search for Dark Photon

Ve

A Boost factor b2(n) measured with ~15% errors C b?,ea ~640 ; b?>1 over 1.3 GHz [=5.4 meV]
A No excess C limits on kinetic mixing ¢ between photon and DP for m, [78.6, 84.0] neV
A Limits better than existing ones by up to x1000 with modest system [few small disks]

C confirm substantial potential of MADMAX concept [resonant and broadband]

\\aD j\/\/&( 78.6 eV 84.0neV
(&)
g 16710
=
£ =
Qi C First dark matter
I dark photon search
s — I (N with MADMAX protos
E Prototype
S CB200 PRL134 (2025) 151004
<0 ; Unpolarized DPDM (arXiv:2408.02368)
8 p, =03 GeV/cm?

I 1 1 1 1 I
70 75 80 85

Dark photon mass (nmeV)
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Tunable setup: move the disk

Name Booster DI Test @CERN

0OB200 Open 1, movable 2022

f = 200 mm (cryo temp. or B-field) '
— >
A 2021: Successful test of 1 piezo-motor at 5 K and 5.3 T (ALP magnet in DESY)
A 2022: OB200 proto tested in the lab, in a CERN cryostat (4 K) and in 1.6 T at CERN

l :

OB200: 1 disk
\ = 3 motors

~P|ezo motor controller
A «

3 laser mterfermeters

—
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Tunable setup: move the disk

Name Booster DI Test @CERN

0OB200 Open 1, movable 2022
f = 200 mm (cryo temp. or B-field)
—
1600 Ahag] 35K0T Aha0 M ax 35K0T

T ~10000
3 £
~ =

£ 500 = 8000

& £ 6000
& 8

- S 4000

(]
o 2000
Mgt.ors g Disk speed
positioned : 0
ot <5 5 A4 >15 mm/s

mm = motor 1 (M1) o

g =51 | . | motor2 = 2
- 5 ¢ motor 3 E

= * Q‘fl ;"wu H 0
1 -,‘. !_ ‘ :‘ .:‘ [ ]
€ o St A (T o SO R 5

g [GW 0 AR e g 7
o N 1 * Y =]

a -5 o -4

0 6 12 18 24 30 36 42 48 54 60 0 250 500 750 1000 1250
Position step Time (s)

C Precisely move the disk at cold and in B-field
_ JINST 19 (2024) T11002
C Validate booster mechanics (arXiv:2407.10716)
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Final prototype

Name  Booster DI Test @CERN
OB300v2 Open 3-20, movable 2027-29
(in prep.) f =300 mm (cryo temp., B-field)
C Booster inserted in stainless steel cryostat C Physics program during LHC shutdown

CB100

LHe reservoir
& reliquifiers

OB300_3 (2027)
OB300_20 (2028)

0B300_20 (2029, 90 days)

Ll

E KSVZ

|8ae| [GeV

Receiver Cryostat

% Axion mass [mev] %

[ Long runs at cold with moving disks in 2027-29 A scan axion masses ]
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Final prototype

Name  Booster DI Test @CERN
OB300v2 Open 3-20, movable 2027-29
(in prep.) f =300 mm (cryo temp., B-field)
C Booster inserted in stainless steel cryostat C Physics program during LHC shutdown

CB100

OB300_3 (2027)
OB300_20 (2028)

0B300_20 (2029, 90 days)

(RN |

Ll

E KSVZ

I

Hamburg June 2025 3 : :‘ 1 8(I) AXion Mass [ITEV]

[ Long runs at cold with moving disks in 2027-29 A scan axion masses ]
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Conclusions

C MADMAX: dielectric haloscope for dark matter axion search ~100 neV
A Prototyping phase since 2020 to validate the concept

V Validated mechanics at cold and under Bgjgy —— [RIEFEES TN
V Established method to measure in situ boost factor—»

V Performed first DM searches A axion and dark arxivi2409.11777
(accepted by PRL)

photon world best limits for mass ~ 80 neV

First booster tests at cold and under B-field =

Final prototype tests during LHC Long Shutdown 3 at CERN

Design Phase <— Prototyping Phase >
| I | | I

Foundation of
MADMAX

Collaboration
EP) - First endorsement

by DESY PRC

Full-size MADMAX

@DESY

Usage of MORPURGO magnet (1.6T) approved Extension approved by .
by CERN Research Board during beam shutdown CERN Research Board magnet commissioning
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BACKUP

CERN March 2024
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(Very short) Theoretical motivations

C CPviolation in strong interaction? (observed since 1964 in weak interactions)
ACP-violating term in QCD Lagrangian (controlled by Q) is allowed and should exist

Aé b @< 101°is measured from neutron electric dipole moment

[ C Strong CP Problem = naturalness problem. Why is |Q| so small ? ]

C Solution to Strong CP problem &€ Axion

AMechanism: new global U(1) symmetry (peccei-quinn, 1977y Spont. broken at scale f,
C Can occur before or after inflation A cosmological implications

AConsequence: pseudo-Goldstone boson of the theory = axion weinberg-wilczek, 1978)
C Properties are all known given the scale of symmetry breaking f, [f, >> f,]
C Tiny mass [m,& m.f/f, <<eV], very weakly interacting [suppressed by f,] and t

axion> tUniverse

ACold dark matter: non-thermal massive axion at T~Loep

[C Axion = cold DM candidate motivated by particle physics since 40 years ]

Remark: ALP (Axion Like Particle) = pseudo-scalar not solving strong CP problem but potential DM candidate
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Wave-like Dark Matter

C Other related very light dark matter candidates

Massive boson m; of a new
broken U(1), gauge symmetry,
weakly coupled (c) to photon

pseudo-scalar not solving strong CP
problem but potential DM candidate
[relaxing m - f, constraint]

Weakly Interacting Sub -eV
Particles
(WISPs)

Dark Photons
(DPs)

Axion Like particles
(ALPs)

QCD axion Stringy ALPS
Arion -
Majoron Millicharged
Particles

Familon

Chameleons

Courtesy of |. Irastorza (ISSAP2024)
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| AXIon scales

Rept. Prog. Phys., 85(5):056201, 2022, 2104.07634

fa 1018 1015 10° [GeV]

peV neV meV
kHz MHz THz
«—— NMR/Spin- | ¢ circuit 5 Cavity =« D" > y
precession electric
Haloscopes Haloscopes Helioscopes

Pre-infla
| |||||II| T 1

LU
0.001 0.01

AdeBr(:oglie 1000km

spunoq |esisAydolisy

(vpm) = 1075¢

Europe — USA USA Europe
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MADMAX

MAgnetized Disk and Mirror Axion eXperiment

EPJC 79
(2019) 186

. . g S/IN>5in
Mirror Booster A 80 adjustable o few days
dielectric discs S ~1m
(s Cryostat ) '
N 0/2/ Thoost™4 K | A il
7 Frequency
Tamp <100 MK DAQ
Amplifier

Experiment location: HERA
in former H1 iron yoke

Horn Antenna

Dipole B-9T

magnet Focusing Mirror
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MADMAX sensitivity.

C Axion-photon coupling, g, C Dark Photon kinetic mixing angle

with photon, ¢

(assuming unpolarized Dark Photon)

1/2
640 707 cm?
A 13(62) ( )

(T 1/2 117d 14
240K

y 0.3 GeV/cm? Y/
Dx 20 kHz ’

2% 103 [ Ty
— 4 10—11 G v—l SVsS
9an | = 4 N T Vsmk
L (01m (1T (L3days /4 [SNR
r B, At 5

y ma \"’* /0.3 GeV /em?
80 peV Da ’
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Boost factor

. 2 - .
Tuning of sensitive frequency range Area law: f“Aug ~ const. * Nggs
by adjusting disc spacing —> broad-band scan for search

—> narrow-band to confirm possible signals

;t- 000 ! | T ey B R I S S T | DR S S T 1T T LN B B LN B L B B e ERD
3 5 20discs =24 | D g=250 MHz 140 50 giscs, n=l5 l -J"I ' l L.
R il | 120 — Aws = 200 MHz 3
g E 3
| ‘ b - — Avs =50 MHz 3
80F =
Q - 3
2000 |- o 60:- E
40 4
1000 — 20 :_ _:
0 " LA rectd - e —— 0:1 OO TR VAT TN LY TSN OO N T T VAR S Wl T (S T VA e P (N Y T I TR Y N N WY l-l
125 130 135 149 W I 24.7 24.8 24.9 25.0 25.1 252 25.3

v [GHz]

At each step, distance between
disks changed by O(200 nm)

[C MADMAXveBamhy]

F. Hubaut (CPPM) First searches for axion and dark photon dark matter with MADMAX 27



In situ determination of boost factor

.. . . . Arbitra AP 04
U Lorentz reciprocity theorem relates EM fields IS Optical Syrsytem
: ) ST
of 2 different sources o Comvereion V‘ g
v' - - mEmm= "\a “5
A ], = axion/DP effective current . niuced 7~ .,
density in B-field, sourcing <—— E,H<——J, L
. . . L : : 1
axion/DP-induced fields E_, H, Receiver | PortE/ST D 0 a ! ;
4 . [ ] : ga . : 1
A Ji = current density from external <— | ’ ; :
. . . . JR |:;:I‘> ER b HR : ge 1 :
injected signal (VNA), sourcing R efiection.* ¢ S
. ) . - . P mmee e ———r ‘ ’
reflection-induced fields Eg, Hy *y Induced
- +
e e e e e e e e e e e e e e e .. e e 'i

U Allows to express haloscope sensitivity to axions/DP from measurement of

reflection-induced field )

o fd — measured from non-resonant bead-
pull method (next slide)
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In situ determination of boost factor

Boost factor determined using Bead Pull Meti{odn-resonant perturbation theory)
+ Lorentz reciprocity theorem

Booster

: /properties —_—
Change in AT %, 52 E g2 @ 2 p.
reflection — = R - Py, = -4 / AV(ER-aB.|\map 2 = ~28
coefficient 45 12 1680 /v, Py
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Closed vs open booster

Closed booster Open booster

777777777777777777777777777777777777

eparatlon Rlngs

U Booster enclosed in cylindrical waveguide,
ensuring fixed boundary conditions

U Fundamental mode (cylindrical TE11 mode) U Free space outside disks
dominant and coupled to receiver (lens) U Higher-order transverse modes wrt
A simplifies RF response modelling fundamental Gaussian mode can
U 1D model enough to extract boost factor, with propagate and resonate
1DA 3D correction (field overlap with axion field) U Easy to insert bead for boost factor
U Difficult to insert bead for boost factor measurement with bead-pull method

measurement with bead-pull method
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MADMAX search for axion

arXiv:2409.11777
(accepted by PRL)

B-field &
T - monitors

Receiver
chain
outside the

B-field
sensor

Spectrum attached

analyzer for = — W R&S
RFI = d ! ; g — spectrum
measurement - 2y S " R analyzer
' FSW43

VNA for S11
calibration
measurements

250

MHz < 24 GHz

— S

GHz LNA

Tunable [ owpass R
bandpass™ " filter
filter

Computer
with GPU

A, mv

':“- 4

ThY

Receiver chain outside the B-field
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MADMAX search for axion

(accepted by PRL)
—_— . 26daysatl1.6T
1.50 A
= 1.251
e
g 1.00 1 !
i B2 Peak @
g 0.751 18.531 GH
D 5 Z
5 050 - 18.543 GHz
= 18.557 GHz
0.25 - 19.196 GHz
19.215 GH
0.00 - U - ‘

1 | | | |
2024-02-23 2024-02-27 2024-03-02 2024-03-06 2024-03-10
Time
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MADMAX search for axion

C Modelling the boost factor

A Booster 1D model obtained by fitting VNA reflectivity measurements
V 3D effects taken into account and corrected for

noise diode

A Receiver model obtained by fitting standard calibration measurements (short, open, load)

A Booster + receiver model obtained by fitting system noise measurements in [18, 20] GHz

C allows to determine systematic uncertainties from fit parameters
200

Preliminary ' ' ' MAD P limi l
ok ry e i ax Preliminary —_—10.
W 2500 |k 19.196 GHz
1t°° - 2000 |
— =5t Booster £
S ——Data ) 1500
_L TE,, resonance |__ Model (|5,,|?) 1100 & @
W Model (group delay) a
\ 3 1000 |
-10 G]
150
500
W“——"W 1 1 1 1
_15 0 0 1 i 1 1
19.16 19.18 19.20 19.22 19.24 19.18 19.20 19.22 19.24
Frequency [GHz] Frequency [GHZ]

[ C Boost factor curves determined at 15% ]
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MADMAX search for axion

C Full power spectrum data analysis [HaysTack procedure ]
A Filter power spectra (Savitsky-Golay filter) to remove system noise (booster+receiver) i b a s e/ iesideabs

A Combine residual spectra optimizing SNR / bin (using power calibration to W) & cross-correlating with axion
line shape (signal is present in ~25 neighboring bins)

A Normalize by thermal noise S ;. ( Tsys) A Normalized power excess vs frequency

arXiv:2409.
(accepted by PRL)

\ | i = -11 -1 \ .
hao i ax Signal envelope jor |gag=3-5x10" GeV e ax (bins of ~0.9 kHz)
»
5 1 Configuration 1 PRSI 1 5 41 Configuration 2 =
-7 P ~
0 41 R kY - 0 4- L N\
0 /” 3 n oo N
Q34 s A - Q34 =" =t }
§<) RS AET TR '\_\ (>_<) ’('(_.‘- ..........
(0] 21 f“” e i (] 27 af
«t - alF

o 1 Serlibid iRt i LL e bl | o} v I e T 1
; _”“::;::'..,.n -..,___:::,.:__: u=0_00 ; ______________________ u=0_00
5 % 1lo=0.96 3 97 1lo=0.97
o —1 A E O —1 -
3 -2 ! 321
= -3 - = _3-
© 44 51 FWHM © 4
£ | 20 kiz S data
g -5 4 0t o E g —5 4 —— expected signal shape with |gf5f| =3.5 x 10711 GeV! 1S <1 due to

il == envelope of expected signal amplitudes, combined H H

=0T 5 18 5'570 18.5571 1 ek ==== envelope of expected signal amplitudes, indiv. physics-runs ) n0|se fllter
18.51 18.52 18.53 18.54 18.55 18.56 18.57 10! 10% 103 19.18 19.19 19.20 19.21 19.22 19.23 10! 102 103
Frequency (GHz) Counts Frequency (GHz) Counts
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MADMAX search for axion

Frequency [GHz]
18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23
T
2 10710
S
3
> K] N
¢ N e
£ e S
B 4 NIl
5 o <
o . —_— Tteaaee
&) o ~S
a 4 S
g ...
£ 95% CLupper limit “*ee,, ...
_S 10-11 4 == expected me(?laTllmut A N
% =+ 16% to 84% limit range A AL |
< : : . . : o — : . - . ; 6x 1011 = i
76.55 76.60 76.65 76.70 76.75 76. 79.30 79.35 79.40 79.45 79.50 79.55

Axion MasS\g, [peV]

95% CL upper limit
== expected median limit

(bins of ~0.9 kHz) 4% 1071 nnr 16% to 84% limit range

3x 1014

2)( 10_]‘1 T RN M S e B e S e e DN e S e mem e N Eee e e e SN S S

Axion-Photon Coupling |gq,| [GeV!]

10_11 I 1 I
76.735 76.740 76.745 76.750 76.755

Axion Mass mg, [peV]
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MADMAX search for Dark Photon

Fluctuations of power from thermal radiations A standard deviation = kg - Ty, - sqrt(D i)

P =k, T..Dn
B I'sys T = system noise kg = 1.4-10-23J/K
sys = SY D = frequency bin size

temperature _ :
t = measurement time

A\2D | M AX 2o )M Aax
= I UL I I I I I I ] ) ] ] I ] ] ] ] I I | L I l - _' ) UL I 1 LILIL I I I 1 I T T T T I LI T T I I_
_6: JE TP T 11 - -
— [ c=2.1013 b C ]
= or 1 oeadd s00F -
C\\lo C —2 k1 RO B i - E
= 3 19.4798  19.4802 - — N ]
05} B ] E 250 [ ]
) N { = C ]
§ N 12 F .
© 0L ] T 200 i
: ] C ]
L3k 1 150f —-
" (bins of ~9 kHz) ] - e
— 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1= B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ]
19.25 19.50 19.75 20.00 20.25 19.25 19.50 19.75 20.00 20.25

Frequency v [GHz| Frequency v |GHz|
Broadband oscillatory standing wave due to LNA
noise interfering with its reflections in the booster

C Sensitive to dark photon signal power of O(10-22 W)
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MADMAX search for Dark Photon

A\aD || ax 1300 MHz  (bins of ~9 kHz)

— KIlOWIl RFI (suppressed by shielding)

_6 IIIIIIIIIIIIIIIIIIIIIIIIII-

19.25 19.50 19.75 20.00 20.251¢" 102 10%
Frequency v |GHz|

%

TTm |||l| TTI

W
IIIlIIIl

s<1 due to
noise filter

Normalized power excess

|

1SN
IIIIIIIII 1
IIIIIIII

Count

C No signal of unknown origin
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Systematic uncertainties

Axion search Dark photon search

Impact of systematics on [g,g limit Impact of systematics on c limit

Effect Uncertainty in |ga | i Effect Uncertainty on y
Y-factor power calibration (configuration dependent) 3% to 5% ErBT)Oal factor determination | I
Receiver_chain power stability < 2% :I Bead-pull measurements (frequency dependent) 2 to 17% |
e eVl A e e e = : . . o
IAxion field — TE1; overlap 6 %.::I 1]:3{ead‘ pull }flin'lte' domc&llm corr(?ctlon . i) ;;I
IBoost factor determination (excl. overlap) <5% :I ecerver chain impedance mismate <L
LErequency stability of TE:«; mode _ _ _ _ _ _ _ _ _<2%_|:_Sli’t0_tal_ e e o D10 18R,
Total boost factor 5% to 10% E Y-factor calibration 4%
! Power stability 3%
i ! Frequency stability 2%
! Line shape discretization 4%
E Total 9 to 19%
|
1

PRL134 (2025)
151004

C Dominated in both cases by uncertainties on boost factor determination
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Towards final MADMAX

C Dipole magnet C Receiver Chain
A Design completed: 2x9 skateboard coils A For now use classic low noise amplifier
with novel copper CICC conductor HEMT (G=33 dB, 4K added noise) below 40 GHz
[NbTi with Cu jacket @ 1.8K] A Josephson Junction being developed to

further minimize noise (quantum limit)

TWPA prototype
with G>20 dB and
1K added noise at

10 GHz

A Demonstrated that coils will be safe in ANext: >40 GHz technology to be developed

terms of quench protection IEEE TAS 33 (2023) 1
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