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M Axions save particle physics

QCD may violate the CP Symmetry Electric dipole moment of neutron

Locp @ =7 Gy G™ + 3‘;};2 0G%,GHe — d,~(2.4 + 1.0) x 10730 efm < 1.8 x 10713 efm
0] <08x1071° « 1 scirost Py Lt

Naturalness problem!
V((D).

F. Chadha-Day, J. Ellis, D. J. E. Marsh, ”Axion Dark Matter: What is it and Why Now?” arXiv:2105.01406 U
bd 10713
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% Axions dark matter genera

—

21T X 196 MeVfm

Ag~ ~22
B~ 0.07% x 80 pev <™

D~

> S

— Eczl =
0.4 GeV/cm?3
n~ ~5x 10 ¢cm™3
T80 pev ‘o
Axions enter Maxwell equations
V-E=p—go,B-Va |
V-B =
_ 0B  Effective charge & current
VXE=——
ot
OE :
VXB m+] Jayy ExVa—a—B

* Highly degenerate condensate

(0|E‘ : E‘|()) = Eé * Quantum fluctuation negligible

- Classical fields

Thermal Noise

m, = 80 ueV generates narrowband 20 GHz MW under a static magnetic field Freauency
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% Challenge to address 80

m, > 40 peV (10 GHz) is motivated (post-inflationary scenario, kinetic misalignment, etc) but...
Mismatch in wavelength! — A, =15cm K Az =22 m

|4 B \°/C Q trtttrtttrttrrtettrterttrttrrtretreereet
PSOC(136L) (6.8T) 0.4/ \50000 Magnetic Field

Rev. Sci. Instrum. Xion ot
92124502 (2021) ;

Challenging to keep overlap
integral C nonzero while keeping
the detector size V' large

~™_Photon
o T 4
. . . Courtesy of Alex Millar Jr.
- Insert dielectric disks to cancel

the negative overlaps! PARRRRRRRRRRRRRRRRRRARRAAARAAAAAL A1

4 B\%[ B Magnetic Field
fs (1 m2> (10 T) (50000)

,__ _, ; e, __‘|pole)

Caldwell et al., PRL 118, 091801 (2017)

Photon



the dielectric disks

MADMAX overview

Ellipsoidal
mirror to
focus MW

(e

18000

(

16000

(

14000
12000

10000

8000

o spacing~15 mm @ 40 peV

S

2000
0

»

mirror

e-field (f=19.5) [1]
Orientation

Component Abs
Frequency 195..
Phase 0

Cross section A

Cutplane at Y 000..
Maximum on Plane (Plot) 20441..
Maximum (Plot) 20858...

Resonance inside
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v' Piezoworked at 5 K+5.3T R v' Cable-in-Conduit
v" Disk motion with piezo- ' Conductor
motor was successfully v MACQU Demo Coil

testedat4Kor1.6T v" Dipole feasible!
» Fabrication ($$%)

Az 35K,0T

1000 [NbTi with Cu jacket @ 1.8K]
4 x M8 hanging tie rods
1.9 K supporting structure
500 PP g
0
5
Bk ) T
0 = g Solenoid

s motor 1 (M1)
.« motor2
5 ¢ motor 3

Winding mandrel

Copper connector
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W?7X boxes

Position - M1 Position - target Position (um)

/w MADMAX collaboration,

CERN Lorin et al., IEEE TAS33(2023) 1

\

2024 JINST 19711002 0 6 12 18 24 30 36 ;2 48 54 60

7 Position step

Boost factor f# cavity Q = before large scale experiments...small setups!
v’ Boost factor determination & first physics runs without piezo-tuning & existing dipole


https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://doi.org/10.1109/TASC.2023.3273734
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Name Booster Disks Test @CERN

CB200 Closed 3, fixed 2024
¢ =200 mm  (room temp., B-field)

- | Spectrum = Yy
| analyzer for RFI[:E f.eld & B
= measurement  JERTITTE &

Booster (miror + 3 sapphire disks ¢ = 20 om)
l/ Be Taper Lens Casing DISkS i error 1

TR

Cylindrical waveguide Separatlon Rings

chain
outside
B-field

VNA for S11 Vii+
calibration / R&S spectrum

=] =~ = I~ o] |
Receiver e . } . . > e

ol |

measurements 4 ' i analyzer FSW43
Chain Egtﬁ; Iigtli-\B %‘ﬁrz 5’(\)‘38 ;gtoel\rAHz FIIZT&HZ 20dB Spectrum Analyzer |
2 ), Computer
. - . with GPU
Low Noise Amplifiers (LNA) + filters + spectrum analyzer
1 El fa.ul Booster

mode

\ K

Parasitic
d

 Booster peaktuned at 2 frequencies ~18.5and 19.2 GHz

* manual change of disk distances by ~0.3 mm with separation rings
* O(10MHz) variations around these frequencies

* manual change of mirror-disk distance by O(10 pm) with tuning rod e o 08
* 15 days of data in Morpurgo magnet at CERN | D s R

+ B=1t016T =

Why close cylinder setup =>waveguide resonant mode (TE,,) are clear to model 2

200
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% f% determination in close

Model-based approach

Modelling the TE,, booster with free parameters

o L i Preliminary

200 Mao | Imax
1000 |

— — Broadband measurement | 4
— = Physics-run
800 | = Model

1150
600

. . . g — FZ 400 .'.‘
(g, thickness, spacing, mismatch, etc) e TE, resonance mggg: (50)  ceran | 1001;3 |
e
-10t 5 0
1) Fit to uLJ *
determine \ 2) Calculation _, | 0 . . . .
. . 13 475 18.500 18.525 18.550 18.575 1830 1‘*-53“18|2515-535 181;-;“0 113;‘?;5 75.00
parameters v with determined ||.‘| o ._I'::equency [GHz] - [.GH | " Frequency [GHz] .
AD ) V| AX requency Z
v parameters 18 51 1853 1855 1857 1917 1919 1921 19.23
MW measurement data ! : — : : :
R : B? Peak @
Reflectlon data boost factor ,82 2500 - 18531 GHy
* Noise power resonance '
2000 - — 18.543 GHz

 Monte-Carlo approach to propagate the errors
in parameters

* Limitation of the modelling (3D effect, etc) well
included in the uncertainty

* |n-situ monitoring of the booster resonance
during physics run via noise power

- 3% determined with ~15% errors

Power Boost Factor 32

1500 -

1000 -

500 +

0

18.557 GHz
19.196 GHz
19.215 GHz

o
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Axion Mass m, [peV]

79.5




First physics result of axions

 No excess observed in acquired power spectra [HAYSTACK procedure PRD96 (2017) 1523008]
* Limits on axion-photon coupling |g4, | [for each 0.9 kHz bin]
* Limits better than existing ones by up to x3 with modest system [few small disks, reduced B field]
- Proving substantial potential of the MADMAX concept

J-“',f.-"""kﬁ ;*.,I'F'LM Axion signal for ma=7l(\5.75 peV & |g,|=3.5x10"" GeV-!
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MADMAX collaboration, PRL 135, 041001 (2025)

79.30 79.35 79.40 79.45 79.50 79.55
Axion Mass m, [peV]

First dark matter axion search with the dielectric haloscope!


https://journals.aps.org/prl/abstract/10.1103/c749-419q
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Faraday Focusing Booster
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/
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-30dB
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DAQ Board

Xilinx RFSoC 4x2

~N

: Local
Oscillator
18.5GHz
Receiver Chain R A =
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~ | o | ~ | L=
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@
Open booster prototype for da
o A

* Close booster may not be scalable
- Open setup is a crucial milestone
* The MW reflection data is not as clear as
that of close boosters (open boundary)
- Model & fitting approach was challenging ®
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% p* determination in op
Lorentz reciprocity approach @ Messurement &,
2 = Bteconvoluted ;i Y
1 15 / "-ﬁ
Pig =5Re | (EqxHy)-dS || (E;-Bo)dV _ .
S Unknown t VMeasurement = 10 I W
axion fields observable! S g '
Boost factor can be determined via electric P 2 NP AN N7
field of MW excited from outside B2 = ;‘g o j ErdV N ARRRN. s SRR YA |
0 V 0 y EE
Electric field can be obtained through the beads-pullingmethod ® oo e 375
dv~2/2 B 2 N
X 2 1 B / 7
FocusingAF x ER ﬂ_ 103 ? /4 —él 390
i 5 A=) 125
--------------------- v, e

................
_________
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Boost factor 62
[u—
<

L

10
Disk Mirror
2.50
Antenna Booster JCAP 04 (2023) 064
JCAP 04 (2024) 005 (NI T S N N | 225

. . 1925 1950 19.75 20.00 20.25
- 3% determined with ~15% errors Frequency v [GHz]
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% First result of dark photo

* No excess observed in acquired power spectra

Limits on kinetic mixing y between photon and DP for mpp [78.6, 84.0] meV

Limits better than existing ones by up to x1000 with modest system [few small disks]
- Proving substantial potential of the MADMAX concept

MADMAX collaboration, PRL 134, 15, 151004 (2025)
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Frequency v |GHz|

Dark photon mass m, [pueV/c?]

First dark matter DP search with the dielectric haloscope!


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004

M Work in progress: cryogenic calibra

> Small cryostat prototype at CERN » Large prototype cryostat & optics under commissioning

S
p \.\\\144
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- 2
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= ek coldis challenging TEeme 8 - 2
® > Analysis on-going
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et al. JINST 20
T02005 (2025)
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% Conclusion and future

e Axion searches

e Axions are the solution of the strong CP problem and can be an excellent dark matter candidate

* Addressing ~100peV axions has been challenging due to lacking overlap with microwaves

o j\/\@ﬁ)A/\,A,X : dielectric haloscope

* Boostthe axion signal in periodically placed dielectric disks
 Technical milestones (tuning, magnet feasibility, boost factor f?) :

* Two small prototypes EFEBENPPENE [FEEEFONLEIPIEIE 10-9
 Close booster > mode-based 32 determination

. . . . 1071

« Open booster = reciprocity-based f? determination : CB100

* Successful 1t searches in axions and dark photons! = 101 0B300_ 3disks (2027)
% OB300_20disks (2028)
) O, 1072 OB300_20disks (2029, 90 days)
* We are working on the next larger Prototy P Gamemmmspmmesn —_—
* Cryogenic calibration: analysis on-going [INSEIEA GRS 20 -
* Large cryostat under commissioning . MW
* Large optics & noise handling projections
* Intermediate magnet to be installed at DESY 1015 . ‘ :

80 _ 100
Axion mass [ueV]

* Next physicsruns are planned during LS3 at CERN


https://link.aps.org/doi/10.1103/PhysRevD.88.115002
https://link.aps.org/doi/10.1103/PhysRevLett.118.091801
https://doi.org/10.1088/1475-7516/2017/01/061
https://doi.org/10.1109/TASC.2023.3273734
https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/064
https://iopscience.iop.org/article/10.1088/1475-7516/2024/04/005
https://journals.aps.org/prl/abstract/10.1103/c749-419q
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004
https://journals.aps.org/prl/abstract/10.1103/c749-419q
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Cavity Qis f/Af of external excitation Boost factor is for axion-induced signals
- Observable via Network Analyser - Virtual concept and not plug & play

- Calibration & determination of 82 has been one of the challenges in MADMAX
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Kinetic mixing y

10

https://arxiv.org/abs/2509.06398
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AD » AX

Dark photon mass m, [ueV/c?|

CB200 & OB300 Dark photon dark matter limits complementary

Proto:typei
- CB200 : : : i
—13 TT 1 .
.- Unpolarized DPDM-—
i i i i i : p. = 0.3GeV/cm -
| ; ; ; ; | X — :
70 75 80 ’ 85

http://vietnam.in2p3.fr/2025/tmex/transparencies/5 friday/morning/DM4/04 Dabhi.pdf



http://vietnam.in2p3.fr/2025/tmex/transparencies/5_friday/morning/DM4/04_Dabhi.pdf
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