COST Action COSMIC WISPers (CA21106) | Sep 9 - 12, 2025 | Sofia, Bulgaria

ocoskE

EUROPEAN COOPERATION
IN SCIENCE & TECHNOLOGY

Recent developments
IN axion detection with

VIADMAX

Anton lvanov

on behalf of MADMAX collaboration

AD AX

Ap-By=1 1t

MAX-PLANCK-INSTITUT COLLABORATION
FUR PHYSIK




MAX-PLANCK-INSTITUT 9
FUR PHYSIK

MAgnetized Disc and Mirror Axion eXperiment
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-» MADMAX founded in 2017 with My [eV]

currently O(40) members from 11 Benchmark models V2 & (16 % 1071 — 16 x 10719) Gov
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Axion-to-photon coupling Wave emission at a discontinuity
by inverse Primakoff effect
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Detect Field strength
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Propagating
Naturally EM waves >
occurring axions ‘
B, :
Laboratory
magnetic field E,
Axion behaves as scalar classical field: Modified Maxwell's equations:
. = B
a(t) = ag cos(myt) E-field term: B, = — 2972 4 cos(myt)
€
Conversion volume much smaller than: Source term: J. — B @
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Dielectric haloscope principle

=2 Emission from a mirror 4 Even for strong B-field and large
mirror power remains tiny:

Sr_’OO

M m Prirror = O(10727) W (%) (113:})2 (i;;)Q

) =L5c 18 GHz — 75 peV Pnoise@ 3 K ~ 0(10_23) W/HZ
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Dielectric haloscope principle

=2 Emission from a mirror 4 Even for strong B-field and large
Mmirror power remains tiny:
Er—roo

. . A B 2 o 2
Pmirror ~ 1 —27 - o - aal
ts, 1| = 00 (55z) (o) (32

< =16cm 18 GHz — 75 eV Pnoise@ 3 K > 0(10_23) W/HZ

=2 Emission from a booster
4 Output power boosted: .
Sr__’°° Er~9 Er~9 Er~9 ) g ISNR
EIS!E PR .
B h boost factor Ma

Frequency
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Dielectric haloscope principle

=% Emission from a mirror 4 Even for strong B-field and large
Mmirror power remains tiny:
Sr_'OO

. . A B 2 o 2
Pmirror ~ 1 —27 - o - aal
ts 1| = 00 (55z) (o) (32

< =16cm 18 GHz — 75 eV Pnoise@ 3 K > 0(10_23) W/HZ
=2 Emission from a booster
4 Output power boosted:
Sr__’°° Er~9 Er~9 Er~9 ) g ISNR
|IE Pyoost = B Puirror g A
B h boost factor Ma
Shown: perfect mirror and 3 discs x 1 mm; ¢, = 9.35 Freq Cency
—> Difference to cavity experiments
B 000000
4 Broad mass range & high 3
boost possible: 52 x N 3
@)
. @)
4 Booster volume decoupled from axion 5
mass = large conversion volume but 5
many higher order modes *
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On the path to full-scale MADMAX

Many discs, large

area, low loss Dipole magnet

large warm bore +

ﬂ/ strong B-field =2 Prototyping phase since
A\ § 2020 with physics runs
Rtecokrj\figurable Shotone Id_O}(/v-r%pise& @CERN (MORPURGO 16T
dtl CO etection

VAVAVAVAY | magnet)

A AVAVAVS - Egpeggration

. Cold setup times
2200 mm closed 2100 mm closed 2300 mm open
prototype prototype prototype

/ 2
P 2

17-day run @18.5, 19.2 GHz 20-hour cold run @ =19 GHz and (2026) 3 diécs l9ay| = O(10-12) GeV-
with peak \gay\ ~ O(3x10-1) T < 10 K under B field (2027-2029) 20 discs |gay| = O(10-13) GeV-

eV (Analysis ongoing)
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Closed 2200 mm prototype booster

Shielded to suppress Frequency set by Fine tuning by
background spacings mirror offset
[ 1
Be Taper Lens\\ Casing /ﬂs& Mirror /

TE11 mode  perfect
o overlap

15,
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Separation Rings
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' ‘ Axion-induced No overlap
2 o X 2 F
\_ % D_ % {>_ % % _{> [ﬁ} o electric field
Receiver
h . Filter LNA Filter LNA Filter Filter LNA S -
Chain 1GHz 20dB 1GHz 20dB 250MHz  <24GHz 20dB Spectrum Analyzer
1 1 5 1 1 1

_ _ T 2 (2.2days\ 4 m 4 /0.3GeV/cm?\2 /20002 /0.1m 1T\ /(SNR 2
_1=3. 1011 1 Sy a
ol =85 x 076V () (2502°) (@) (555) () (50) () ()
™ Cylindrical TE11 wave
~84% power extracted
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Calibration
-@ 0 L/ )2 Preliminary 18111 200
-5 Challenge: Boost factor (32 cannot = [ v x\
be measured directly o P05
= “Modgled, | S
) ©
-y Principle: 32 & frequency response (< | %oggg _Me;’sured 1100 ©
depend on the same quantities 3 - response S
57101 Pl 50 ©
4 1D wave-propagation model from few I
first-principle parameters predicts: e

complex S11, noise, 3 1 18.50 1852 18.54 18.56 18.58
Frequency [GHZ]

4 Measure frequency response S11 for a

known excitation to compare to model Jegp | V¥ Preliminary ——18.543 GHz|
Excitation /A 2000
— A‘
- 1Nl L
- ‘ | \' O & 12007 AX|c_>tn:[!ndL%czed
. ~ excitation from
lgeﬂectlon 1000+  model fit
il Vector IHD“D;
500 r
Analyser Ju —Pp  S1l(freq) = (?E;I;:t)
o5te @S| — . . . .
%L. (CE O ’18.50 18.52 18.54 18.56 18.58

Frequency [GHZz]
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Higher order modes & tuning

=3 Challenge: Large conversion
volume = highly over-moded
spectrum

Taper offset sets
parasitic modes

. Simulated spectra Measured spectra
4 Parasitic modes can sz

decouple from booster N "'".. _-(-)0.5 2‘ 'ﬂ?al ' ’ N

mode -
| = il
. \‘”
N l
w Booster mode
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4 Range set by the taper
(18-21 GHz)

|IS11| [dB]

4 Mass set by the spacer
rngs

Frequency [GHZ]

(1 1S)sqe)bol0g- sixe A

18.5 : -
4 Fine-tuning by mirror =
displacement O(50 MHz) ;.. !

Taper distance in steps of ~0.5 mm

—
' - 5 S e e

36 37 38 39 .
Taper offset [mm] Frequency [GHZ]
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Field measurement

—» Challenge: Field distribution inside
booster can be complicated (many Booster mode
modes unlike cavities) is lowest order

E| (a.u.) 1~ "4

Measured

Sweep position of | e
a dielectric object s flfegilgn\@

0.6 ~
—
fJ 0.4 -

Parasitic modes
are higher order

'

0.2 <
:
. 200 |..
__Vector Analyser 18 05
| ==lCk
s11 || i 18.4 100
e Soe 18.6
(=52 esie O 18.8 =
Frequency (GHz) 19 Coordinate (mm)
¢ Perturbative measurement 4 Booster & parasitic modes identified
resolves |E| profile across directly from measured E-field

diameter
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First axion search with MADMAX (1)
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First axion search with MADMAX (2)
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4 Successfully reconfigured 4 No excess observed: ~ 2x better
boost: 5 configurations with than current CAST Ilimits with a
systematics (= 15%) modest system

* Peak (32 = O(2000) [PRL 135 (2025): 041001]

32>500 over 2x50 MHz bandwidths
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Cold setup & cold axion search at CERN

- Horizontal non-magnetic cryostat -y Dedicated 2100 mm closed
developed with CERN (Cryolab) prototype & cold calibration setup

Morpurgo =

Spectrum Analyzer ﬂ‘Vector Network Talyozgi:

M : | \ Receiver B
CERN | == ﬁ
LNA Heater control
bias drive and readout
LNA : Al E
_ - g !
DC line Z :§ !
E
2 S
& =1 - |
. . 3x©@96 mm
27 2~ sapphire discs
S
4 m —
— T e @96 mm :
e Be “nmor  =>» 1 day axion search:

AR z‘IQGHZ@z'IﬁT@ |
JINST 20 T02005 (2025)] Tsys= 14 K (analysis ongoing)



Open 2300 mm 3-disc prototype booster

Focusing

7/ Mirror

v Horn
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Open 2300 mm 3-disc prototype booster

=» Challenge: Spectrum affected by
R R g reflections in the environment

Focusing Booster
/ Mirror Sapphire Disks Bead

|
|
s A/\AD I A
E 4 [ '—'F%' : :'l | I I O L O B L B B B - 3.75
O | - E-field maps -
& diror 10° @ near mirror | F+3.50 —
O ~ 0
O : = F W - 1 13.25 E
N) v | | 8 9 i A . . i i
98 98 83mm | E 10 ? 4 '} k E-field from [3-00 —
- - . - ‘ external LQQ:
: External excitation = T  Sxcitation 2.75 —
| M | N M 10 F =
Vector = 92 5(0) 20
: Analyser - ' —
w® enie Ol 100 Lot 2.25
- 19.25 19.50 19.75 20.00 20.25

Frequency v [GHz]



Open 2300 mm 3-disc prototype booster

Booster externally

Faraday Focusing Booster |
Cage Mirror Sapphire Disks Be/aliad |
E O |

Mirror |

8 |

M ! i :

|

<

Horn /
Vector |-
,, | Analyser | .o
‘/‘ o) ©° @) @ |
s T o000 = (09|
> o W2 9

- In situ booster calibration by reciprocity

A Antenna
L.,

98 98 83mm

External excitation

5 A
1

=
|
|
|
|
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=» Challenge: Spectrum affected by
reflections in the environment

‘/\/l\l@ i/\/\lfM | I | L L | I | L | I | L ) I 3-75
§ E-field maps -
3 @ near mirror a l3,5() .
o™ - - I
Q. - -
- ‘ 1 }3.25 E
S ,f % 1 32 =
Q — _— .
s10E - E-field from [2-00 —
+ - external =
B Bl excitation E
O ) S
m E_ S

19.25 19.50
Frequency v |GHz|

between external/axion-induced waves:

excited with VNA

- |E-field(x,y,z,v)| 5 B2 & uncertainties

measured between
the discs

obtained from 3% x
measured E-field:

19.75  20.00 20.25

Conversion
volume
‘ 2

/dVER

[JCAP04(2024)005]
[JCAP04(2023)064]



First MADMAX dark photon search

| Dooster

< No B-field: Dark photons can mix into
standard model photons via Kinetic
mixing

< @300 mm 3 fixed disc booster

< Open setup in a Faraday cage
to mitigate background
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A\A0 A

Unpolarized DPDM =
p, =03 GeV/cm? 3

1071 mew
1 1 1 1 I 1 1 1 1 l

70 75 80 85
Dark photon mass m, [pueV/c?]

< 15 days data taking
at fixed 32

4 P?max= 640 with= 15% error obtained
In situ by reciprocity method

4 No excess found: = 3 order improved
existing limits over = 1.2 GHz = 5 peV
range

[PRL 134.15 (2025): 151004]
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Next: cold setup with 2300 mm open booster (1)

—> Goal 1: Cryogenic setup that fits in
5 cryocoolers the MORPURGO magnet at CERN

to keep LHe
4 Coldrun @ = 4-5K

cold

| He
thermosiphon

cold jacket 4 Cryostat fits 2300 mm open

booster setup

S

- Goal 2: Control disc spacing to
scan masses at cold

Recelvine

Receivir Y 4 Cryogenic piezo actuators
allowfor=1pmat1.6 T &35K

[JINST 18 P08011 (2023)] [JINST 19 T11002 (2024)]
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Next: cold setup with 2300 mm open booster (2)

=3 Physics reach forecast at CERN’s
MORPURGO magnet

’7’7/1 -

CB100

OB300 3disks (2027)
OB300 20disks (2028)

OB300 20disks (2029, 90 days)

80 . 100
Axion mass [ueV|

4 Long run planned during the long 4 Cryostat delivered in 2025 & first
LHC shutdown (2027-2029) successful cooldown achieved



Wrap-up

ency [GHz]

-» MADMAX prototype stage: Cun s 6T e sn e

Concept successfully validated

4 Axion and dark photon
searches reach leading
sensitivity

4 Calibration schemes for P2
established

4 Mechanical control at cold
demonstrated

4 First cold run axion search
performed (analysis ongoing)

4 New cryostat delivered and
undergoing testing
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Axion-Photon Coupling |g,,| [GeV '1]

—— expected median limit
sene 16% to 84% limit range

._\
o
L

X2

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]
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g
= —12
Z 10 z - ‘
107" ’ Unpolarized DPDM
P, = 0. 3 G »V/cm?
11111111111111
70 75 80 85
Dark photon mas 2
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Wrap-up

ency [GHz]

-» MADMAX prototype stage: f’f’* Cop _m  wFTRE" wn saun
Concept successfully validated B .

'T
9
S
;_g" \\.... ..,l,l | \\O.... ——
o, ! n...... .Q . AR Rt ol d
g L ~'./’ . "] TUMNEREE W | il I X2
0.. ~~~~~~~~~~~ - TR T e i 5 ‘
4 Axion and dark photon 2o o = ——
e | TTUESSREuRnERanmes 00 e A :
-/ 95% CL upper limit "+, . L
u .S 10-11 - —— expected median limit T
searches reac eadin § " e o
T T T T T T 'll’ T L T T T L} p OJG V Il
Egn " 76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 795 @ LMY—meMDmmo 0 .
sensitivity s "
Dark photon mass m, [ueV/c?
4 Calibrati hem f 2 i-di fi
alipration scnemes T10r - -
ioratl 3 —» Next goal: Multi-disc reconfigurable

established cryo-setup at 1.6 T during LHC long

4 Mechanical control at cold shutdown (2027-2029)

demonstrated 5 cryocaolers
4 First cold run axion search cold jacket s, &
performed (analysis ongoing) Y

4 New cryostat delivered and
undergoing testing

U
antenna
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Wrap-up

Frequency [GHz]

-» MADMAX prototype stage: .

Concept successfully validated " | 1
g _____ ics ’°~..:\:_"."_': .......... g X2
4 Axion and dark photon I | T D
searches reach leading ol mmmmem o P Doy
sensitivity S e ' ™ st ot
¢ Calibration schemes for (3 —>» Next goal: Multi-disc reconfigurable

established cryo-setup at 1.6 T during LHC long
4 Mechanical control at cold shutdown (2027-2029)

d emon St rated ?ocigggolgllers
cold .
LHe k

thermosiphon
cold jacket

4 First cold run axion search ack
performed (analysis ongoing) Y

4 New cryostat delivered and
undergoing testing

Receiving

6G\9 Stay tuned! Co\G)

https://madmax.mpp.mpg.de/news.html



