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Motivation and need for MADMAX
The 40-400 pyeV axion region
From particles to waves
Dielectric haloscope approach
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Resulting spectrum
from a - y conversion
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Note that due to energy conservation
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Given that the DM velocity in our halo is v ~ 1073¢ with a dispersion
velocity Av ~ v, the spread of axion-induced photon frequencies is
Avg Nl(z)z ~ 106
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Frequency [a.u.]
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The coherence time of the axion-induced photon emission is 7, = -
a

Form, =10 peV, 1, = 1 ms



. . 3 .
If the experiment is smaller than ~ Ageprogiie -

h h h I (ueV/cz>
. R ~ m .
deBroglie D ma<vDM> m,

1

and data istakenforatimer <1, = o
a

the axion-photon conversion can be thought as a source of coherent
microwave radiation:

—

E,(t) = — o a(t), with a(t) = ay cos(mgt)
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Dielectric haloscope R AR R R R

Field strength

[arXiv:1611.05865 (PRL 118, 091801 (2017)) ] & =1 N
a = —=—-=----
1) Induce inverse Primakoff effect et :Ircl)pagatmg
IN a strong external B field \ / /w¥s "
9 B_> / v X
- a e
E, = ———a, cos(mgt)
€ E,
\

2) Boost the signal using dielectric
discontinuities: Constructive
iInterference and resonance effects .

g2 = _Lsig .

Pmirror

YYYYYYYYVYYYYY

3) Maximize sighal, minimize noise LR _
Mirror Dielectric Disks Receiver
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[arXiv:1611.05865 (PRL 118, 091801 (2017)) ’"
P §0:15_
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—+ Disc area A = mr?
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PN+Pa—>y, m=3000

SNR = ——

ocﬁzf(§)-dﬁocA<E§> o
Disc area A = nr?

Frequency resolution
~ Av, « 107%m,

_ Py kBTy
vm  m Noise power in terms
, , , of an effective black-
Total integration time body temperature.

What is the lowest g,, we can probe (SNR ~ 5) given a setup?



Prototype: Closed Booster (CB200) Manual tunability by roc

and spacer thickness
[PRL 135 (2025): 041001. (arXiv:2409.11777)]

Receiver L= = [ - - [ }

Ch g Filter LNA Filter LNA Filter Filter LNA - -
aln 1GHz 20dB 1GHz 20dB  250MHz  <24GHz  20dB Spectrum Analyzer
1 5 1 1 1

1 4 A ) T f—
|9ay| = 3.5 x 10711G V_l( In )5 2.2days\* [ m, \*[0.3GeV/cm?\2(2000\2 (0.1 m) 1T\ {SNR\2
Yay| = 2- € 300 K T 80 peV 0y B2 . B, C
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Spectrum -3y
analyzer for RFI [=5i[2[¢ & -
measurement  [Eqlelplie] < o8
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Calibration and analysis procedure
Booster mode identification
Boost factor determination
Axion search exclusion limit




Identification of booster mode

PRL. 135, 4, 041001 (2025)
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Booster supplemental material

Experimental
Identification of
the booster
mode.

Clear
distinction of
TE,; with
respect to
parasitic/higher
order modes
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https://journals.aps.org/prl/abstract/10.1103/c749-419q
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MAD) IV AX Frequency [GHz]
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= —— 18.531 GHz % around 2000
S 2000 - — 16.543 GHz with only 3
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v
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Axion-Photon Coupling |ga,| [GeV™1]

World's best [imit on this frequency region and first
axion-like particle search using a dielectric haloscope

Nao T, Frequency [GHz]

18.51  18.53 18.55 18.57  19.17 19.19 19.21 19.23
I 1 ~ 2 times
10710 4 more sensitive
- . than CAST
5 o and glob.ula.r
S R S clusters limits
Ui 4 ! R
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Axion Mass m, [peV]



Opening the system
The open booster setup
Experimental determination of 2
Dark photon run
Towards a tunable booster
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First MADMAX dark photon limit  [PRE1541D (2025): 151004,

AD » AX (arXiv:2408.02368)]

10—10
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g 1w
Z
=
5 107"
10713 Unpolarized DPDM =
p, = 0.3 GeV/cm? 3
1 1 1 1 I 1 1 1 1 I 1 1 1 1
70 75 80 85
Dark photon mass m, [ueV/c?|
15 days data-taking at room temperature Improved existing limits by
with 3 disks in a fixed position ~ 3 orders of magnitude
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Towards a tunable booster

Goal: Scan different mass ranges by
changing the relative positions of
the discs

Is

‘©
-
2
=
©
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()

Setup: OB200 + 3 motors on disc +
interferometer.

« RTtestatloT
« Cryogenic test (35 K)

Outcome: oy =\ B N
Successful manipulation down to Open Booster with 1 disc
1 um stability at a speed of 164 of 9200 mm {OB200)

[JINST 18 PO8011 (2023) (arXiv:2305.12808)]
[JINST 19 T11002 (2024) (arXiv:2407.10716)]

Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025 19



Scaling up further
Increase number of discs
Cryostat development
Cryogenic runs




Axion search at CERN: 2027-2029

Goal: cryogenic axion search using the
Morpurgo 1.6 T B field

Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025

3.5 m

New cryostat delivered in 2025 to Hamburg site

21



Physics reach forecast

Plans for 2027-
2029 at CERN

- CB100 (long shutdown
- ] LHC) Morpurgo
1071 = -
| - OB300_3disks (2027) magnet +
s : OB300_20disks (2028) orototype
O, 1075 OB300_20disks (2029, 90 days) cryostat
— -
b% 10713 =
T - KSVZ
3 . __Mmowax ..
107 DFSZ : Aspirational
2 | == MADMAX
1015 . l . sensitivity
80 100 (after 2030)

Axion mass [ueV]
Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025



Take home message = LU OO

MADMAX CB200 = MADMAX CB200
1010 Configuration 1 Configuration 2
pa=0.3GeV/cm?3

First time a dielectric haloscope

sets axion limits < m

m I 'H' ] “
i . i |
o ‘ physms ||l

Wi i

M“ lH!W J‘

95% CL upper limit

World-leading limits in both dark

photon and axion searches - ~= expected median limt
[PRLE5 (2025): O41001]*=*= 16% to 84% limit range

around 80 peV 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]

Axion-Photon Coupling |gay| [GeV™!]

Booster quickly tuned and
recalibrated, larger-range
frequency scans possible

Kinetic mixing x

Ongoing R&D regarding B field,
cryogenics, booster size, and

: : Unpolarized DPDM
maore... L 13415 (2025):151004] 7, = 03 GeV/em?

70 ] 80 85
Dark photon mass m, [ueV/c?|

Juan P.A. Maldonado - MPP - on behalf of MADMAX - maldonad@mpp.mpg.de - TAUP 2025 23
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JayBe

a, cos(mgt) .

Overlap and why it matters RememberE, = -

c _ fjiﬁnnlds
M [1917dS [ Efmds

E_a) =E, 5; =E, (2 E)nm(qb)cnm) /
1=0 [ ’2 Chm = 1

TE,, (c?=0.84) TEy; (c K1)  %m

TEn TEo;

S
)// 7r

We induce the radiation inside a circular waveguide:

—=

—_—

B, 84% of the sighal power couples to TE;.
We need to make sure we are at the right mode

Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025 25



Magnetic field during run

Magnetic Field [T]
O Sy =
N U N o N
o) (@] ol - o

0.00 -

2024-02-23 2024-02-27 2024-03-02 2024-03-06 2024-03-10
Time

Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025
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Aspirational setup

‘gay‘ & \/Psignal < V1022 W (%) (1212)% (5(;0200)% (7;;31’;)% (1-8 jaYS)Tlt

Cryostat

Set of disks

Recelver

Focusing mirror

Motors (not seen)
Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025 27



Uncertainty in exclusion limit
[PRL 135 (2025): 041001]

Effect Uncertainty in |g,,, |

Y-factor power calibration 3 to 5% :

Receiver chain power stability <2% - C BZOO, axion searcC h

Axion field—TE,; overlap 6%

Boost factor determination <5% .
(excluding overlap) [PRL 134.15 (2025): 151004

Frequency stability of TE;; mode <2% Effect Uncertainty on y

Total 5 to 10% Boost factor determination

Bead-pull measurements

Bead pull finite domain correction

Receiver chain impedance mismatch
Subtotal

O B3 O O 9 D ar k ‘ Y-factor calibration

Power stability

photon search Frequency stability

Line shape discretization

Total

2 to 17%
5%
<1%

5to 18%

4%
3%
2%
4%

9 to 19%

Juan P.A. Maldonado - MPP - on behalf of MADMAX - TAUP 2025
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Field measurement setup

TE{, (84% overlap)

E ~0 here
Reflection
coefficient

\

|E|? o |S1; — SV

7

75 bead Bead at E ~ 0
positions (unperturbed)

-
|
|
|
|
|
|
|
=

Juan P.A. Maldonado on behalf of MADMAX - maldonad@mpp.mpg.de — Patras 2024 29



Ana |y$| s chain Based on HAYSTAC: arxXiv:1706.08388 [PRD 96.12(2017)]
Raw » Processed »Combined » Rescaled » Grand Exclusion
spectrum spectrum spectrum spectrum "spectrum Limit
A /\ AD E ) MA AX PFeliminaw
41 Confi t 2 T~
Example from Z e o AN
% R \, |
19.215 GHz ¢ s R
L "4 - e ‘|1 | -
E 5 2 o rﬂ‘wﬂlflf‘r[l |'|
E | E_.J 14— I t
_ 2 u=0.00
¢ | Raw o 071 0 =0.95
—1 4
o
9 | spectrum S ol (gl gl g diad
O @
8 E -3 ! — | |
T 5 —41
Q 19.215 GHz Z — [ data
e —5 T|==- sig. amplitudes for |gsf] =4 x 10711 Gev?
8 ) . | . . . . —6 |- same for individual physics-runs
D) 19.18 19.19 19.20 19.21 19.22 19.23 T l ﬁ ﬁ l
Frequency [GHz] 19.18 19.19 19.20 1921 19.22 19.23 10! 102 103
Frequency [GHzZ] Counts

Juan P.A. Maldonado on behalf of MADMAX

arXiv:2409.11777. On arXiv since today!
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Cold axion / dark photon searches

Ly
- 4

Single thermal cycle
semi-automatic
calibration

Horizontal non-magnetic
cryostat developed with
CERN Cryolab e
[JINST 20 TO2005 (2025) (arXiv:2412.12818)] oo

1 day long axion search at | ey
19GCHzat CERN inaleT i Bt
field at 14 K system
temperature

Stay tuned!
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