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* Introduced to solve the CP problem of QCD

* New U(1)pq ("Peccei-Quinn”) symmetry is spontaneously broken at

energy scale f,, axion is pseudo Goldstone boson

After explicit
breaking

Before SSB

* Misalignment production: relic oscillations around minimum

: ] 7/6 A2
mis
produces axions as ;> < f ' 0;

Fox et al '04

Image source: https://www.quantumdiaries.org/2012/02/14/
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https://arxiv.org/abs/hep-th/0409059

After inflation

— many small regions with different 6;

— use average of possible 8; for misalignment
production

— topological defects may produce additional axions
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1012GeV

* Very light: m, ~ 5.7 peV F

: _3 ueV/c?
* Macroscopic wavelength: (vpy) ~ 107°¢c - 44 ~ 1 Km —
a
o _ GeV/c? 3x1032 pev/c?
Large number density: ppp = 0.3 3 N, PER—

— treat as classical wave with wavelength >> detector size
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* Axion has effective two photon vertex Y
(Primakoff effect) a

* Effective Lagrangian: L;, < gaya E - B with

model dependent g,, X it ) Y
* In practice use B-field to induce axion-photon L

conversion g
e Axion signal in frequency spectrum: Localized = ]

(Av ~ 10~ %v,) peak at v, = m‘;lc Frequency

— gay X mg
— long coherence time
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* May not solve CP problem of QCD

* Light, pseudoscalar particles

* Main motivation: string .
compactifications leading to
plethora of ALPs (“axiverse”

* No relation between g,, and m,

11.12.2024

=
3
—
3
o
£
"=
3
e
=
2
o
&
]
E 10-13}
\‘ QCD dark matter axien
2 . -inflationary scenario
< s ™
QCD dark matter axion
. o Pest-irflationary scenario
_ QCD agion in tension
l i vith astrophysics
1017 - . . .
107 106 105 104 103 102 0.1 1
Mass [eV]
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Light-shining-thro
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Axion-photon coupling [GeV 1]

ugh-walls

re/AxionLimits

1079 ADMX, CAPP, Loose sensitivity at large m | /\ \ A
~16 ORGAN, HAYSTAC a
10 ’ s i.e. high frequencies AD AX
10-Y Cp@p — difficult to probe post-
10-18 Q inflationary scenario Magnetized Disk and
10_19 | UL ALALLLL I AL L AL L B AL AL L AL AL B A ALALL ALY ALY SRR Mirror AXlon experlment
1011 1010 10 10® 107 10® 10° 10* 10° 102 107! 10° 10!

Axion mass [eV]

First physics results from MADMAX prototype experiments

11.12.2024

Johannes Diehl 10



AR ZEEEEE R R R RS

Field strength

L . | =1
- Axion field a induces "1 | 8T

electric field E, inside [ <.
external magnetic field B, '\
* Step in E, at dielectric
surface = photon emission \/
* Photon emission from I
single mirror (e, = o): :

B 2
10eT) gayMa

Pmirror W
~3.107%7 (
A m?
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* Place multiple surfaces, use constructive interference and slight

2 __ Ppooster(V)
resonance — power boost factor f“(v) =
Pmirror
(e . ”
* “Dielectric haloscope TTTTTTATATTTTT B
e
=) IS A A R R A A R I R L RN L I ] ] I T >
% 1000(:-0;— 80 discs -
E 80000 |- .
[4n] B A =3 = 2=
E“___ 60000 |- >
g - ] -~ -
R 40000 ] >
% 20000 . Ol .
~ - ] o
ﬂ_} T J T T B >
24.90 24.95 25.00 25,05 25.10 i i i i i i -
Frequency v [GHz| Mirror Dielectric Disks Receiver
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To be located at DESY

Mirror (not visible) on MADMAX magnet by CEA Fina| magnet & Setup

9 T dipole magnet 4—, Delivery of cryostat allowing expected after 2030
. tunability next year

Special IEEE issue (Vol. 33, is. 7)

Cryostat (4 K
y 4K Horn antenna

& receiver system

Separate cryogenic
volume

JINST, Volume 19, Issue 11,
1711002 (2024) j
arXiv: 2407.10716

adjustable dielectric disks

Focusing mirror
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https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=10146242&punumber=77
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=10146242&punumber=77
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Collaboration effort

8 MPP contribution

Theoretical
groundwork
¥

*16.5 days data ta klng @ r ngég;)'_ A —FI\AC%rUéin; - E—agrf;?}égk;;d_ o Build Booster
SHELL lab UHH 308 ) y
Measurements

* Three disk open booster
@ room temperature

I
I
I
I
I
|| Mirror |
I
I
|
I

Calibration

—— ——t —
98 98 83mm

* 30 cm sapphire disks at

| DAQ Board -
f| Xe d d istances I Xiinx RFSoC 4x2 Statistical
5 Horn . ] Ivsi
Antenna \ | analysIsS
L |
| Local
Oscillator
| 18.5GHz
Receiver Chain SR - i
] | % | {2
~ | ~ | 2% | L2
LNA Filter LNA Filter LNA Filter Mixer | Filter
28dB  14-25GHz 23dB 14-25GHz 23dB 19.0-20.4GHz 0-2GHz
DO S S R |
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https://arxiv.org/abs/2408.02368

AM"MAX PrehmmarV 3.75

Obtain boost factor via “bead : R REmEE
pull” method: P @ @ 3.50
* Measure E-fields in booster ™ O® 3.25
. o B
with small test bead 1 500
* Leverage reciprocity between % | s
E-field in reflection 210t E
measurement and axion '
induced fields 100 L] I NS N T 225

19.25 1950 19.75 20.00 20.25
* Less dependence on Frequency v [GHz|

com p I I Cated R F simu Iat|0 ns JCAP 04 (2024) 005, arXiv:2311.13359

JCAP 04 (2023) 064, arXiv:2211.11503
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https://arxiv.org/abs/2408.02368
https://iopscience.iop.org/article/10.1088/1475-7516/2024/04/005
https://arxiv.org/abs/2311.13359
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/064
https://arxiv.org/abs/2211.11503

* No potential signal found — set 95% CL exclusion limit

Frequency v |GHz|
b 18 19

Kinetic mixing x

20

70 7 80
Dark photon mass m, [ueV |
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https://arxiv.org/abs/2408.02368

| Primarily MPP
8 MPP contribution

Build Booster

Prepare

* 14.5 days data taking using 1.6 T MORPURGO magnhet @ CERN | = = =

. N
-

* Three disk closed booster @ room temperature B= 2=

Measurements

e 20 cm sapphire disks with replaceable spacers

e e
Separation Rings

— small tunability ‘xS calibration
__________________ o Disks Mo o
- , , | Statistical
° o analysis
8 Tuning |
g Rod
: |
l

R B T N 2
S % N [ | X Y | =
Receiver L~ = | = =~ | B
Ch . Filter LNA Filter LNA Filter Filter LNA — -
ain 1GHz 20dB 1GHz 20dB  250MHz  <24GHz  20dB Spectrum Analyzer
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https://arxiv.org/abs/2409.11777

Boost factor determination via
simulations:

* Closed boundary conditions lead ~_ |
to finite set of modes in booster %2000_
* At frequency of boost peak one éj 1500 -
mode dominates — can use 1D m 1000 .
model :
A 500
0

Five datasets in two separate
frequency ranges obtained

11.12.2024 Johannes Diehl

18.51

Vary pressure on mirror with tuning rod

A

Frequency [GHz] | |
1857 19.17 19.19 19.21

lll

18 53 18 55

19.23

Jf\_ W ax Prehmmary B2 Peak @

18.531 GHz
18.543 GHz
18.557 GHz
19.196 GHz
19.215 GHz

Y o

I

76 8 79.3
‘ Axion Mass m, [peV]

|
Different separation rings

79.4 79.5

)

76.6
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https://arxiv.org/abs/2409.11777

* No potential signal found — set 95% CL exclusion limit

10—10

10—11

Axion-Photon Coupling |gay| [GeV~']

11.12.2024

76.55 76.60 76.65 76.70 76.75 76.80

4/\A0 2% Preliminary Frequency [GHz]
18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23

MADMAX CB200
Configuration 2

MADMAX CB200
Configuration 1

pa = 0.3 GeV/cm3

globular §
clusters

r-rmpmm"‘ BRI | 'W

~ 95% CL upper limit
= = expected median limit
16% to 84% limit range

s 2

s 7

79.30 79.35 79.40 79.45 79.50 79.55
Axion Mass m, [peV]
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https://arxiv.org/abs/2409.11777

| Primarily MPP
8 MPP contribution

Build Booster

* 1 day data taking using 1.6 T
MORPURGO magnet @ CERN

* system temperature ~14 K

Calibration

v

| Statistical
analysis

e semi-automatic calibration
— single thermal cycle

nnnnnnn

* Cryostat developed with
CERN cryolab

* Analysis presently ongoing
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CB100

* To reach MADMAX design goals: ]
» Number & radius of disks LT o o,
» system temperature, =" 0830020 (2028, 50 days)
H iﬁow 13; KSV.
* Plans for next measurement campaigns: I S —— R
* 2025 FNAL, 9.4 T magnet, closed setup, .
S eV .

diameter
* 2026-2029 long CERN shutdown, open tuneable 30 cm setup at cold

* Investigate quantum limited & single photon detection to minimize

system temperature
* Continuation of magnet project secured thanks to “MPG Vorhaben”

11.12.2024 First physics results from IVIADMA‘X prototype experiments 73
Johannes Diehl



* Axions & ALPs are well-motivated DM candidates
potentially also solving strong CP problem

* MADMAX first experiment proposed to search in
post-inflationary mass range beyond 100 ueV

* Prototype setups demonstrate ability to deter- « 7= ===
mine boost factor using different methods

 Competitive ALP and dark photon limits
obtained

* Continue scaling of system using stronger >
FNAL magnet & longer run at CERN |

First physics results from MADMAX prototype experiments
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Statistical Methods for a First MADMAX Axion Dark Matter Search and Beyond
Johannes Diehl
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* New U(1) gauge symmetry, dark photon

is corresponding gauge boson % '\IV\I%N\I\’

* Kinetic mixing to normal photon,
dimensionless mixing parameter y

e Can be polarized or unpolarized

* Required experimental design very
similar to ALPs, but no magnetic field
required

First physics results from MADMAX prototype experiments
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6 JADIMAX
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T 'II T T 1 T T 0 |ll III T 1 ||

e
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EEEEEEEEEE

|
N

—4

Normalized power excess

— Known RFI
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Frequency v |GHz|

|
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Slide by Juan Maldonado

Field measurement setup

TE{, (84% overlap)

E~ 0 here

Reflection
coefficient

|E|? ‘511 _581‘

7

75 bead Bead atE ~ 0
positions (unperturbed)
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B-field &
T - monitors

B-field
Receiver probe
chain _
outside the Fl_rst LNA
B-field with T-

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

FSW43
VNA for S11
calibration
measurements

Tunab]e Lowpass LNA
bandpass ™ filter
filter

Computer
with GPU

Receiver chain outside the B-field
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https://arxiv.org/abs/2409.11777

E
=
S 1.00 - —
i B% Peak @
L -
g 079 18.531 GHz
=
s 18.557 GHz
0.25 - 19.196 GHz
19.215 GHz
0.00 1 L
2024-02-23  2024-02-27 2024-03-02 2024-03-06 2024-03-10
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Booster mode

|E| (a.u.) 1~ /

0.8 4
Parasitic mode

'4

0.6 |
0.4 -

0.2 -

200

18.4 100

18.6

18.8 50 ,
Frequency (GHz) 19 Coordinate (mm)
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Frequency [GHz]

18.45 18.5 18.55 18.6 19.15 19.2 19.25 19.3
1.4 — ' ! ' 7 S ' ' '
B? Peak @
1.2 1 —— 18.531 GHz A i
—— 18.543 GHz
_ —— 18.557 GHz
5 1.07 —— 19.196 GHz I
= —— 19.215 GHz
< 0.8- -
£

0.6 A -
0.4 - a
I I I I II II I I I I
76.4 76.0 76.8 77.0 79.2 79.4 79.6 79.8
Axion Mass m, [peV]
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1000 _J\/\/ﬁﬁjﬂ/\,& Preliminary — — Broadband measurement| -
= Physics-run
800 | = Model

18.530

18.00 18.25 18.50 18.75 19.00
Frequency [GHZz]

18.535 18.540 18.545
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22 B2 uncertainty

1 O ,l,l
Total uncertainty on |gg|

§
2
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5
£
o 18-
31
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2
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o

12 T T T 7 T T T

calibration uncertainty

8.2 1 - %

Relative uncertainty [%]
~
oS
1

~
=~
N\
AN

|
N\
AN

Relative uncertainty [%]
o

¥ 3.0 Gain drift
T T T 7 /— T T 525_ B2 Peak @
18.52 18.54 18.56  19.18 1920 19.22 £ — esm e
Frequency [GHZ] 52.0| —— 18557 GHz
.E m— 19.196 GHz
% 1.5 = 19.215 GHz
~
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Frequency [GHz]
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Normalized power excess

|
—_

I
s~ W N

5
Grand Spectrum Grand Spectrum
1 configuration 1  maxp? @ 18.557 GHz 4 1 configuration 2 .
wn
. 8 3 -
2
- : 2 -
T o
- ‘ GSJ 1 -
o
- Q' O -
e
- GNJ —1 A
®
- _2 -
:
4 - -3
| —==- expected signal for Cgf=2 x 103 | 41 __. expected signal for C;2f = 2 x 103 |
1 1 1 1 1 1 1 1 _5 1 1 1 1 1 1 1 1
18.52 18.53 18.54 18.55 18.56 18.57 1073 101! 19.18 19.19 19.20 19.21 19.22 19.23 1073 1071
Frequency [GHZz] log P Frequency [GHz] log P
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Axion-Photon Coupling |g.,| [GeV™!]

L0-10 220 4 2% Preliminary

.

LD il I

10-11 4

~ 95% CL upper limit

- = expected median limit
===+ 16% to 84% limit range

| ||H i |

76.735

76.740 76.745 76.750
Axion Mass m, [peV]
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Fit back-
ground

Grand
Spectrum

Combine to
1 spectrum

e s o

Normalized power excess
Lo
Lob oL

Signal shape
Optional, combine e D - e
using weights Optional, enhances sensitivity P
corresponding to

signal strength

If a signal is there,
———

11.12.2024

19.18 19.19 19.20 19.21 19.22 19.23
quency [GHz]

how big would it be?

Fruquency (GHz)
1851 1853 1855 1857 1907 1919 1921 1923

MADMAX CB200 MADMAX €B200
Configuration 1 Configuration 2

Convert data to test statistic
with known distribution

Trace how to convert test L T
statistic into signal parameter

Hypothesis Test

Axion-Photon Coupling [ga| (GeV~*]

Statistical Methods for a First MADMAX Axion Dark Matter Search and Beyond

Johannes Diehl 38


https://arxiv.org/abs/1706.08388

0.06

0.05

0.04

dpP Pa géy(E/N)

o L f (vpw)

0.03

Normalized signal strength

* M, axion mass

. . 0.00 ! i . i L
* pq axion energy density : - — - =
Relative Frequency [kHz]

* f(vpm) dark matter velocity distribution

* Jay(E/N) axion-photon coupling (which depends on
anomaly ratio E/N.

Statistical Methods for a First MADMAX Axion Dark Matter Search and Beyond
Johannes Diehl
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2. Decide on Hypothesis

Test

“measurement rules out a
50 signal at 95%

confidence leve

3. Trace how to convert
test statistic into signal

parameter

11.12.2024

1. Test statistic with
known distribution

-
S,

Probability density
=)
I

N w B
o o o

Signal parameter

[y
o
T

—-C

=
(=]
w
)
—~
Q
Q)
=l
H
~

a
- -Gtrue

P 95% confidence

1
-2.5

| e——

Statistical Methods for a First MADMAX Axion Dark Matter Séatch ana'%ey.?ncf's .
. est statisti
Johannes Diehl

Test statistic G
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