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CP =Charge-Parity
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Why Axions”?

Astrophysics

Anomalous cooling of
stars & VHE photon
transparency

CP =Charge-Parity
VHE= Very high energy
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Why Axions? The Strong CP Problem‘

» Strong CP problem

CP violation expected in QCD, but not observed
experimentally (8, nEDM)
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» Strong CP problem

CP violation expected in QCD, but not observed
experimentally (8, nEDM)

» Peccei-Quinn solution Peccei & Quinn, PRL 38 (1977) 1440.

New global U(1) symmetry, 8 turn into a dynamical variable,
relaxes to zero
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» Peccei-Quinn solution Peccei & Quinn, PRL 38 (1977) 1440.

New global U(1) symmetry, 8 turn into a dynamical variable,
relaxes to zero f‘:mm ...

-

p» AXion = Weinberg, PRL 40 (1978) 223; Wilczek, PRL 40 (1978) 279

Pseudo Goldstone-Boson of spontaneous symmetry
breaking of PQ at yet unknown scale f,
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Why Axions”?

» Strong CP problem

CP violation expected in QCD, but not observed
experimentally (8, nEDM)

» Peccei-Quinn solution Peccei & Quinn, PRL 38 (1977) 1440.

New global U(1) symmetry, 8 turn into a dynamical variable,
relaxes to zero

p» AXion = Weinberg, PRL 40 (1978) 223; Wilczek, PRL 40 (1978) 279 v

Pseudo Goldstone-Boson of spontaneous symmetry
breaking of PQ at yet unknown scale f,

» Properties of this potential DM candidate
— Extremely weakly-coupled fundamental pseudo-scalar

wol)

— Generic coupling to two photons
— Mass unknown m,ocg,,
~ Astrophysics: g,, < 100 GeV!

dortmund
university 3



Why Axions”?

» Strong CP problem

CP violation expected in QCD, but not observed
experimentally (8, nEDM)

» Peccei-Quinn solution Peccei & Quinn, PRL 38 (1977) 1440.

New global U(1) symmetry, 8 turn into a dynamical variable,
relaxes to zero

p» AXion = Weinberg, PRL 40 (1978) 223; Wilczek, PRL 40 (1978) 279 o

Pseudo Goldstone-Boson of spontaneous symmetry
breaking of PQ at yet unknown scale f,

» Properties of this potential DM candidate
— Extremely weakly-coupled fundamental pseudo-scalar
— Generic coupling to two photons B
— Mass unknown m,ocg,,

~ Astrophysics: g,, < 100 GeV! '
— Dark matter candidate & solves strong CP

dortmund
university 3



Why Axions? The QCD Axion

Solving the strong CP problem: the QCD Axion

A. Berlin et al.

existing bounds

» KSVZ: axions couple to
BSM quarks only
» DFSZ: axions couple to
fermions
_d.ﬂ' _dil _JLQII IIIIIIIL%I IIIIIII-‘%I IIIIIH]-‘TI | IIIIﬂ'I-dEI I””“qul IIIIIH'I-d!iI | IIIIH'I-HE‘I I”“”L:;,II IIIIIII-:LI IIIIIn'lda
A0 A0 A0 A0 A0 A0 A0 A0 A0 40 A0 10 A
mg [eV]
dortmund
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Why Axions”?

Axion-like Particles (ALPs)

Going beyond QCD: Axion-like Particles (ALPs)

» Similar particles are
produced in many higher
order theories,

e.g. string theory

» DM candidates, but not

necessarily solving strong
CP problem

» Out of convenience use
“axions” to refer to QCD
axions and ALPs

» Can often search for

B —

I
> -13
o 10
Q 10—
e
3
Qﬁ 10—16
10-17
10-'8

1079

A. Berlin et al.

existing bounds

10-% JLALLLL B L L L L L L L e L e
axion-like particles (ALPs) AR AR SR R R A R R A A
In same experiments as Mg [eV]
axions
Sg{\fg:ﬂ? Julia K. Vogel | Experimental Searches for Dark Matter Axions | Gottingen 2025 5
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Detection of Axions

Model &

cosmology
dependency

Source Experiments

Light-Shining-
Lab % Through-Wall Verv low
axions (LSTW) Y
Experiments
Solar
: Helioscopes Low
axions
Relic
: & Haloscopes High
axions

Detection Principles for axions and
ALPs

\/Detector

A | < A ------- é\/\/\/\, "\ |Detector
- P
\

(]
Q
/@ l ) ----------- --‘fé\/\/\/vn Detector
Cavity
° %

Large complementarity between different experimental approaches!

dortmund
university




Outline

1. Why Axions?

2. Detection of Axions
- Light-Shining-Through-Wall Searches
- Helioscopes
- Haloscopes
- Other Approaches

3. Conclusions

dortmund

- : Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025
university



Detection of Axions |

» LIGHT-SHINING-THROUGH-WALL EXPERIMENTS: pure laboratory searches

Magnet =i Magnet
LaCSH[_f fob b L %\/\/\/\/\/ Detector ALPS, OSQAR,
Anselm 85;
B W_ | ;B Van Bibber et al 1987 PRniesgm 759
a

Concept: Axions mixing with photons in external electromagnetic field
- Conversion probability for a photon with energy w converts into axion after having
traversed a distance Lg in magnetic field of strength B:

2 2
Py a) ~ 4(QMWB) sin? (ma B)
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- Conversion probability for a photon with energy w converts into axion after having
traversed a distance Lg in magnetic field of strength B:
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Detection of Axions |

» LIGHT-SHINING-THROUGH-WALL EXPERIMENTS: pure laboratory searches
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Detection of Axions |

» LIGHT-SHINING-THROUGH-WALL EXPERIMENTS: pure laboratory searches

—  ALPS-II
= 12 4+ 12 straightened
HERA magnets
= Optical cavities both at
production and

regeneration sites
= Sensitivity 3000xALPS

Al ‘.,Q I I — Ringwald 2003 Phys. Lett. B 569 51
/ \=|l U Production Cavity Lasy Regeneration Cavity
~124m ~124m
High Power Magnet String Central Magnet String Local
Laser Optical Bench Oscillator
ALPS-ll@ Gottingen2025: T65.1, T89.6
dortmund @ 9 ’
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Detection of Axions |
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ALPS-II Design Sensitivity
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- Credit: ALPS-II collaboration
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my [eV]
T ALPS-ll@Gottingen2025: T65.1, T89.6
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Detection of Axions Il

laboratory axion searches looking for solar axions

X-ray

detector
Axion 500 s ﬁg;g:hh O
VAo eeee »P-———— ) 2 @W—)— -->
% Flight time

Sun Earth

SUMICO, CAST, IAXO P. Sikivie 1983 PRL 51 1415
van Bibber et al 1989 PRD 39 2089

Concept: Axions produced in strong electromagnetic fields of the solar core

and reconversion into x-ray (keV) photons in transverse laboratory B-field

- Use gas to expand axion mass search range

- Helioscope Figure of Merit o« B?L°A (Magnet is key!!)

- To use large-scale magnets in combination with small ultralow-bgrd detectors:
X-ray optics crucial connecting piece

dortmund
university 10



Detection of Axions Il HE“OSCOpeS (no DM requirement)

» AXION HELIOSCOPES: laboratory axion searches looking for solar axions

Sunrise detectors

Anastassopoulos et al. Nature Phys. 13 (2017) 584-590

dortmunad Altenmdiller et al. PRL 133 (2024), 221005
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Detection of Axions Il HE“OSCOpes (no DM requirement)

» AXION HELIOSCOPES: laboratory axion searches looking for solar axions

|9ay| (GeV)

Benchmark limits for
axion-photon coupling
by the CERN Axion
Solar Telescope (CAST)
with next-gen
experiment pathfinder

10-10

| New CAST limit 2024

By <0.58 X100 GeV-T(os% 4 e

) m, (eV
cy dd
Anastassopoulos et al. Nature Phys. 13 (2017) 584-590

dortmund )
university Altenmdller et al. PRL 133 (2024), 221005 »



Detection of Axions Il HE“OSCOpeS (no DM requirement)

CAST @ CERN International Axion Observatory

Jay S few 10772 GeV' (expected)

Jay S few 101 GeV! (expected)

dortmund  IAXO@Gottingen2025: T26.1, T26.2, T26.3, T26.6 , T47.6, T47.7, T65.1
university ~ RADES @ Go6ttingen2025: T89.2 12



Detection of Axions Il

Globular clusters

{ALPS-II

10710 102 1078 1077 10® 10~° 10~% 103 102 10~! 10° 10!
m, [eV]

dortmund
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Detection of Axions Il

» AXION HELIOSCOPES: laboratory axion searches looking for solar axions

Novel Approach using satellites

Concept: Utilize outer solar magnetic field for reconversion of axions into x-ray
photons and use X-ray astronomy mission to detect them

Observation day
1 of 9 data frames

3.5-to-4 keV

dortmund NuSTAR@ Gottingen2025: T89.4
university 14



Detection of Axions Il

» AXION HELIOSCOPES: laboratory axion searches looking for solar axions

Novel Approach using satellites

Concept: Utilize outer solar magnetic field for reconversion of axions into x-ray
photons and use X-ray astronomy mission to detect them

J.Ruz et al (arXiv:2407.03828)

10 10
-
L
|
N
@
-_— -11
T 10
-
5
O,
Observation day b : ....... ALPS-II (4-5 y)
—-—  babylAXO (6-7y)
10-12 b === [AXO(10-15y) i
- CAST .
N Haloscopes 1
B This work i
L ] |
10 1079 1077 1079 1073

m, [eV]

3.5-to-4 keV

AamerRIRA NuSTAR@ Gottingen2025: T89.4
university 14
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

P. Sikivie 1983 PRL 51 1415

/ Signal
. Resonant [ Detector
Axion DM halo cavity A Photon frequency
Magnetic — ; (= axion mass)
-] y
field
(] Photon 5
i =
- - - - Axion O\L_,__—-——'"—*E 8
o Virtual
photon Frequency

\% b
Concept:

DM axion converts into photon in microwave cavity placed inside magnetic field
- If axion mass matches resonance frequency of cavity

Mg = 2TVres ~ 4 ueV ( ér;fz)

dortmund
university



Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

P. Sikivie 1983 PRL 51 1415

/ - Signal
Resonant / Detector
Axion DM halo cavity A Photon frequency
Magnetic — ) (e« axion mass)
° ; ¢
field
0 ) Photon 5
N
i =
A7 (B Axion 0\1_,,_1——'“—*( 3
o Virtual
photon Frequency

-

Concept:
DM axion converts into photon in microwave cavity placed inside magnetic field

- If axion mass matches resonance frequency of cavity

Mg = 2TVres ~ 4 ueV ( éﬁsz)

- Need to tune resonance frequency to scan axion mass range
- Figure of merit

B*V%C4Q Q ~ 10°

SYS

FOM

dortmund
university
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Detection of Axions ll| Ha|OSCOpes (DM requirement)

» HALOSCOPES: Laboratory searches looking for galactic axions

MICROWAVE CAVITIES ADMX HAYSTAC

Currently active :
ADMX, HAYSTAC,
CAPP, GrAHal,
ORGAN, QUAX,
CAST-CAPP, RADES,...

RADES @ Gottingen2025: T89.2

dortmund

university Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025 16



Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

MICROWAVE CAVITIES ;
10~

Currently active :
ADMX, HAYSTAC,

10—10

SN1987A

Frequency [MHz]
103 10*

CAST

Neutron Stars

CAPP, GrAHal, 'T_' 101 lf:ﬁ::“ : %
¥S <
ORGAN, QUAX, % . : 2 )
107 4 ol 3
CAST-CAPP, RADES, LL_D‘ E %' E < E/N§44/3
_g 10—13% - 5 KNZ
Vacuum Realignment & ] AlE o
m, -~ O(10 peV) R B
v ~ O(GHz) i
10—155
- po = 0.45 GeV cm 3
10__6 1 1 | | | | |1|O|—5 I 1 | I | | I]-I()l—'4 T
m, [eV]
dortmund Adapted from https://cajohare.qgithub.io/AxionLimits/

university

(Shoutout to Ciaran O’Hare, the hero of axion plot unific:ation)17



Detection of Axions ll|

Haloscopes |

DM requirement)

» HALOSCOPES: Laboratory searches looking for galactic axions

MICROWAVE CAVITIES

Haystac -

Currently active : 10 1:5 2 _— vae'-["GH: - — y
RBF <l < & v ®
ADMX, HAYSTAC, _ 2NN e B 3 gz
N 1 o 3 Mo < = =
CAPP, GrAHal, S 2 pi-ab [l %
ORGAN, QUAX, S - a7
CAST-CAPP, RADES, ... i ,
. 35
Vacuum Realignment ¢ °
X> 4 4
m, > O(10 peV) 3] 2
v ~ O(GHz) o k== . . . . e
17.0 17.5 18.0 18.5 19.0 19.5 23.00 23.25 23.50 23.75 24.00
m, [ueV] m, [ueV]
Most recent HAYSTAC results arXiv:2409.08998 (2024),

accepted for publication in PRL

dortmund

university Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

MICROWAVE CAVITIES H aystacﬁ{k

Va [GHZ]
6.

30

Currently active : 102 1:5RBF 2 S U s i
ADMX, HAYSTAC, - o el EE : 32 |3

§_ 101! o UF % % S o o
CAPP, GrAHal, % <o - | E ‘ :
ORGAN, QUAX, =2 100 %= "<=\V72 i B A I ——— R
CAST-CAPP, RADES, ... o [Pia][[Pano][ CPav

Vacuum Realignment
m, ~ O(10 peV)

.
v ~ O(GHz) o k=== . . . . e
17.0 17.5 18.0 18.5 19.0 19.5 23.00 23.25 23.50 23.75 24.00
m, [ueV] m; [ueV]
Most recent HAYSTAC results arXiv:2409.08998 (2024),

. . accepted for publication in PRL
Future upgrades N preparatlon

dortmund
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

How to go to higher 10-°

masses to search for 107
108 fry

post-inflation axions? | Solar v

CROWS ALPS-I

Diffuse-9

10_10 DSNALP Globular clusters
tAB ‘544/

| Fermi-SNe

10_11 Hydral
M87 3o
o

Qg@ uodeIy
UOESIUO]

JI'IS XINAV sl
= 3

~
=
rri
+
S
>

2 A O 9 % 1 _6 % & % 2 A O A VA > A ) §) q
10720707 40740740 407407407 407407407 A0 A8 4T 48 40 AT 40° 40

m, [eV]

drernd https://cajohare.github.io/AxionLimits/
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

How to go to higher 10-°
masses to search for 107 o ST lates
post-inflation axions? 13:2 ss Solar 1 o
Higher frequencies, ‘—T 10-10 SNV Glohulaschusters) Diffuse:)
(i.e. higher m,) > 10 . - Rt
requires smaller Q 10_12 2 & o
cavities and scans get =< 10:14 - |
& 10 |

slower! = 1015 &

10—16

10—17

10-18

10—19

1030707074074 4074074074040 407 AP AT AT AT AT 4F A&
m, [eV]

dortmund
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

How to go to higher 107°
107 CROWS [\ ps.|
masses to search for = —
. . . 108 10 cm :
post-inflation axions? 09 10 crgp | Solars s
. . Lo SHAFT
Higher frequencies, T 107 1
(i.e. higher m,) > 107" 12
- ® 10 : e
requires smaller O : O
_p 10~ E 2
cavities and scansget —=
¢ 10°
slower! S
bo 10—15 .
| s Dish antennas/
Dish Antennas & Plasma haloscopes

Plasma Haloscopes!

m, ~ O(100 ueV) 107"

A2 Ay A0 .9 % 7T _6 % A& % _2 A Q A 2 ) A ) o q
0740 407 407 407 407407 407 407 407 40 407 107 407 407 407 407 407 40" 40
v~ 0(10-100 GHz) W00

m, [eV]

drernd https://cajohare.github.io/AxionLimits/

university 19



Detection of Axions ll|

Horns et al JCAP04(2013)016
» HALOSCOPES: DISH ANTENNAS

P/A o B?

—> Outgomg wave

11111

7. 10C Bocos w,t

Concept: Axion induced radiation from a magnetized metal slab
- DM axions interact with a static magnetic field

—> producing oscillating parallel E-field.

Conducting surface in this field emits plane wave L surface with v <« m,
- Radiated power is low, however, no tuning required!

dortmund
university 20



Detection of Axions ll| Ha|OSCOpes (DM requirement)

Horns et al JCAP04(2013)016
» HALOSCOPES: DISH ANTENNAS

P/A o B?

axion
FFT

—> Outgomg wave '
107 m,

1 P ow-woise

recelver |

7. 10C Bocos w,t

Concept: Axion induced radiation from a magnetized metal slab
- DM axions interact with a static magnetic field

—> producing oscillating parallel E-field.

Conducting surface in this field emits plane wave L surface with v <« m,
- Radiated power is low, however, no tuning required!

dortmund
University Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025 20



Detection of Axions ll| Ha|OSCOpes (DM requirement)

» HALOSCOPES: DISH ANTENNAS j\/ \ AD / j\[\ AX
(ARRRRNNARRRRR

-

\ 10 T dipole Horn

magnet antenna
: (+ receiver)

-

-

Separate
cryogenic
volume

80 adjustable
dielectric discs Parabolic
@:~1m Mirror

Mirror Dielectric Disks Receiver

Enhanced Concept: Boosted dish antenna aka open dielectric resonator

— Stack of dielectric plates as booster inside a magnetic field

- Tuned to the radiofrequencies (m, around 100 peV)

- Can enhance measured power by several 104, but tradeoff bandwidth/“boost

factor”

MADMAX@ Gottingen2025: T26.4, T26.5, T65.1, T89.1, T89.5

dortmund
Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025 21
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Detection of Axions ll|

DISH ANTENNAS

\/\A0 i Ax Preliminary Frequency [GHZ]

18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23
N
>
<)
O 10710 ]
m \ 0.‘ ”0 \ 0‘.
E N o V4 \\ .'0
3, NNt fodl s I g

N *aan . . N1 o

=] 1 A o ‘. / . ~ ... 'o
@] oI TR S el - / et 1] B Y SR ‘
@) )| -~§~ ..... y o J! 5\ ns /7
o ) e g ) Dt
O < e * ‘.
46 ................ |
ﬁ. .............. 95% CL upper limit ~ ""ee,, ... *
g = = expected median limit
7 1071 |8oy| ~2x10711 GeV? - 16% to 84% limit range

1 Va4

7 7/ T T

76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.
Axion Mass m, [peV]

MADMAX prototype setup with 3 disks and a mirror w

35 79.40 79.45 79.50 79.55

Ary dos Santos Garcia et al.,
arXiv 2409.11777

ithin the magnetic dipole field

provided by the 1.6 T Morpurgo magnet at CERN (14.5 days of data)

dortmund
J university

MADMAX@ Gottingen2025: T26.4, T26.5, T65.1, T89.1, T89.5
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Detection of Axions ll|

» HALOSCOPES: PLASMA HALOSCOPES

Concept: Oscillating DM axions induce plasmon excitations in magnetized plasma

- Resonant enhancement when plasma frequency matches axion mass

- Can create plasma with tunable plasma frequency in GHz range using wire metamaterial
(wire array with variable interwire spacing)

- Tuning then possible via geometry, limited by losses
Lawson et al., PRL 123 (2019) 141802

dortmund
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Detection of Axions ll|

» HALOSCOPES: PLASMA HALOSCOPES
ALPHA Pathfinder

60 cm

Concept: Oscillating DM axions induce plasmon excitations in magnetized plasma

- Resonant enhancement when plasma frequency matches axion mass:

- Can create plasma with tunable plasma frequency in GHz range using wire metamaterial
(wire array with variable interwire spacing)

- Tuning then possible via geometry, limited by losses
- ALPHA (@Yale & ORNL) Lawson et al., PRL 123 (2019) 141802

dortmund
university 23



Detection of Axions ll| Ha|OSCOpes (DM requirement)

Ax;gn frequency v, [GHZ] - ALPHA Pathfinder

ALPHA PHASE I I
Q: 10* 0

Magnetic field: 13T 1
T——_ | Formfactor: 0.5
Integration time: 3 y
Noise: g.lim
Diameter: 50 cm =
Height: 150 cm e

1 1 l,llllll

Il llllllll

KSvZ
DFSZ

lll

Coupling |C,, |

T T lllllll

1 1 1 111
e .
<

ALPHA PHASE Il (YALE)

Q:10°  Magnetic field: 9T
Form factor: 0.5 Integration time: 3 'y

Credit:
i i Noise: sqzd Volume: 20 | .
_p[ B7dbcoverypotental] |, =] . K VanBibberand
10

107 107 103 the ALPHA
Axion mass m, [eV/c?] collaboration

107"

T llllllll

1 llllllll

dortmund
university Julia K. Vogel | Experimental Searches for Dark Matter Axions | Goéttingen 2025 24



Detection of Axions ll| Ha|OSCOpes (DM requirement)

GHz THz

p—
3
O

Neutron Globular

(@A &
stars clusters

MWD ' ‘lr
\AAD) I

Sun

—_

9
—
(@)

—
|

—_

—

Pulsars

p—
3

o
RBF+UF

Photon coupling, ¢4, [GeV™1]

i GC Magnetar
J (SKA, 100 hrs)
1014 <
10715 -
NI e o Sensitivity prospects
= = §x° ,/”/
= A B
. PDM, local = 0.3 GeV cm 3
10_17 T T TTTTY I T T TTTTY | T T T | T T TTTTY | T T TTTT | T TTTTTY
107° 10-° 10~ 10-3 10-2 10-1
Axion mass, m, [eV]
dortmund https://cajohare.github.io/AxionLimits/
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Detection of Axions ll|

Ha |OSCOpes (DM requirement)
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

How to go to lower

10—°

CROWS

masses to search for 1077 , ALPS:I

GUT-scale axions?

Lower frequencies,
(i.e. smaller m,)
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large cavities
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Detection of Axions ll|

» HALOSCOPES: Laboratory searches looking for galactic axions

How to go to lower
masses to search for
GUT-scale axions?

Lower frequencies,
(i.e. smaller m,)
requires increasingly
large cavities

Lumped Element
Detectors!

m, ~ O(neV)
v ~ O(kHz-GHz)
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Detection of Axions ll| Ha|OSCOpes (DM requirement)

» HALOSCOPES: LUMPED-ELEMENT DETECTORS

Pilot experiments: 5 DMRadio
ABRACADABRA B
ADMX SLIC i ¥ W
50L m3 1 gé
Next Generation: = —
WISPLC 10° 10 10° 106 - 10 10° 10°
DMRadio WO s
- DMRadio-50L ol ¢
- DMRadio-m?3 T Hﬂj
(improvements in Q, V, B) %10‘l5 —
- DMRadio-GUT >
(ambitious next-next gen) .
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mq [eV]
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Detection of Axions ll|
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Outline

1. Why Axions?

2. Detection of Axions

_ig
Heli

Ha

Nt-Shining-Through-Wall Searches
loscopes

OSCOpeEeS

- Other Approaches

3. Conclusions
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Detection of Axions IV Other experiments

» Axions experiment using intense lasers (LUXE) or beam dump (SHiP)

LUXE@DESY
Secondary 7L Photons Magnet EMCal
Production Dump

e

|
< =
Muon det

y
¢ —
'y ______ —
|
R >
O
Primakoff z ALP decay ¥ —-
process to two photons S
DESY. s (@)}

SHIP@CERN

- H = — Experiment service building

Muon shield

Scattering and
Neutrino Detector (SND)

Particle ID

A— SHiP @Gottingen2025: T23.3
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Conclusions

Axions can solve strong CP & are simultaneously good DM candidates
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[~
» Axions/ALPs can be searched for in a variety of laboratory experiments:
Haloscopes, Helioscopes, LSTW experiments,...
» Complementary searches are essential to cover all viable parameter space
10-°
» But wait, there is more: 1077
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Conclusions

» Axions can solve strong CP & are simultaneously good DM candidates

» Axions/ALPs can be searched for in a variety of laboratory experiments:
Haloscopes, Helioscopes, LSTW experiments,...

» Complementary searches are essential to cover all viable parameter space

107°
» But wait, there is more: 107 -
10_8 10 em : rm—
- More experiments 10-9
. — 1010 SN A : . Diffuse-9
- More couplings 7‘> o
_ e L 1012 JE0
More physics: O o
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future is bright!  w»
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Why Axions”?

Why is the electric dipole moment of the neutron (hnEDM) so small?

» QCD Lagragian contains a CP violating term (with g-parameter of QCD vacuum)

Lopr=0-"G% GI¥

8w M

» Observational Consequences: Prediction of electric dipole moments (EDM) to
hadrons, most importantly, to neutrons

d, ~107'% 6 ecm

Crewther,Di Vecchia,Veneziano,Witten
1979; Pospelov,Ritz 2000

» Latest measurements of the nEDM

dn| < 1.8 x 10726 ecm
» Therefore expect |0 < 107

Abel et al. 2020

STRONG CP PROBLEM or WHY IS THETA SO SMALL?

dortmund
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Why Axions? The QCD Axion

Solving the strong CP problem: the QCD Axion

A. Berlin et al.

108
107? existing bounds

» KSVZ: axions couple to "}:T
BSM quarks only — E_m
» DFSZ: axions couple to % 10-13
fermions 7 [
k|
» Additionally, more recent & .
models, e.g. Sokolov & T g
Ringwald, JHEP 2021, 10~
123 (2021) 1072

107 LLALLL SRS R RIS AL L MR R B L Ll AR AL R

o i sl Sl T L ol Al ol L Gl

mg [eV]

rkmun
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The Axion

Coupling of axions to photons exploited by many experiments

» Relatively “simple” and generic for all axion models
» Model-dependencies, however, exist

1x1077

w1 Traditional benchmark models
= sF ] i
> " ] )
X107 8 4f ] 4 » KSVZ: axions couple to BSM
_ f i (D] quarks only
LoIxoTe A o » DFSZ: axions couple to fermions
@ 0.0 0.2 04 0.6 0.8

— Axion mass [eV]
[ —
of 1x107"

1x1071!

T IIIIIIII T IIIIIII] T IIIIIII] T IIIIIII] T T TTTITI

yonl . -"/IIII-A/l/ P 1l 1
1x102 1x102 1x107!
Axion mass [eV]

Ix107220 o
1x10™ 1x107*
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1x10°
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AXions

Coupling of axions to photons exploited by many experiments

Relatively “simple” and generic for all axion models
Model-dependencies exist however

2 photon proton heutron electron
Cay @ FuF*™ ey . '
”.)_ ;I / i + ('(,[,7721,%[1137;,])_ 4 C'(,,,m,,i[zﬁj.,;n] 4+ C,cm, i[zﬁ,;e] .
P n
----- . [ R epp—— | A ————
. P n
C, o y My _ iy
Ja~v = ‘)—f Jap = ((11)7.('1— Gap = ((lll f(,
1 % RN 5
‘Ca,"/ — _ng F;U/F a = ga'\/‘E - Ba
dortmund
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Detection of Axions Il

10~°

\—l’-l_‘ 10—10
% Globular clusters
O,
— High
b% 10—11 energy
10_12 IR | (LR | [ILLLILLAL | T T Ty [LILLALLLL | LILLLILLAL | T T [ILILLRLAL | |
10710 10=° 108 1077 107 10° 10~* 103 1072 107! 10° 10!

m, [eV]

NuSTAR@ Gottingen2025: T89.4
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Detection of Axions ll| HalOSCOpes (DM requirement)

Horns et al JCAP04(2013)016
» HALOSCOPES: DISH ANTENNAS F. Bajjali et al., JCAP 08 (2023), 077

P/A < B?
BRASS@ U. Hamburg /4

— Consists of plane permanently
magnetized conversion panel

B=08T
A = 4.7m?

— Spherical reflector

Concept: Axion induced radiation from a magnetized metal slab
- DM axions interact with a static magnetic field
— producing oscillating parallel E-field.
Conducting surface in this field emits plane wave L surface with v <« m,
- Radiated power is low, however, no tuning required!
- BRASS@ U. Hamburg

dortmund
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Detection of Axions ll|

Ha |OSCOpes (DM requirement)

>

HALOSCOPES: DISH ANTENNAS

Horns et al JCAP04(2013)016
Liu et al., PRL 128 (2022) 131801

P/A < B?
BREAD@ Fermilab S

— Cylindric parabolic
conversion panel allows use
of solenoidal magnetic field

B~10T
A ~ 10m?

Concept: Axion induced radiation from a magnetized metal slab

DM axions interact with a static magnetic field

—> producing oscillating parallel E-field.

Conducting surface in this field emits plane wave L surface with v <« m,
Radiated power is low, however, no tuning required!

BRASS@ U. Hamburg, BREAD@ Fermilab

dortmund
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Detection of Axions ll| Ha|OSCOpes (DM requirement)

» HALOSCOPES: DISH ANTENNAS Hoshino et al., arXiv 2501.17119
6.0 -210 11 (a) Limit on ALP-Photon Coupling 1GHz 10GHz 100 GHz
g 1079 [ | L | 1 | | I S II L 1 | 1 [ |

—_ i i B=39T
=55 o L e

> cluqlcr‘s - 7/_ —

Y 50 ' '

O . % 10—11 .
Pt Q 2 months, 4K, 9T
TS — 012 § JE ;/ (ADMX-EFR magnet)

& g0y .| _aREA

% 2 Giga ors

o Ll : oot ? RO

. E N

8 3.0 = 10-15 4

po = 0.45GeV cm 3
’ ) ! y y y 10716 T T T 1 T L T T 1 T T T T
44 46 48 50 52 54 A Ta0
ALP mass m, [peV] ALP Mass 111, [eV]

Concept: Axion induced radiation from a magnetized metal slab
- DM axions interact with a static magnetic field
—> producing oscillating parallel E-field.
Conducting surface in this field emits plane wave L surface with v <« m,
- Radiated power is low, however, no tuning required!
- BRASS@ U. Hamburg, BREAD@ Fermilab

dortmund
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Detection of Axions ll| Ha|OSCOpes (DM requirement)

» HALOSCOPES: LUMPED-ELEMENT DETECTORS
Jeff = Gary v/ 200 cO8 (Mgt ) By

Pickup Sheath LC Resonator SQUID

Concept: Axion generates oscillating effective current J .« parallel to B, in
toroidal or solenoidal magnet
- Je in turn generates oscillating magnetic flux B, (azimuthal)

- Can use pickup structure to read this
- Couple LC resonator inductively and use SQUID readout scheme

dortmund
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Detection of Axions

Other couplings
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Detection of Axions
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Detection of Axions
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101
10—2 Casimir
CASPEr-ZULF (Comag.)
103 Torsion balance
NASDUCK
_ SNO
1074
107
106
1077
-8
% 10 Neutron star cooling
o0 1077
IR ittt T I SN1987A
1010 o CASPEr-ZULF (projected) - ! : ::5
10-1 : 18
. g _ T X
1g-12 J Freton storage ring___- | Sl g
i ~Zay® @ S
—13 | ,’Pﬁs @
10 | s C %ﬁb
10-14 o°
10—15
10— 16 ||||I'IT| ||||I'IT| |||||rr| ||||I'IT| |||||H| ||||I'IT| ||||I'IT| |||||IT| ||||I'IT| T T ||||I'IT| |||| ||||I'IT| |||||H| ||||I'IT| ||||I'IT| ||||I'IT| ||||I'IT|

AV
AQ” xO xD \9 xg \9 xO xD \Q xg \9 A0 AQ” xQ \D xD \9 xO \9 \9 XQ

m, [eV]

dortmund
university

B12



Detection of Axions

mHz Hz kHz MHz GHz THz
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Detection of Axions Full panorama
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