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► SSttrroonngg  CCPP  pprroobblleemm  
CP violation expected in QCD, but not observed 
experimentally (𝜃𝜃, nEDM)
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► SSttrroonngg  CCPP  pprroobblleemm  
CP violation expected in QCD, but not observed 
experimentally (𝜃𝜃, nEDM)

► PPeecccceeii--QQuuiinnnn  ssoolluuttiioonn
New global U(1) symmetry, 𝜃𝜃 turn into a dynamical variable, 
relaxes to zero 

Peccei & Quinn, PRL 38 (1977) 1440.
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► SSttrroonngg  CCPP  pprroobblleemm  
CP violation expected in QCD, but not observed 
experimentally (𝜃𝜃, nEDM)
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relaxes to zero 
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Pseudo Goldstone-Boson of spontaneous symmetry 
breaking of PQ at yet unknown scale fa

► PPrrooppeerrttiieess  ooff  tthhiiss  ppootteennttiiaall  DDMM  ccaannddiiddaattee
– Extremely weakly-coupled fundamental pseudo-scalar
– Generic coupling to two photons
– Mass unknown  ma    gaγ,    

– Astrophysics: gaγ < 10-10 GeV-1

Weinberg, PRL 40 (1978) 223; Wilczek, PRL 40 (1978) 279

Peccei & Quinn, PRL 38 (1977) 1440.
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∝

► SSttrroonngg  CCPP  pprroobblleemm  
CP violation expected in QCD, but not observed 
experimentally (𝜃𝜃, nEDM)

► PPeecccceeii--QQuuiinnnn  ssoolluuttiioonn
New global U(1) symmetry, 𝜃𝜃 turn into a dynamical variable, 
relaxes to zero 

►AAxxiioonn  
Pseudo Goldstone-Boson of spontaneous symmetry 
breaking of PQ at yet unknown scale fa

► PPrrooppeerrttiieess  ooff  tthhiiss  ppootteennttiiaall  DDMM  ccaannddiiddaattee
– Extremely weakly-coupled fundamental pseudo-scalar
– Generic coupling to two photons
– Mass unknown  ma    gaγ,    

– Astrophysics: gaγ < 10-10 GeV-1

à Dark matter candidate & solves strong CP

Weinberg, PRL 40 (1978) 223; Wilczek, PRL 40 (1978) 279

Peccei & Quinn, PRL 38 (1977) 1440.
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TThhee  QQCCDD  AAxxiioonn

SSoollvviinngg  tthhee  ssttrroonngg  CCPP  pprroobblleemm::  tthhee  QQCCDD  AAxxiioonn

A. Berlin et al.
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► KKSSVVZZ: axions couple to 
BSM quarks only 

► DDFFSSZZ: axions couple to 
fermions 



Why Axions? AAxxiioonn--lliikkee  PPaarrttiicclleess  ((AALLPPss))

A. Berlin et al.

GGooiinngg  bbeeyyoonndd  QQCCDD::  AAxxiioonn--lliikkee  PPaarrttiicclleess  ((AALLPPss))

► 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 
axion-like particles (ALPs) 
in same experiments as 
axions  
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Detection of Axions

Source Experiments
Model & 

cosmology
dependency

Lab
axions

Light-Shining-
Through-Wall 

(LSTW) 
Experiments

Very low

Solar 
axions Helioscopes Low

Relic
axions Haloscopes High

Detection Principles for axions and 
ALPs

Large complementarity between different experimental approaches!
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► LLIIGGHHTT--SSHHIINNIINNGG--TTHHRROOUUGGHH--WWAALLLL  EEXXPPEERRIIMMEENNTTSS::  ppuurree  llaabboorraattoorryy  sseeaarrcchheess

CCoonncceepptt::  AAxxiioonnss  mmiixxiinngg  wwiitthh  pphhoottoonnss  iinn  eexxtteerrnnaall  eelleeccttrroommaaggnneettiicc  ffiieelldd
– Conversion probability for a photon with energy w converts into axion after having 

traversed a distance LB in magnetic field of strength B:

Anselm 85; 
Van Bibber et al 1987 PRL 59 759

Detection of Axions I LLSSTTWW  EExxppeerriimmeennttss  ((nnoo  DDMM  rreeqquuiirreemmeenntt))
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ALPS, OSQAR, 
ALPS-II( ) (       )



► LLIIGGHHTT--SSHHIINNIINNGG--TTHHRROOUUGGHH--WWAALLLL  EEXXPPEERRIIMMEENNTTSS::  ppuurree  llaabboorraattoorryy  sseeaarrcchheess

– AALLPPSS--IIII

Detection of Axions I

Ringwald 2003 Phys. Lett. B 569 51

ALPS-II @ Göttingen2025: T65.1, T89.6 

LLSSTTWW  EExxppeerriimmeennttss  ((nnoo  DDMM  rreeqquuiirreemmeenntt))
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§ 12 + 12 straightened 
    HERA magnets
§ Optical cavities both at
   production and 
    regeneration sites
§ Sensitivity 3000⨉ALPS



Detection of Axions I
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LLSSTTWW  EExxppeerriimmeennttss  ((nnoo  DDMM  rreeqquuiirreemmeenntt))

Credit: ALPS-II collaboration
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ALPS-II @ Göttingen2025: T65.1, T89.6 
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► AXION HELIOSCOPES: laboratory axion searches looking for solar axions

CCoonncceepptt: AAxxiioonnss  pprroodduucceedd  iinn  ssttrroonngg  eelleeccttrroommaaggnneettiicc  ffiieellddss  ooff  tthhee  ssoollaarr  ccoorree
aanndd  rreeccoonnvveerrssiioonn  iinnttoo  xx--rraayy  ((kkeeVV))  pphhoottoonnss  iinn  ttrraannssvveerrssee  llaabboorraattoorryy  BB--ffiieelldd
– Use gas to expand axion mass search range
– Helioscope Figure of Merit ∝ B2L2A (Magnet is key!!)
– To use large-scale magnets in combination with small ultralow-bgrd detectors:       

x-ray optics crucial connecting piece

SUMICO, CAST, IAXO
van Bibber et al 1989 PRD 39 2089

P. Sikivie 1983 PRL 51 1415 
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Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))
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► AXION HELIOSCOPES: laboratory axion searches looking for solar axions

B = 9.5 T
L  = 9 m

Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))

Anastassopoulos et al. Nature Phys. 13 (2017) 584-590
Altenmüller et al. PRL 133 (2024), 221005



► AXION HELIOSCOPES: laboratory axion searches looking for solar axions

Benchmark limits for 
axion-photon coupling 

by the CERN Axion 
Solar Telescope (CAST) 

with next-gen 
experiment pathfinder

B = 9.5 T
L  = 9 m

Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))

Anastassopoulos et al. Nature Phys. 13 (2017) 584-590
Altenmüller et al. PRL 133 (2024), 221005
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CAST

gaγ ≲ 0.58 × 10-10 GeV-1

gaγ ≲ few 10-11 GeV-1 (expected)

gaγ ≲ few 10-12 GeV-1 (expected)

IAXO@Göttingen2025: T26.1, T26.2, T26.3, T26.6 , T47.6, T47.7, T65.1 

Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))

RADES @ Göttingen2025: T89.2 

International Axion Observatory

@ DESY

@ CERN
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Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))
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NNoovveell  AApppprrooaacchh  uussiinngg  ssaatteelllliitteess
CCoonncceepptt: UUttiilliizzee  oouutteerr  ssoollaarr  mmaaggnneettiicc  ffiieelldd  ffoorr  rreeccoonnvveerrssiioonn  ooff  aaxxiioonnss  iinnttoo  xx--rraayy  
pphhoottoonnss  aanndd  uussee  XX--rraayy  aassttrroonnoommyy  mmiissssiioonn  ttoo  ddeetteecctt  tthheemm

NuSTAR @ Göttingen2025: T89.4 

► AXION HELIOSCOPES: laboratory axion searches looking for solar axions
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Detection of Axions III

15

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

P. Sikivie 1983 PRL 51 1415 

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

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

– If axion mass matches resonance frequency of cavity
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Detection of Axions III HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

P. Sikivie 1983 PRL 51 1415 

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

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

– If axion mass matches resonance frequency of cavity

   
 

– Need to tune resonance frequency to scan axion mass range
– Figure of merit
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Detection of Axions III

AADDMMXX HHAAYYSSTTAACC

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

MMIICCRROOWWAAVVEE  CCAAVVIITTIIEESS

CCuurrrreennttllyy  aaccttiivvee  ::
AADDMMXX,,  HHAAYYSSTTAACC, 
CAPP, GrAHal, 
ORGAN, QUAX, 
CAST-CAPP, RRAADDEESS,,…
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HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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RADES @ Göttingen2025: T89.2 



Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

Adapted from https://cajohare.github.io/AxionLimits/
(Shoutout to Ciaran O’Hare, the hero of axion plot unification)
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HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

MMIICCRROOWWAAVVEE  CCAAVVIITTIIEESS

CCuurrrreennttllyy  aaccttiivvee  ::
ADMX, HAYSTAC, 
CAPP, GrAHal, 
ORGAN, QUAX, 
CAST-CAPP, RADES,…

VVaaccuuuumm  RReeaalliiggnnmmeenntt
        ma ∽ O(10 μeV)
        n    ∽ O(GHz)



Detection of Axions III
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arXiv:2409.08998 (2024), 
accepted for publication in PRL

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

MMIICCRROOWWAAVVEE  CCAAVVIITTIIEESS

CCuurrrreennttllyy  aaccttiivvee  ::
ADMX, HAYSTAC, 
CAPP, GrAHal, 
ORGAN, QUAX, 
CAST-CAPP, RADES,…

VVaaccuuuumm  RReeaalliiggnnmmeenntt
        ma ∽ O(10 μeV)
        n    ∽ O(GHz)

 Most recent HAYSTAC results
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Detection of Axions III

18

arXiv:2409.08998 (2024), 
accepted for publication in PRL

P-IIIa P-IIIb P-IV P-V

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

MMIICCRROOWWAAVVEE  CCAAVVIITTIIEESS

CCuurrrreennttllyy  aaccttiivvee  ::
ADMX, HAYSTAC, 
CAPP, GrAHal, 
ORGAN, QUAX, 
CAST-CAPP, RADES,…

Vacuum Realignment
        ma ∽ O(10 μeV)
        n    ∽ O(GHz)

 Most recent HAYSTAC results
        Future upgrades in preparation
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How to go to higher 
masses to search for 
ppoosstt--iinnffllaattiioonn axions?

Detection of Axions III

19

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

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss
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How to go to higher 
masses to search for 
ppoosstt--iinnffllaattiioonn axions?

HHiigghheerr  ffrreeqquueenncciieess, 
(i.e. higher ma) 
requires ssmmaalllleerr 
cavities and scans get 
sslloowweerr! 

Detection of Axions III

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

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss
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Detection of Axions III

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

How to go to higher 
masses to search for 
ppoosstt--iinnffllaattiioonn axions?

HHiigghheerr  ffrreeqquueenncciieess, 
(i.e. higher ma) 
requires ssmmaalllleerr 
cavities and scans get 
sslloowweerr! 

Dish Antennas &
Plasma Haloscopes!

ma ∽ O(100 μeV)
        n    ∽ O(10-100 GHz) 

Dish antennas/
Plasma haloscopes

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

CCoonncceepptt:: AAxxiioonn  iinndduucceedd  rraaddiiaattiioonn  ffrroomm  aa  mmaaggnneettiizzeedd  mmeettaall  ssllaabb
– DM axions interact with a static magnetic field 
      à producing oscillating parallel E-field.
     Conducting surface in this field emits plane wave ⟂ surface with 𝜐𝜐 ∝ 𝑚𝑚!
– Radiated power is low, however, no tuning required!

𝑃𝑃/𝐴𝐴 ∝ 𝐵𝐵"

Horns et al JCAP04(2013)016

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

FFT

!!

10"#	!!

axion

low-noise 
receiver

𝑃𝑃/𝐴𝐴 ∝ 𝐵𝐵"

Horns et al JCAP04(2013)016
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

EEnnhhaanncceedd  CCoonncceepptt::  Boosted dish antenna aka open dielectric resonator
– Stack of dielectric plates as booster inside a magnetic field
– Tuned to the radiofrequencies (ma around 100 µeV)
– Can enhance measured power by several 104, but tradeoff bandwidth/“boost 

factor”

21

MADMAX@ Göttingen2025: T26.4, T26.5, T65.1, T89.1, T89.5 

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

22

MADMAX prototype setup with 3 disks and a mirror within the magnetic dipole field 
provided by the 1.6 T Morpurgo magnet at CERN (14.5 days of data)

► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

MADMAX@ Göttingen2025: T26.4, T26.5, T65.1, T89.1, T89.5 

|gaγ| ∼ 2 × 10−11 GeV−1

Ary dos Santos Garcia et al., 
arXiv 2409.11777

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  PPLLAASSMMAA  HHAALLOOSSCCOOPPEESS

CCoonncceepptt: OOsscciillllaattiinngg  DDMM  aaxxiioonnss  iinndduuccee  ppllaassmmoonn  eexxcciittaattiioonnss  iinn  mmaaggnneettiizzeedd  ppllaassmmaa  
– 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

23

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  PPLLAASSMMAA  HHAALLOOSSCCOOPPEESS

CCoonncceepptt: OOsscciillllaattiinngg  DDMM  aaxxiioonnss  iinndduuccee  ppllaassmmoonn  eexxcciittaattiioonnss  iinn  mmaaggnneettiizzeedd  ppllaassmmaa  
– 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)

ALPHA Pathfinder

23
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Detection of Axions III

ALPHA Pathfinder

24

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025

10-5 10-4 10-3
10-2

10-1

1

10

102

103
10 102

Axion mass ma [eV/c2]

C
ou
pl
in
g
|C

aγ
|

Axion frequency νa [GHz]

KSVZ

DFSZ

Buschmann (2021)

ALPHA PHASE II
Q: 104

Magnetic field: 13T
Form factor: 0.5

Integration time: 3 y
Noise: q.lim

Diameter: 50 cm
Height: 150 cm

ALPHA PHASE I
Q: 104

Magnetic field: 9T
Form factor: 0.5

Integration time: 2 y
Noise: q.lim

Diameter: 17.5 cm
Height: 50 cm

ALPHA PHASE II (YALE)
Q: 105 Magnetic field: 9T

Form factor: 0.5 Integration time: 3 y
Noise: sqzd Volume: 20 l5σ discovery potential

Credit: 
K. Van Bibber and 
the ALPHA 
collaboration



Detection of Axions III

https://cajohare.github.io/AxionLimits/
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HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III
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https://cajohare.github.io/AxionLimits/

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))

SSeennssiittiivviittyy  pprroossppeeccttss
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

HHooww  ttoo  ggoo  ttoo  lloowweerr  
mmaasssseess  ttoo  sseeaarrcchh  ffoorr
GGUUTT--ssccaallee  aaxxiioonnss??

LLoowweerr  ffrreeqquueenncciieess, 
(i.e. smaller ma) 
requires increasingly 
llaarrggee cavities 

26

https://cajohare.github.io/AxionLimits/
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  LLaabboorraattoorryy  sseeaarrcchheess  llooookkiinngg  ffoorr  ggaallaaccttiicc  aaxxiioonnss

HHooww  ttoo  ggoo  ttoo  lloowweerr  
mmaasssseess  ttoo  sseeaarrcchh  ffoorr
GGUUTT--ssccaallee  aaxxiioonnss??

LLoowweerr  ffrreeqquueenncciieess, 
(i.e. smaller ma) 
requires increasingly 
llaarrggee cavities 

Lumped Element 
Detectors! 

ma ∽ O(neV)
        n    ∽ O(kHz-GHz) 

Lumped-
element
detectors
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  LLUUMMPPEEDD--EELLEEMMEENNTT  DDEETTEECCTTOORRSS  

PPiilloott  eexxppeerriimmeennttss::
ABRACADABRA
ADMX SLIC 
SHAFT

NNeexxtt  GGeenneerraattiioonn::
WISPLC
DMRadio
– DMRadio-50L
– DMRadio-m3

      (improvements in Q, V, B)

– DMRadio-GUT
      (ambitious next-next gen)
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Detection of Axions III
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https://cajohare.github.io/AxionLimits/

OOvveerraallll  pprroossppeeccttss
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Outline

1. Why Axions?
 

  
2. Detection of Axions

– Light-Shining-Through-Wall Searches
– Helioscopes
– Haloscopes
– Other Approaches

3. Conclusions
  

Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025
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► AAxxiioonnss  eexxppeerriimmeenntt  uussiinngg  iinntteennssee  llaasseerrss  ((LLUUXXEE))  oorr  bbeeaamm  dduummpp  ((SSHHiiPP))

SHiP @ Göttingen2025: T23.3 

Detection of Axions IV OOtthheerr  eexxppeerriimmeennttss

SHiP@CERN

LUXE@DESY

1
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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     

► But wait, there is more:

      - More experiments

      - More couplings 

      - More physics: 

  DP, scalars,…
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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     

TThhee  ((aaxxiioonn))  
ffuuttuurree  iiss  bbrriigghhtt!!  

► But wait, there is more:

      - More experiments

      - More couplings 

      - More physics: 

  DP, scalars,…
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Backup
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Why Axions?

B1

WWhhyy  iiss  tthhee  eelleeccttrriicc  ddiippoollee  mmoommeenntt  ooff  tthhee  nneeuuttrroonn  ((nnEEDDMM))  ssoo  ssmmaallll??  

► QCD Lagragian contains a CP violating term (with q-parameter of QCD vacuum)

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

► Latest measurements of the nEDM

► Therefore expect       

SSTTRROONNGG  CCPP  PPRROOBBLLEEMM  oorr  WWHHYY  IISS  TTHHEETTAA  SSOO  SSMMAALLLL??

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

Abel et al. 2020

TThhee  SSttrroonngg  CCPP  PPrroobblleemm

Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025



Why Axions? TThhee  QQCCDD  AAxxiioonn

Monopol-philic axions

B2

A. Berlin et al.

Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025

► KKSSVVZZ: axions couple to 
BSM quarks only 

► DDFFSSZZ: axions couple to 
fermions 

► Additionally, more recent 
models, e.g. Sokolov & 
Ringwald, JHEP 2021, 
123 (2021)  

SSoollvviinngg  tthhee  ssttrroonngg  CCPP  pprroobblleemm::  tthhee  QQCCDD  AAxxiioonn



CCoouupplliinngg  ooff  aaxxiioonnss  ttoo  pphhoottoonnss  eexxppllooiitteedd  bbyy  mmaannyy  eexxppeerriimmeennttss

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

TTrraaddiittiioonnaall  bbeenncchhmmaarrkk  mmooddeellss

► KKSSVVZZ: axions couple to BSM 
quarks only

► DDFFSSZZ: axions couple to fermions

     

B3

The Axion Benchmark Models
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Axions

CCoouupplliinngg  ooff  aaxxiioonnss  ttoo  pphhoottoonnss  eexxppllooiitteedd  bbyy  mmaannyy  eexxppeerriimmeennttss

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

B4
Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025



B5

NuSTAR @ Göttingen2025: T89.4 

NuSTAR

Detection of Axions II HHeelliioossccooppeess  ((nnoo  DDMM  rreeqquuiirreemmeenntt))

Julia K. Vogel | Experimental Searches for Dark Matter Axions | Göttingen 2025



Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

CCoonncceepptt::  AAxxiioonn  iinndduucceedd  rraaddiiaattiioonn  ffrroomm  aa  mmaaggnneettiizzeedd  mmeettaall  ssllaabb
– DM axions interact with a static magnetic field 
      à producing oscillating parallel E-field.
     Conducting surface in this field emits plane wave ⟂ surface with 𝜐𝜐 ∝ 𝑚𝑚!
– Radiated power is low, however, no tuning required!
– BRASS@ U. Hamburg

Horns et al JCAP04(2013)016
F. Bajjali et al., JCAP 08 (2023), 077

– Consists of plane permanently 
magnetized conversion panel

– Spherical reflector

𝑃𝑃/𝐴𝐴 ∝ 𝐵𝐵"

B6

BRASS@ U. Hamburg

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

CCoonncceepptt: Axion induced radiation from a magnetized metal slab
– DM axions interact with a static magnetic field 
      à producing oscillating parallel E-field.
     Conducting surface in this field emits plane wave ⟂ surface with 𝜐𝜐 ∝ 𝑚𝑚!
– Radiated power is low, however, no tuning required!
– BRASS@ U. Hamburg, BREAD@ Fermilab

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

𝑃𝑃/𝐴𝐴 ∝ 𝐵𝐵"

– Cylindric parabolic 
conversion panel allows use 
of solenoidal magnetic field

B7

BREAD@ Fermilab

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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► HHAALLOOSSCCOOPPEESS::  DDIISSHH  AANNTTEENNNNAASS  

CCoonncceepptt: Axion induced radiation from a magnetized metal slab
– DM axions interact with a static magnetic field 
      à producing oscillating parallel E-field.
     Conducting surface in this field emits plane wave ⟂ surface with 𝜐𝜐 ∝ 𝑚𝑚!
– Radiated power is low, however, no tuning required!
– BRASS@ U. Hamburg, BREAD@ Fermilab

Detection of Axions III
Hoshino et al., arXiv 2501.17119

B8

B = 3.9T
3 days @ 400K
1 month @600K

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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Detection of Axions III

B9

► HHAALLOOSSCCOOPPEESS::  LLUUMMPPEEDD--EELLEEMMEENNTT  DDEETTEECCTTOORRSS  

CCoonncceepptt::  AAxxiioonn  ggeenneerraatteess  oosscciillllaattiinngg  eeffffeeccttiivvee  ccuurrrreenntt  JJeeffff  ppaarraalllleell  ttoo  BB00    iinn  
ttoorrooiiddaall  oorr  ssoolleennooiiddaall  mmaaggnneett
– Jeff in turn generates oscillating magnetic flux Ba (azimuthal)
– Can use pickup structure to read this
– Couple LC resonator inductively and use SQUID readout scheme

Ba

HHaalloossccooppeess  ((DDMM  rreeqquuiirreemmeenntt))
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B14

Detection of Axions FFuullll  ppaannoorraammaa
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