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Today’s Plan

« Vacuum Structure in Quantum Chromodynamics
« Strong CP Puzzle

« The Axion

« Axion Dark Matter

« Axion Experiments (continued)
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Axion Dark Matter Detection

Recap :Dark Matter axion mass spans a huge range
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Axion Dark Matter Detection

Recap: Projections of experiments
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Axion Dark Matter Detection

Recap: Microwave cavities
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Axion Dark Matter Detection

Recap: Dish antennas M e,
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Axion Dark Matter Detection

Searches employing lumped elements

Toroid vs solenoid
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

- Toroidal (solenoidal) magnet with fixed field By: TO roid VS Solen()id

[Salemi 21]
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

- Toroidal (solenoidal) magnet with fixed field By: TO roid VS Solen()id

« Axion DM generates oscillating effective current
Jeir parallel to B

2ppm cos(mgt)B

[Salemi 21]
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

- Toroidal (solenoidal) magnet with fixed field By: TO roid VS Solen()id

« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

2ppm cos(mgt)B

[Salemi 21]
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

- Toroidal (solenoidal) magnet with fixed field By: TO roid VS Solen()id

« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

2ppm cos(mgt)B

[Salemi 21]
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]
« Toroidal (solenoidal) magnet with fixed field By:
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* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]
« Toroidal (solenoidal) magnet with fixed field By:

« Axion DM generates oscillating effective current

Jor parallel to By
- ... generating oscillating magnetic flux B, throug PO il = oo
center (azimuthal magnetic flux) , = el o
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16] ‘
- Toroidal (solenoidal) magnet with fixed field By: 7

« Axion DM generates oscillating effective current
Jeir parallel to B

v=my/2n
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. ... generating oscillating magnetic flux B, through . _“
center (azimuthal magnetic flux) ‘ |= G';!t“\:-;?:.“’“"““'“"‘“.ﬁgr";\n j
* ... which can be read out by pickup structure ; ABRA-20cm
« Pathfinder experiments: e, o
. ABRACADABRA [Ouellet et al. 19] Min by
« ADMX SLIC [Crisosto et al. 20]
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]
« Toroidal (solenoidal) magnet with fixed field By:

« Axion DM generates oscillating effective current
Jeir parallel to B
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«  Pathfinder experiments: : "/% | e
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]
« Toroidal (solenoidal) magnet with fixed field By:

« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

« Pathfinder experiments:

1
* ABRACADABRA ouelietetal. 19 [Zhang,Horns,Ghosh 21]
« ADMX SLIC [Crisosto et al. 20] TABLE I. Comparison of experimental parameters between
. SHAFT (Gramolin et al. 21] WISPLC, ABRA. and SHAFT, C = |Bmax|Vmagnet Gv .
- WISPLC [Zhang,Horns,Ghosh 21] |Buax| (T)  Gv Vinagnet (m®)  C/Csuarr
SHAFT? 1.5 0.108"  9.5x10°° 1
ABRA 1 0.027 89 x 1074 1.55
WISPLC 14 0.074 2.4x107%  1.60 x 10°
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan, Tanner 14; Kahn,Safdi,Thaler "16]

« Toroidal (solenoidal) magnet with fixed field By:
« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

« Pathfinder experiments:

« ABRACADABRA [Ouellet et al. 19]

« ADMXSLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]
« WISPLC [Zhang,Horns,Ghosh 21]
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Axion Dark Matter Detection

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

« Toroidal (solenoidal) magnet with fixed field By:
« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

« Pathfinder experiments:

- ABRACADABRA [Ouellet et al. 19]

« ADMXSLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]
« WISPLC

« DM-Radio Cubic Meter Consortium

DM Radio Cubic Meter Consortium

Funded as part of DOE New Initiatives in Dark Matter program

R&D Phase Consortium Leadership:

Project manager for R&D phase: Dale Li

Name

Kent Irwin

Karl van Bibber
Lindley Winslow
Saptarshi Chaudhuri
Peter Graham
Reyco Henning
Dale Li
Hsiao-Mei Cho
Wes Craddock
Nadine Kurita

Institution
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MIT
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UNC Chapel Hill
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SLAC

SLAC

SLAC

Role / Team Lead
Consortium PI
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Lead Engineer

Project Management Plan
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Axion Dark Matter Detection

Searching for Axion-induced Magnetic Fields
[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]

« Toroidal (solenoidal) magnet with fixed field By:
« Axion DM generates oscillating effective current
Jeir parallel to B

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

« Pathfinder experiments:

« ABRACADABRA [Ouellet et al. 19]
« ADMX SLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]
« WISPLC

« DM-Radio Cubic Meter Consortium: aims to reach
the canonical axion band, even reaching

predictions from GUTs
[Ernst,AR,Tamarit 18; Di Luzio,AR,Tamarit 18]
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These upgrades
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QCD axion band!
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Axion Dark Matter Detection

Planned haloscopes may indeed cover whole mass range within foreseeable future
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Axion Dark Matter Detection

Magnetic Resonance Searches

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

[Graham,Rajendran 13; Budker et al. 14]

SQUID
pickup
loop
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[Budker et al. 14]
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Axion Dark Matter Detection

Magnetic Resonance Searches

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external Beyi L E*

[Graham,Rajendran 13; Budker et al. 14]

SQUID
pickup
loop
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[Budker et al. 14]
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Axion Dark Matter Detection

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

|

» Place a ferroelectric crystal (permanent electric pod B
polarisation fields £*) in external Buy; L E* SOUID ’ ’ ’ ext
* Nuclear spins are polarised along 5., and precess Q
at Larmor frequency wy = 2un Bext pickup f f f
loop

£ rr
%

[Budker et al. 14]

[Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Detection

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a
» Place a ferroelectric crystal (permanent electric pod
polarisation fields £*) in external Buy; L E* ’ ’ ’
SQUID
* Nuclear spins are polarised along 5., and precess .
at Larmor frequency wy = 2un Bext pickup f f f

- Interaction egdy (¢) - E* of DM induced NEDM with loop
the E*-field leads to resonant increase of transver- f f f

se magnetisation of sample when wy = mxy /
[Graham,Rajendran 13; Budker et al. 14] E*

[Budker et al. 14]

|

o

ext
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Axion Dark Matter Detection

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

» Place a ferroelectric crystal (permanent electric
polarisation fields E*) in external B, | E*

 Nuclear spins are polarised along B
at Larmor frequency wy, = 2 n Bext

* Interaction esJN(t) . E* of DM induced NEDM with
the E*-field leads to resonant increase of transver-
se magnetisation of sample when wy = mxy

-t and precess

[Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

SQUID
pickup
loop
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[Budker et al. 14]
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Axion Dark Matter Detection

Magnetic Resonance Searches axion Compton frequency (Hz)

102 108 1010
SN1987A

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external Bew L E*

* Nuclear spins are polarised along 5., and precess
at Larmor frequency wy, = 2 n Bext

« Interaction egdy (t) - E* of DM induced NEDM with
the E*-field leads to resonant increase of transver-
se magnetisation of sample when wy = mxy

[Graham,Rajendran 13; Budker et al. 14]

axion QCD coupling g4 (GeV™?)

« CASPEr-Electric currently being set-up in Boston

10712 108 10
* In phase lll: probes axion dark matter in mass range axion mass (eV)
predicted by GUTs [Ernst, AR, Tamarit 18; Di Luzio, AR, Tamarit 18]

[Ernst,Di Luzio, AR, Tamarit 18]
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Axion Dark Matter Detection

Magnetic Resonance Searches

« Axion DM field induces oscillating NEDMs:
dn (t) = gar/2ppm cos(mat)/m a

» Place a ferroelectric crystal (permanent electric
polarisation fields *) in external B.,; L E*

—

* Nuclear spins are polarised along B.,
at Larmor frequency wy, = 2 n Bext

« Interaction egdy (t) - E* of DM induced NEDM with
the E*-field leads to resonant increase of transver-
se magnetisation of sample when wy = mxy

and precess

[Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

* In phase lll: probes axion dark matter in mass range
predicted by GUTs [Ernst, AR, Tamarit 18; Di Luzio, AR, Tamarit 18]

* In phase | and II: probes Zy axion dark matter
[Di Luzio, Gavela, Quilez, AR 2102.00012]
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[Di Luzio, Gavela, Quilez, AR 2102.00012]
Page 27

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022




Light-Shining-through-a-Wall Searches

Searching for Home-Made Axions Gary

LD -2 4F, ,F*" =g, aE-B

« Axion experiences mixing with photon in an external magnetic field (gAv = ﬁ@lv)
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Light-Shining-through-a-Wall Searches

« Axion experiences mixing with photon in an external magnetic field

« Light-shining-through a wall:

¢
Y -I/V\/Vé >
B

,y*

~

*

¢
> §/VVV‘- Y
B

[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]
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Light-Shining-through-a-Wall Searches

« Axion experiences mixing with photon in an external magnetic field

« Light-shining-through a wall:

*

Y Y

¢ ¢
Y -n/V\/\/é > > gVVV‘- Y
B B

*

[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]

* Probability, that photon ( w > m ) converted in axion after having traversed a distance Lz in magnetic

field:

aywB)?
P(yHa):él(g 77;‘}4 ) Sin2<
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Light-Shining-through-a-Wall Searches

« Axion experiences mixing with photon in an external magnetic field (gAv = %@w)
« Light-shining-through a wall:
¢ ¢
g -/VV\E > > §/V\N~ gl
B B
v v
[Sikivie 1983, Ansel’m 1985, van Bibber et al. 1987]

* Probability, that photon ( w > m ) converted in axion after having traversed a distance Lz in magnetic
field:

a B 2 2L
P(y < a) ~ 4(9 wB) sin? | [a™B
ma 4w

1/2 1
Best sensitivity for ,,, « (477_“’> . P(y<a)~ 7 (9arBLE)*
a LB
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Light-Shining-through-a-Wall Searches

« ALPS | @ DESY (in collaboration with AElI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]

(0]

~ ~
JNaser Haser
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Light-Shining-through-a-Wall Searches

ALPS | and OSQAR @ CERN give currently the best purely laboratory limit on low mass ALPs:

10°°
Exclusion domain for
- pseudoscalar and scalar ALPs
|
>
O
Q)
~ 10—7
=
< ___________________
(@)}
pseudoscalar
scalar
--- ALPS
— OSQAR
1078 - -
104 103
[Ballou et al. 15] ma/ eV
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)  [Bahre etal (ALPS Il TDR) 13]
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)  [Bahre etal (ALPS Il TDR) 13]

* Increase sensitivity in photon coupling by a
factor of more than 103
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)  [Bahre etal (ALPS Il TDR) 13]

* Increase sensitivity in photon coupling by a
factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets

Reference
Production Cavity Laser Regeneration Cavity
~124m @ b ~124m
E-.u————fﬁ I EB————D —
Ll (P P P[P P Pt Pt
High Power Central

Laser Magnet String Optical Bench Magnet String
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)  [Bahre etal (ALPS Il TDR) 13]

* Increase sensitivity in photon coupling by a
factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets

Reference
Production Cavity Laser Regeneration Cavity
~124m . a b ~124m
1 . r
Ll I (P P P[P P Pt Pt
High Power Magnet String Central Magnet String Local
Laser Optical Bench Oscillator

» Optical cavities both at production and
regeneration sites
[Hogeveen,Ziegenhagen 91;Sikivie, Tanner,van Bibber 07]
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)  [Bahre etal (ALPS Il TDR) 13]

* Increase sensitivity in photon coupling by a
factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets

Reference
Production Cavity Laser Regeneration Cavity

. ~124m o a b ~124m .

L |@ 2\‘| 1
Erlﬂ————ﬂﬂ I EB————[l =

Ll
High Power Magnet String Central Magnet String Local

Laser Optical Bench Oscillator

» Optical cavities both at production and
regeneration sites

[Hogeveen,Ziegenhagen 91;Sikivie, Tanner,van Bibber 07]
« Two detection techniques:

* Heterodyne
« Transition Edge Sensor (TES)
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Light-Shining-through-a-Wall Searches

« ALPS Il @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz)

« Construction progressing:

* All 24 magnets are installed and aligned
» Cleanrooms at end stations are operational
« Commissioning of the optical system has begun
« Alignment laser through the beam tube accomplished

» Test operation of magnets ongoing

» First science run scheduled for Fall 2022
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Light-Shining-through-a-Wall Searches

« ALPS Il designed to beat astrophysical constraints and check astrophysical hints of axions:
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[Irastorza, Redondo "18]
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Light-Shining-through-a-Wall Searches

- ALPS Il designed to beat astrophysical constraints and check astrophysical hints of axions:

_107°¢
[ * Proposed next generation LSW ex-
5 CROWS :
107 ALPS-1 periments
El
10-8 =
1079 =
10710 * _: CASTH
o AR
10-11 =
= STAX2 =
10712 o ALPS I ¢ -
10—13 B 1 1 lIIIIII 1 1 lllllll 1 1 lIIlIlI | IIIIIII || IlIIIII 1 1 IIllIII 1 1 1 Illl;j
10710 107° 10-8 1077 10-¢ 107° 10~ 1073 1072

[Irastorza, Redondo "18]
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Light-Shining-through-a-Wall Searches

- ALPS Il designed to beat astrophysical constraints and check astrophysical hints of axions:

1076
[ * Proposed next generation LSW ex-
5 CROWS 7 :
21077 ALPS-I periments
=
=

. « STAX: [Capparelli et al. *15]
10~
* Photon source: GHz gyrotron

10-9 » Challenges of microwave range:
* Resonant photon regeneration
« Single photon detection (TES?)

[Miyazaki,Spagnolo "20]
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Light-Shining-through-a-Wall Searches

« ALPS Il designed to beat astrophysical constraints and check astrophysical hints of axions and ALPs:

1076

>
CROWS
107
¢
=

OSQAR
10-8

S * Proposed next generation LSW ex-
g periments

7

« STAX:
» Photon source: GHz gyrotron

[Capparelli et al. "15]

« Challenges of microwave range:
* Resonant photon regeneration

CAST  Single photon detection (TES?)

J1 i
. >~
R 7

CALPSL G

HB hint

[Miyazaki,Spagnolo "20]
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« ALPS lll (aka JURA)
[Lindner,Willke,Ten Kate "16]

« 2 x426 m long string of FCC-hh
magnets (13 T)

1 111
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[Irastorza, Redondo "18]

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

1073 1072

Ma(eV) « MW scale optical resonator

Page 43



Helioscope Searches

* Flux of solar axions/ALPs produced by two photon process in core:

Giannotti "16]

Axion Flux [x 10" em™ s keV™']

/
Energy [keV] A

[adapted from Irastorza "16]

[Adriamonje et al. "07] | 4
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Helioscope Searches

» Helioscope concept: solar axion/ALP to photon conversion
in magnetic field [Sikivie 1983]

Pla — ) ~4

[adapted from Irastorza "16]
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Helioscope Searches

Most sensitive until now: CERN Axion Solar Telescope (CAST)
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Helioscope Searches

Superconducting LHC dipole magnet

Most sensitive until now: CERN Axion Solar Telescope (CAST)
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Helioscope Searches

« X-ray detectors

Superconducting LHC dipole magnet

Most sensitive until now: CERN Axion Solar Telescope (CAST)
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Helioscope Searches

* Most sensitive until now: CERN Axion Solar Telescope (CAST)
» Superconducting LHC dipole magnet

« X-ray detectors
» Use of buffer gas to extend sensitivity to higher masses (axion band)
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Helioscope Searches

* International Axion Observatory (IAXO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

* International Axion Observatory (IAXO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]

« Large toroidal 8-coil magnet L = ~20 m
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Helioscope Searches

* International Axion Observatory (IAXO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]

« Large toroidal 8-coil magnet L = ~20 m

8 bores: 600 mm diameter each
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Helioscope Searches

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022

International Axion Observatory (IAXO)

« Large toroidal 8-coil magnet L = ~20 m
» 8 bores: 600 mm diameter each
« 8 X-ray telescopes + 8 detection systems

four nested hyperboloids =7 - surface

10 m (33 ft)

four nested paraboloids

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

* International Axion Observatory (IAXO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]

« Large toroidal 8-coil magnet L = ~20 m
» 8 bores: 600 mm diameter each
« 8 X-ray telescopes + 8 detection systems

» Rotating platform with services

four nested hyperboloids

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 54



Helioscope Searches

* International Axion Observatory (IAXO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]

« Large toroidal 8-coil magnet L = ~20 m
» 8 bores: 600 mm diameter each
« 8 X-ray telescopes + 8 detection systems

» Rotating platform with services
* Proposed site: DESY
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Helioscope Searches

* Prototype for IAXO: BabylAXO
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Helioscope Searches

* Prototype for IAXO: BabylAXO

 Two bores of dimensions similar to final IAXO bores
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Helioscope Searches

* Prototype for IAXO: BabylAXO

 Two bores of dimensions similar to final IAXO bores

» Detection lines representative of final ones
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Helioscope Searches

* Prototype for IAXO: BabylAXO

* Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones
» Test & improve all systems
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Helioscope Searches

* Prototype for IAXO: BabylAXO

* Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones
» Test & improve all systems

« Magnet technical design ongoing at CERN
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Helioscope Searches

* Prototype for IAXO: BabylAXO

* Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones
» Test & improve all systems

« Magnet technical design ongoing at CERN

 Construction site;: DESY
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Helioscope Searches

Prototype for IAXO: BabylAXO

 Two bores of dimensions similar to final IAXO bores

» Detection lines representative of final ones
» Test & improve all systems

Magnet technical design ongoing at CERN

X
LN “/ <
2]

onstruction site;: DESY

Funded by DESY, CERN and Irastorza: ERC-AvG 2017 IAXO+
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Helioscope Searches

Prototype for IAXO: BabylAXO

* Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones
» Test & improve all systems

Magnet technical design ongoing at CERN

Construction site: DESY

Funded by DESY, CERN and Irastorza: ERC-AvG 2017 IAXO+

Preparations have already started in 2020
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Helioscope Searches

Prototype for IAXO: BabylAXO

* Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones
» Test & improve all systems

Magnet technical design ongoing at CERN

Construction site: DESY

Funded by DESY, CERN and Irastorza: ERC-AvG 2017 IAXO+

Preparations have already started in 2020

Data taking may start in 2024/25
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Helioscope Searches

* (Baby)IAXO probes meV mass axion:
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[Irastorza, Redondo, 18]
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Helioscope Searches

« (Baby)IAXO also sensitive to electron coupling hinted at by stellar energy losses:
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[Armengaud et al. 19]
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Gravitational Wave Searches with ALPS & Co

« Any-Light-Particle-Search (ALPS) experiment @ DESY searches for the conversion of photons into light
particles and vice versa in a strong transverse magnetic field

e o

* In the Standard Model (SM), light-shining-through walls (LSW) occurs dominantly through magnetic conver-

sion of gravitons: 1

P<’7 — g — 7) = (87TG)2<BL)4 = (BL)4 [Gertsenshtein 1962]

4
P
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Gravitational Wave Searches with ALPS & Co

« Any-Light-Particle-Search (ALPS) experiment @ DESY searches for the conversion of photons into light
particles and vice versa in a strong transverse magnetic field

Ty

» In the Standard Model (SM), light-shining-through walls (LSW) occurs dominantly through magnetic conver-
sion of gravitons: 1

P<’7 — g — 7) = (87TG)2<BL)4 = —(BL)4 [Gertsenshtein 1962]

» In a Peccei-Quinn extension of the SM, LSW can also proceed via magnetic conversion of axions or axion-
like particles (ALPs):

1 2
Py —a—~)~ [1927] (BL)4 [Sikivie 1983]
Lo - QZV aF, F" = g, aE-B
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Gravitational Wave Searches with ALPS & Co

ALPS | and OSQAR @ CERN give currently best purely laboratory limit on the photon coupling of light ALPs

T [Ehret et al. 10; Ballou et al. 15]
g
Exclusion domain for
- pseudoscalar and scalar ALPs
|
>
O
Q) '
~ 1077 /
§) ___________________
pseudoscalar
scalar
- ==~ ALPS
— OSQAR
1078 ' ' Ballou et al. 15
104 10-3 [Ballou et al. 15]
ma/ eV

If interpreted in terms of photon conversion into gravitons and vice versa, this limit can be translated into a lower bound
on the Planck mass:

)
Mp= —— >7x10"GeV
Ga~y

- Far away from actual value inferred from measurements of the Newton constant: Mp = 1/v87G ~ 2.4 x 10*® GeV
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Gravitational Wave Searches with ALPS & Co

ALPS | and OSQAR @ CERN give currently best purely laboratory limit on the photon coupling of light ALPs:

[Ehret et al. 10; Ballou et al. 15]
5
Exclusion domain for
- pseudoscalar and scalar ALPs
|
>
O
Q) ’
~ 107 2
g: -
é) ——————————————
pseudoscalar
scalar
-~-- ALPS
— OSQAR
1078 ' ' Ballou et al. 15
104 10-3 [Ballou et al. 15]

ma/ eV

If interpreted in terms of photon conversion into gravitons and vice versa, this limit can be translated into a lower bound
on the Planck mass:

)
Mp= —— >7x10"GeV
Jay

- Far away from actual value inferred from measurements of the Newton constant: Mp = 1/v87G ~ 2.4 x 10*® GeV
« ALPS Il prospects: Mp = 2 101 GeV

DESY. | Axions as Dark Matter Candidates | Andreas Ringw‘gfé70nline School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 70



Gravitational Wave Searches with ALPS & Co

Upper limits on stochastic GW background from LSW experiments and helioscopes

« LSW experiments (ALPS, OSQAR) and helioscopes (CAST, (Baby)IAXO are sensitive to any stochastic GW
background due to graviton photon conversion:

1 - ALPS/OSQAR (Photon +B —> WISP —» WISP + B —> Photon )

Magnets Magnets

Source ‘Y --------------------------- " EEEY ETETETEEPRRRRY SRRRRRRER )W\‘Y/\» Detector
| B WISP B I

2 - Our work (GW +B > Photon) Gravitational Wave

‘ U Detector
B

[Ejlli et al 2019]

DESY. | Axions as Dark Matter Candidates | Andreas Ringwald, Online School on Frontiers in Nuclear and Hadronic Physics, Galileo Galilei Institute, Feb 21 - Mar 04, 2022 Page 71



Gravitational Wave Searches with ALPS & Co

Upper limits on stochastic GW background from LSW experiments and helioscopes

« Bounds on the axion photon coupling obtained by ALPS, OSQAR, CAST can be translated into bounds on
the characteristic amplitude of the stochastic GW background:
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Gravitational Wave Searches with ALPS & Co

Upper limits on stochastic GW background from LSW experiments and helioscopes

Projected bounds from LSW experiments and helioscopes:
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GW Detection Opportunities beyond ALPS & Co?

« Currently, a community is forming which seriously considers the search for high-frequency gravitational

. CERN-TH-2020-185
Waves . HIP-2020-28/ TH
DESY 20-195

Challenges and Opportunities of Gravitational Wave
Searches at MHz to GHz Frequencies

N. Aggarwal®*, O.D. Aguiar’, A. Bauswein®, G. Cella?, S. Clesse®, A.M. Cruise/, V. Domcke? %,
D.G. Figueroa’, A. Geraci®, M. Goryachev!, H. Grote™, M. Hindmarsh™, F. Muia?**, N. Mukund?,
D. Ottaway™*, M. Peloso"*, F. Quevedo”*, A. Ricciardone’*, J. Steinlechner”*»**, S. Steinlechner”*:*,
S. Sun¥#, M.E. Tobar!, F. Torrenti®, C. Unal?, G. White”

Abstract

The first direct measurement of gravitational waves by the LIGO and Virgo collaborations has
opened up new avenues to explore our Universe. This white paper outlines the challenges and
gains expected in gravitational wave searches at frequencies above the LIGO/Virgo band, with a
particular focus on the MHz and GHz range. The absence of known astrophysical sources in this
frequency range provides a unique opportunity to discover physics beyond the Standard Model
operating both in the early and late Universe, and we highlight some of the most promising
gravitational sources. We review several detector concepts which have been proposed to take
up this challenge, and compare their expected sensitivity with the signal strength predicted in
various models. This report is the summary of the workshop Challenges and opportunities of
high-frequency gravitational wave detection held at ICTP Trieste, Italy in October 2019.
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GW Detection Opportunities beyond ALPS & Co?

« Techniques developed for axion detection may well be suited for GW detection at high frequencies:
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