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The Axion and its ALPs
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A x i O n / A LP Cou p l i ng S THEORETISCHE PHYSIK

1 1

1 _
L= 5((%&)2 + Zgawa(FW)Q + égaggaf(G/u/)2 + Zgaffaffy5f

J

Couplings contain model information!

E
E.g. QCD axion YJary = % <ﬁ - 1-92(4)>

Contains charges etc. of heavy particles
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Axion(-like particle)s: Photon cloupling HERETNCEPAS

~1012 GeV

AXxions
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Dark Matters
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Axions are the Best DM candidate ;-) ==

Axions are motivated by SM problem

Axions are dark and cold matter

Axions are produced in the early Universe
Axion's scale makes sense

Axions are testable in reasonable experiments
Axions can tell us a lot about astro and cosmo

Axions can be a probe of deep UV physics
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Axion(-like particle) Dark Matter
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Detecting Axion/ALP
DM

= Probably much more on this
in Gray's talk on Thursday



/77) INSTITUT FUR

Use a plen'l'ifUI source Of a)(ions THEQRETISCHE PHYSIK

Heidelberg
University
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Signal: Total energy of axion

RF AE/E ~10-17
Receiver > <
Power AE/E ~ 1075
‘ -
>. |
A .- ; e ’
V Frequency
_'V ~ 10_6 Maxion (energy)
n ‘_
LA "k-, A A

Frequency (GHz) @
hy = mgc¢ .-,[1 + (9()’“ ~ 10_“)]

Virial velocity
in galaxy halo!




An

extremely sensitive probelll
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A discovery possible any minutel

Tarp< 10175
Projected ADMX Sensitivity (1 year of running)
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EleCtriCiTY fr'Om Dar'k Ma"“rer‘ ;-). TREORETISCHE PHYSIK
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* Photon Regeneration
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EleCtriCiTY from Dar'k Ma""rer‘ ;-). TREORETISCHE PHYSIK
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* Photon Regeneration
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Many more experimen‘rs... TP
University

Abracadabra

BRASS ‘

Bread o Solar v

Cultask v i i GE

DMRadio =' Y

EDM ring %

Haystac
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TooRad

Plot from super-useful website by
Quax Ciaran O'Hare

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



DM Astrophysics
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Signal: High resolution possible

RF
Receiver

AE/E ~ 105

» |

Frequency
xion (energy)
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Axion Astronomy...

Streams and local objects...

Jan 2026

Jan 2025
Jan 2024

Jan 2023

The Axion DM distribution.

Jan 2022

Jan 2021

700 T Axion Signal . ]
+ White Noise

650 | Monte Carlo
— = Theory

Jan 2020

Jan 2019

Jan 2018

Jan 2017

Jan 2016

-
v — o= [kHz]

Ciaran A. J. O'Hare (Nottingham U.), Anne M. Green (Nottingham U.) (Jan 11, 2017) [ |17 (4
Published in: Phys.Rev.D 95 (2017) 6, 063017 - e-Print: 1701.03118 [astro-ph.CO]

1.62
w/mg

1.00 1.01

Revealing the Dark Matter Halo with Axion Direct Detection

Joshua W. Foster (Michigan U., MCTP), Nicholas L. Rodd (MIT, Cambridge, CTP), Benjamin R. Safdi (Michigan U., MCTP)
(Nov 28, 2017)

Published in: Phys.Rev.D 97 (2018) 12, 123006 - e-Print: 1711.10489 [astro-ph.CO]
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Axion interferometry PR

* Networks of multiple detectors can give
directional sensitivity

Dark Matter Interferometry
Joshua W. Foster (Michigan U., LCTP and UC, Berkeley and LBL, Berkeley), Yonatan Kahn (lllinois U., Urbana), Rachel

Nguyen (lllinois U., Urbana), Nicholas L. Rodd (UC, Berkeley and LBL, Berkeley), Benjamin R. Safdi (Michigan U., LCTP and
UC, Berkeley and LBL, Berkeley) (Sep 29, 2020)

Published in: Phys.Rev.D 103 (2021) 7, 076018 - e-Print: 2009.14201 [hep-ph]

* But even suitably shaped cavities can
already give some sensitivity to that

Direct detection of dark matter axions with directional sensitivity

Igor G. Irastorza ( ), Juan A. Garcia (Zaragoza U.) (Jul, 2012)

Published in: JCAP 10 (2012) 022 - e-Print: 1207.6129 [physics.ins-det]



Dark Matter Antenna

Antenna converts axion->photon

Radiation concentrated in center

Detector

Probes here;
very sensitivell

Dieter Horns (Hamburg U.), Joerg Jaeckel (Durham U., IPPP and Heidelberg U.), Axel Lindner (DESY), Andrei Lobanov (Bonn,
Max Planck Inst., Radioastron.), Javier Redondo (Munich U., ASC and Munich, Max Planck Inst.) et al. (Dec, 2012)

Published in: JCAP 04 (2013) 016 - e-Print: 1212.2970 [hep-ph]



Taking a picture of the DM velocity

+ Emission from moving dark matter
VDM 0 VDM-'/—'O': 1




Can also use cool geometries: BREAD

Broadband Solenoidal Haloscope for Terahertz Axion Detection

BREAD Collaboration - Jesse Liu (Cambridge U. and Chicago U.) et al. (Nov 23, 2021)
Published in: Phys.Rev.Lett. 128 (2022) 13, 131801 - e-Print: 2111.12103 [physics.ins-det]




Going Mad(Max)

Ambitious project at MPP

Mirror Dielectric Disks Receiver

Dielectric Haloscopes: A New Way to Detect Axion Dark Matter

The MADMAX Working Group: Allen Caldwell, Gia Dvali, Bela Majorovits, Alexander Millar, Georg Raffelt, Javier Redondo, Olaf Reimann, Frank
Simon, Frank Steffen

Directional axion detection

Stefan Knirck (Munich, Max Planck Inst.), Alexander J. Millar (Munich, Max Planck Inst.), Ciaran A.J. O'Hare (U. Zaragoza
(main)), Javier Redondo (Munich, Max Planck Inst. and Zaragoza U.), Frank D. Steffen (Munich, Max Planck Inst.) (Jun 15,
2018)

Published in: JCAP 11 (2018) 051 - e-Print: 1806.05927 [astro-ph.CO]
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Establishing
AXions
as The Dark Matter”




TP INSTITUT FCR

A signal does not yet establish DM et

* Once we have a signal...

Psignal ~ 9210

- IElland H not independently measured

- We could have detected a sub-dominant

o

= Can we disentangle?




Part I
If we are lucky...

Virgile Dandoy (KIT, Karlsruhe, 1AP), Joerg Jaeckel, Valentina Montoya (Jul 21, 2023)
e-Print: 2307.11871 [hep-ph]
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Let's find an Axion Mini-cluster S
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Power spectrum along the path

2 Mg/ _2¢(T)'Uc
- |

-1 0 1

(W — mq — 1/2mqu?) [eV] x1071

------ Input Potential
Interpolation Data
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Reconstruct minicluster density... TN

* Poisson equation (along path)

(1) N 20(t)  r(t)p(t) _ 4rGp(t)

r(t)? - H(er) @)’

Determined




Measure coupling. ..

* Power along the path

Psignal ~ 92)0

Already known

Input Density

Interpolation Data

= Obtain EA




Measure coupling. ..

* Power along the path

Psignal ™~ g2p

Already known

Input Density

Interpolation Data

= Obtain EA

+ Measure JZRENFLMWIN outside minicluster

expected
& 3 Poutside ™~ Plocal ?




Measure coupling. ..

* Power along the path

Psignal ~ 92)0

expected
& 3 Poutside ™~ Plocal ?




Part I1
If we are dedicated...

HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the
dominant form of dark matter

Sebastian Hoof (U. Padua, Dept. Phys. Astron. and INFN, Padua), Joerg Jaeckel (U. Heidelberg, ITP), Giuseppe Lucente
Heidelberg, ITP and Kirchhoff Inst. Phys.) (Jul 5, 2024)

e-Print: 2407.04772 [hep-ph]




We build HyperLSW ©

* What is an LSW experiment?
Light shining through walls

48
O
-
O
Q
-
Q
[a)

Purely laboratory based =» determine g
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N 01. So e asy . ALP S II THEORETISCHE PHYSIK

, Does not
SN y—burst qUi."e r'eGCh
eV transparency WD eooting axion masses

ALPs from<intermed. string scales

_
ALPs as cold dark matter

A few orders
in sensitivity
to go

ALPS II homepage: https://alps.desy.de/our_activities/axion_wisp_experiments/alps_ii
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Yy = ///,':/ (1 4+0)/4w

Making magnets
longer is not
sufficient

1073 102 107! 1

104
mg [eV]

HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the
dominant form of dark matter

Sebastian Hoof (U. Padua, Dept. Phys. Astron. and INFN, Padua), Joerg Jaeckel (U. Heidelberg, ITP), Giuseppe Lucente (U.
Heidelberg, ITP and Kirchhoff Inst. Phys.) (Jul 5, 2024)

e-Print: 2407.04772 [hep-ph]
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Alternating
magnets

Proposed experiment to produce and detect light pseudoscalars

K. Van Bibber (LLNL, Livermore), N.R. Dagdeviren (Caltech), S.E. Koonin (Caltech), A. Kerman (MIT, LNS), H.N.
Nelson (Stanford U., Phys. Dept. and SLAC) (May, 1987)

Published in: Phys.Rev.Lett. 59 (1987) 759-762

1076 S 1073 1072 107!

HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the
dominant form of dark matter

Optimizing Light-Shining-through-a-Wall Experiments for Axion and other WISP Searches

Paola Arias (DESY), Joerg Jaeckel (Durham U., IPPP), Javier Redondo (Munich, Max Planck Inst.), Andreas Ringwald (DESY)
(Sep, 2010)
Published in: Phys.Rev.D 82 (2010) 115018 - e-Print: 1009.4875 [hep-ph]

N, Padu U. He P), Giuseppe Lucente (U.
delberg, IT f In )
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Very narrow?

1073 1072 107!

10°*
m, [eV]

=>Not a problem. DM discovery tells us mass
with better than 10-10 accuracy

HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the
dominant form of dark matter

Sebastian Hoof (U. Padua, Dept. Phys. Astron. and INFN, Padua), Joerg Jaeckel (U. Heidelberg, ITP), Giuseppe Lucente (U.
Heidelberg, ITP and Kirchhoff Inst. Phys.) (Jul 5, 2024)

e-Print: 2407.04772 [hep-ph]



Discovery region
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HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the
dominant form of dark matter

Sebastian Hoof (U. Padua, Dept. Phys. Astron. and INFN, Padua), Joerg Jaeckel (U. Heidelberg, ITP), Giuseppe Lucente (U.
Heidelberg, ITP and Kirchhoff Inst. Phys.) (Jul 5, 2024)
e-Print: 2407.04772 [hep-ph]



Price tag...

Setup B [T] a [m] £ [m] Amin [m] Px [W] By

S1 10 1.3 4.0 2.0 : 10°
S2 12 20 05 0.5 : 10°

01 10 1.3 4.0 2.0 10°
02 12 20 05 0.5 10°

» INSTITUT FUR
T THEORETISCHE PHYSIK

Anm] eeg 7 [h] b[s7'] 22opt [km] Serit

1064 0.95 100 10~* 2x94 186.42
1064 0.95 100 10~ 2 x 220 186.42
1064 0.95 5000 10°° 2x79 172.55
1064 0.95 5000 10°° 2 x 188 172.55

Long tunnel
+

many strong magnets

few x 100 GEuro

=>Pick cheapest option

1076 107 10~* 1073
my, [eV]
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P r‘ i C e Tag c e THEORETISCHE PHYSIK

Setup B [T] a [m] £ [m] Amin [m] Px [W] By - A[nm] geg 7 [h] b[s7] 2zopt [km] Serit

S1 10 1.3 4.0 2.0 : 10° 1064 0.95 100 1074 2x94 186.42
S2 12 20 05 0.5 : 10° 5 1064 0.95 100 107% 2x 220 186.42

01 10 1.3 4.0 2.0 10° 1064 0.95 5000 10°° 2x79 172.55
02 12 2.0 0.5 0.5 10° 1064 0.95 5000 10°° 2 x 188 172.55

Long tunnel =>Pick cheapest option

+
many strong magnets

few x 100 GEuro

HyperLSW: Ultimate light-shining-through-a-wall experiments to establish QCD axions as the - N5 e Y
107 107 10~ 1072

g dominant form of dark matter
Sel INFN, Padua), Joerg Jaeckel (U. Heidelberg, ITP), Giuseppe Lucente (U. m [(‘\'}
Heid 24) a



Dark Astrophysics



Axion helioscopes as solar thermometers
Sebastian Hoof (U. Padua, Dept. Phys. Astron. and INFN, Padua), Jo aeckel (U. Heidelberg, ITP), Lennert J.

Thormaehlen (U. Heidelberg, ITP) (May 31, 2023)
Published in: JCAP 10 (2023) 024 - e-Print: 2306.00077 [hep-ph]
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Heli oscope . TREORETISCHE PHYSIK
International Axion Observatory = TAXO

J.K. Vogel et al. / Physics Procedia 61 (2015) 193 — 200

1 ~
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Temperature measurement T

University

Measure axion flux
and spectrum
along the solar disc
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Learning about
models
(axion and solar)
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Could also tell us about axion models...
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QCD axion models live on “lines”
in parameter space
= mass + coupling also tells us about model

- = [AXO
CAST ’174
High Z

(0 (07

_ _ _ NLO
= 50 Car = g7 [E/N =C

Ga~ av,0 |

Charges of
heavy particles
in axion model

Distinguishing Axion Models with IAXO
Joerg Jaeckel (Heidelberg U.), Lennert J. Thormaehlen (Heidelberg U.) (Nov 22, 2018)
Published in: JCAP 03 (2019) 039 - e-Print: 1811.09278 [hep-ph]

Low Z

100
Axion mass m, [meV]

Weighing the solar axion

Theopisti Dafni (. ), Ciaran A.J. O'Hare (Zaragoza U.), Biljana Laki¢ (Boskovic Inst., Zagreb), Javier
Galan (Zaragoza U.), Francisco J. Iguaz (Zaragoza U. and SOLEIL, Saint-Aubin) et al. (Nov 22, 2018)
Published in: Phys.Rev.D 99 (2019) 3, 035037 - e-Print: 1811.09290 [hep-ph]

Quantifying uncertainties in the solar axion flux and their impact on determining axion model
parameters

Sebastian Hoof (Inst. Astrophys. Gottingen), Joerg Jaeckel (Heidelberg U.), Lennert J. Thormaehlen (Heidelberg U.) (Jan 21,
2021)

Published in: JCAP 09 (2021) 006 - e-Print: 2101.08789 [hep-ph]
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But also aboulr solar‘ mOdeIS... THEORETISCHE PHYSIK

[a—
(@)
I

—

=)

|

)

I
—
N

&
%
<)
?\
?\
3
(=)
QO
&0
A=
L
—11
g 10
=
o
+~
o
<
e
=
L
5
g
=
o]
(@}
)]

in the solar axion flux and their impact on determining axion model

idelberg U.), Lennert J. Thormaehlen (Heidelberg U.) (Jan 21,
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Probing solar ,metals™ T

—— Primakoff conversion
—— Electron processes
——— Redondo 2013

[10% keV~! year—! m~2]

o4
=

dw

Iron

Silicon
Sulfur
Oxygen
Magnesium
Neon
CAST limit
LUX limit
Stellar hints
DFSZ

10!

Gy [10722 GeVY]

Axions as a probe of solar metals
Joerg Jaeckel (U. Heidelberg (main)), Lennert J. Thormaehlen (U. Heidelberg (main)) (Aug 28, 2019)
Published in: Phys.Rev.D 100 (2019) 12, 123020 - e-Print: 1908.10878 [astro-ph.SR]
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Axions as solar magnetometers g

Heidelberg
University

Axion helioscopes as solar magnetometers

Ciaran A.J. O'Hare (Sydney U.), Andrea Caputo (Valencia U., IFIC and Valencia U.), Alexander J. Millar (Stockholm U.,

OKC and Nordita and Royal Inst. Tech., Stockholm), Edoardo Vitagliano (UCLA)
Jun 18, 2020

Required Eres [eV]
90 40 20

8B neutrinos
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Conclusions
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Co nC|US ions THEQRETISCHE PHYSIK

- Axion coolest Dark Matter ©

* Current and near future experiments probe best
motivated parameter space

+ Axion DM can give us much more information:
- DM density = Is it THE Dark Matter
- DM velocity

- Axions tell us about the sun
= Temperature + Composition

» Axion coupling and mass = Axion model?

- Axion dark radiation may even tell us about reheating!



