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Search methot: direct, indirect and by means of particle Mass: in the GeV range
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Intoraction strangth: strong (in the dark sector)
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Spocial proparties: elementary particle; can appear in
forms, such as a neutralina or a Kaluza-Klein pz As 1y strongly with itself, this Search method: very hard or even impossible to detect because
neutralino, it would be a super-symmetric partner particle of its weak interaction with the rest of the universe. The
‘boson and would confirm the 5 ity of sta star sys 3 ould have a small chance of
y of supersymmetry; as a Kaluza-Klein particle, it
would confirm that there are more dimensions than we are

D E SY familar with. ‘Specinl properties: extremely shy particle.
Summerstudent Lecture 2025

Axel Lindner

Primordial | Fuzzy
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Group: SUSY, Supersymmetrc Particles

Group: MACHO, Massive Compact Halo Objects
Mass: mega-massive; ranging from the mass of Mount Ev

that of the sun Scalar Fleld Dark Matter Mass: in the GeV to the TeV range
et Mass: extremely light (in the 10 eV range) ————
Intoraction strength: gravitational, i.e. only by means of g R S d Lot B E
very weak pal met o ke Mel GoV To¥ Interaction strength: extremely weak
Interaction strength; extremely weak —_—
I E ; Search method: with telescopes using the gravitational lensin —_— Search methat: very hard to detect because of its weak inter-
D Y effect; with gravitational-wave detectors upon black hole merger; ph particle action with the rest of the universe. However, it might very
with gamma-ray telescopes upon black hole annihilation. slowly decay into particles of light and neutrinos, This decay

could be detected by gamma-ray telescapes.
Special properties: must have been created very early in the
history of the universe. The only candidate that is not an Special properties: supersymmetric partner particle of the
lementary particle. graviton

WANTED

™1 Axion

Group: WISP, Weakly Interacting Slim Particles
Mass: between 0,1 and 1 meV

peV meV o¥ keV MoV GeV TeV
Interactian strength: extremely weak

H E l M H 0 l T Z Search methot: €., using ALPS II at DESY
Special properties: can go through a wall and turn into light in gR Jeaty
a magnetic field. Originally not conceived of as a dark matter

particle, would thus kill two physics problems with one stone,
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https://en.wikipedia.org/wiki/Standard_Model

What do we know ()

A fantastic and consistent model

The Standard Model of Particle Physics
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All experiments probing the
smallest constituents of matter and
its interactions perfectly fit to the
standard model,

apart from non-zero neutrino
masses.

Example: properties of the Higgs.
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A detailed map of Higgs boson interactions by the ATLAS experiment. Nature 607, 52-59 (2022)
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https://en.wikipedia.org/wiki/Standard_Model

What do we know ()

Understandina consituents and forces

i 146 Gev

Unbroken Symmetry
Broken Symmetry
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Symmetries and their breakings are
the key to understand particle
properties and forces.

The origin of the axion (see later):

V(a)

4V(a)

S. Hannestad, presentation at
5th Patras Workshop 2009
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What do we know ()

QCD (1 GeV) » Electroweak (246 GeV, LHC)
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https://bigthink.com/starts-with-a-bang/universe-fundamentally-unstable/

https://arxiv.org/pdf/1809.06923

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

» Planck 10%° GeV (10*>-LHC)

There is no hint for a “new physics energy scale”.

A next relevant energy scale might be out of reach
for any “thinkable” future accelerator.

An experimental loophole:
Look for (pseudo) Goldstone bosons originating from
spontaneous breaking of continuous symmetries.
« Such symmetries are predicted by many theories.
» Goldstones would be very lightweight,
* but interact extremely weakly with the SM:
usually not detectable at colliders.
A prime example is the axion.
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From quarks to the cosmos

Today 14 hillion years
Life on earth - -

11 billion years

Acceleration
Dark energy dominate

Solar system forms\ = i

Star formation peak \G=8 S - 3 hilfion yea S i
Galaxy formation era\ y . )

Earliest visible galaxies

-

700 miII.ion years

Recombination Atoms form \—£7400,000 years £,
Relic radiation decouples (CMB) @‘)‘ \;}’ @, =2

bang three.

Matter domination — 5,000 years
Onset of gravitational collapse :

Nucleosynthesis 3 minutes
Light elements created - D, He, Li

Nuclear fusion begins 0.01 seconds
50

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall

/lwww.ctc.cam.ac.uk/outreach/origins/big

http

Spacetime description breaks down

3,000,000,000 years after the Big Bang

400,000 years after BB

3 minutes after BB

0.000001 seconds after BB

0.00000000001 seconds after BB

== AStronomy

BB in the laboratory:
= Elementary
particle physics
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From quarks to the cosmos

Today 14 hillion years
Life on earth - -
Acceleration 11 hillion years
Dark energy dominate B SR
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Star formation peak \EEEEE=NEHHGSIEE e
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3
k5|  Recombination Atoms form \— ?’31400%00 years =
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c
8| Matter domination — 5,000 years

Onset of gravitational collapse

Nucleosynthesis 3 minutes
Light elements created - D, He, Li

Nuclear fusion begins 0.01 seconds
R A IS,

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition =
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall

/lwww.ctc.cam.ac.uk/outreach/origins/big

http

Spacetime description breaks down

3,000,000,000 years after the Big Bang

400,000 years after BB

3 minutes after BB

0.000001 seconds after BB

0.00000000001 seconds after BB

= (Sravitational waves?
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A tremendous success story: understanding smallest scales
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High energy particle
colliders simulate the
earliest moments of the
universe!

We also have a standard
model of cosmology.
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What do we know (lI)

Today 14 billion years
Life on earth - o

Acceleration . 11 hillion years
Dark energy dominate ? Rt T

Solar system forms\ # == O )

lllllll

Star formation peak \&®
Galaxy formation era\ y B e _ 2
Earliest visible galaxie - 700 miII'ion years - : e y _— 3 nob
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)< Recombination Atoms ~1400,000 years -
= Relic radiation decougllzz (?:IHB) ‘ / @ 1 @ 2 _ )
o ‘ Astronomy, particle physics theory
8| Matter domination — 5,000 years
Onset of gravitational collapse :
Nucleosynthesis — 3 minutes — seem to fit perfectly!
Light elements created - D, He, Li ) Y .
Nuclear fusion hegins 0.01 sgcnnds :
Quark-hadron transition Exam ple:

Protons and neutrons formed

Age of the universe = 13.799 £ 0.021 billion years (0.15% accuracy!)

Electroweak transition ;
Electromagnetic and weak nuclear

foces fs iferentiae B\ 197 e We seem to understand precisely how the universe evolved.

Supersymmetry breaking

Axions etc.?

Grand unification transition F====
Electroweak and strong nuclear A

frces diterentale Sk iy If we could solve one of the biggest questions in fundamental science ...

Inflation

Quantum gravity wall SRR TOATER
Spacetime description breaks down Vv \ Page 11
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THE ASTROPHYSICAL JOURNAL, Vol, 159, February 1970
(© 1970. The University of Chicago. All rights reserved. Printed in U.S.A.

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VErA C. RuBiNt aAND W. KENT Forp, JR.T

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell Observatory, and Kitt Peak National Observatory]

Received 1909 July 7; revised 1969 August 21

ABSTRACT

Spectra of sixty-seven H 11 regions from 3 to 24 kpc from the nucleus of M31 have been obtained with
the DTM image-tube spectrograph at a dispersion of 135 A mm™!, Radial velocities, principally from
Ha, have been determined with an accuracy of 110 km sec™! for most regions. Rotational velocities
have been calculated under the assumption of circular motions only.

For the region interior to 3 kpc where no emission regions have been identified, a narrow [N 11] A6583
emission line is observed. Velocities from this line indicate a rapid rotation in the nucleus, rising to a
maxil;lﬁm circular velocity of V' = 225 km sec™! at R = 400 pc, and falling to a deep minimum near
R= C.

Frompthe rotation curve for R < 24 kpc, the following disk model of M31 results, There is a dense,
rapidly rotating nucleus of mass M = (6 + 1) X 10° M ©. Near R = 2 kpc, the density is very low and
the rotational motions are very small. In the region from 500 to 1.4 kpc (most notably on the southeast
minor axis), gas is observed leaving the nucieus. Beyond R = 4 kpc the total mass of the galaxy increases
approximately linearly to R = 14 kpc, and more slowly thereafter. The total mass to R = 24 kpc is
M = (185 + 0.1) X 10" M ©; one-half of it is located in the disk interior to R = 9 kpc. In many
respects this model resembles the model of the disk of our Galaxy. Outside the nuclear region, there is
no evidence for noncircular motions,

The optical velocities, R > 3 kpc, agree with the 21-cm observations, although the maximum rota-

DESY. Dark Matter | DESY SummbieRialrvelegityao¥s 2 228 + 10 km sec™, is slightly higher than that obtained from 21-cm observations. Page 14



Rotation of galaxies
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Newtonian dynamics: F + Fo =0

Expectations

v

2 _

UV X

GMmR
R?m

S

- =0

Keplerian decrease

They don‘t match!
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Structures and dynamics in the universe

Missing mass?

Component Mg

Total ~ 10'°
Stellar ~ 101
Atomic hydrogen ~ 103
Molecular hydrogen | ~ 107

Andromeda Galaxy
(Picture by Hubble Space Telescope)

DESY. Dark Matter | DESY Summerstudent Lecture 2023 | AL, JARG, CS

luminous mass
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Structures and dynamics in the universe

+ Galaxies come in groups with typical
distances of 100 Million lightyears

* Assumption that clusters are in mechanical equilibrium
1
—> Virial Theorem 7T = —§U
» Clusters at high speed - do not diffuse?

» To keep galaxies gravitationally bound much more mass is
required

Dark matter = 30 - visible matter!

http://ircamera.as.arizona.edu/NatSci1l02/NatScil02/lectures/galaxydist.htm

“Should this turn out to be true, the surprising result would follow that dark matter is
present in a much higher density rate than radiating matter.*”

http://archiv.ethlife.ethz.ch/articles/news/zwickysmorphologie.html

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 19



Gravitational lensing

More dark matter evidence

Deflection of light rays in “invisible”
gravitational fields

Knowledge of original undistorted image

Able to determine lens properties e.g. mass
density or matter distribution

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 20



Gravitational lensing

More dark matter evidence

Deflection of light rays in “invisible”
gravitational fields

Knowledge of original undistorted image

Able to determine lens properties e.g. mass
density or matter distribution

http://astronomyonline.org/Cosmology/GravitationalLensing.asp

DESY. Dark Matter | DESY Summerstudent Lecture 2025| AL, AS Page 21



Gravitational lensing

More dark matter evidence

« Distorts image of background object

« Magnifies background object

« Stretches image tangentially around foreground mass
 Reveal objects that are behind galaxy clusters

* Analysis provides information about e.g. deflector's
mass

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

Hubble images

http://spacetelescope.org/images/heic0404b/
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Gravitational lensing

More dark matter evidence

Arcs visible in images from
James Webb Space Telescope
picture of the SMACS 0723 Galaxy Cluster

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

https://www.nasa.gov/image-feature/goddard/2022/nasa-s-webb-delivers-deepest-infrared-image-of-universe-yet
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https://www.nasa.gov/image-feature/goddard/2022/nasa-s-webb-delivers-deepest-infrared-image-of-universe-yet

What do we know?

Axel
Flaw(s)?

Particle physics and cosmology only fit if a large amount of mass and energy of unknown constituents exist.

Many evidences for dark matter on length scales of 1,000 light-years and beyond.

https://lwww.researchgate.net/figure/Temperature-
fluctuations-observed-in-the-CMB-using-COBE-WMAP-
Planck-data-Gold-et-al_figl 328474806

http://ircamera.as.arizona.edu/NatScil02/Na
tScil02/lectures/galaxydist.htm

https://www.esa.int/Science_Exploration/Spa
ce_Science/Hubble_sees_dark_matter_ring
_in_a_galaxy_cluster

http://cosmicweb.uchicago.edu/filaments.html

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 24



The composition of the Universe

stars gaS / dust dark matter dark energy Microwave Radiation  Early (jalaxy Formation Type 1a Supernova
0.4% 4.6% 26% 69%
———

13.77 B Yrs (z 1089) 13.2B Yrs (z8.7) <11BYrs (z<2.3)

The Standard Model of Particle Physics

=
=
=
<
=%
=<
(i}
@
172)
o
D)
=
=
=

additional
gravitation
(galaxies &

beyond) anti-gravitation

on largest scales
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The composition of the Universe

stars in galaxies
7%

cold gas in galaxies
1.8%

hot gas in galaxies
5%

hot gas in galaxy
clusters
4%

ordinary matter
5%

cool intergalactic. gas

“dark matter
. 28%

1 25%

dark energy

70% warm

intergalactic gas
15%
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Questions?
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New DESI (Dark Energy Spectroscopic Instrument) results

Survey to create largest 3D map of the Universe

Expansion history of the Universe with highest
precision by

» Measuring clustering of galaxies.

First results suggests tensions with the standard
models of particle physics and cosmology:

* Negative neutrino masses seem to be preferred.
« Dark energy may evolve with time.

Do we miss something in our understanding?

https://noirlab.edu/public/media/archives/images/wallpaperl/noirlab2408a.jpg

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 28



Recap: how to find something previously invisible?
A bit of history

1: Discovery of the planet Neptune:

The orbit of Uranus did not match calculations (Newtonian forces).

The differences could be well explained by another gravitating body: Neptune.

2. General relativity:

The orbit of Mercury did not match calculations (Newtonian forces).

The differences could not be explained by another gravitating body (Vulcan),

but is perfectly explained by general relativity. { 0] o L;Zﬂja

2070 £57

You may find either a new form of matter or a new more fundamental theory.

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 29



Dark Matter

Mass, in electron volts (eV)

Candidates from !
ULTRALIGHT Mass range

DARK MATTER ~1to ~30
| : solar masses

- M | :
10 22 eV to 1067 eV ! ~::)s_522rc;r\1/gteo ~10-6 eV Experiments

LIGO/Virgo
Experiments

CASPEr, MAGIS-100

// Mass range
/ ~1 GeV to ~1 TeV

Experiments

Many different kinds : g / XENONAT,

PandaX-4T,
. . Z LZ, CRESST, DAMA,
of experiments required.
AXIONS - ; : SUB-GeV
® 7

0 | DARK MATTER

Mass range 7
‘ ~10-¢ eV to ~10-3 eV 7 | o Mass range
Experiments 4 | ~1keV to ~1 GeV
. . ADMX, MADMAX, Experiments
Axions might also be related QUAX, CAPP-8TS |

to dark energy.

https://www.wired.com/story/the-search-for-dark-matter-is-dramatically-expanding/

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 30



Dark Matter

Examples:

« Weakly Interacting Particles (WIMPS)
are expected by Super-Symmetry to solve the mass hierarchy problem.

« Sterile neutrinos
could explain neutrino masses and mixing.

« The QCD axion
IS motivated by the Peccei-Quinn symmetry breaking to explain the vanishing electric dipole moments of
neutron and proton.

« The axion and axion-like particles (ALPS)
are expected in string-theories to combine gravitation and particle physics.

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 31



Dark Matter

https://inspirehep.net

find t SUSY find t axion
400
M
1981 2025 1977 2025

Particle physics theory: axions are very fashionable at present!

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 32



Outline

Our starting point

Dark matter in the universe

 Evidences

« Consequences and questions

HERA, QCD and the axion
Axions and dark matter

Summary
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DESY in Hamburg around the year 2000

HERA: data taking 1992 - 2007

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 34



DESY in Hamburg around the year 2000

HERA: data taking 1992 - 2007

Halle Nord (H1)
Hall North (H1)

Halle Ost (HERMES) |
Hall East (HERMES)

Halle West

Hall West Elektronen / Positronen

Electrons / Positrons

Protonen
Protons

<Ay Photonenstrahlung
Photon Radiation

Halle Sud (ZEUS)
Hall South (ZEUS)

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 35



Frank A. Wilczek, Nobel lecture 2004

The established symmetries permit a sort of interaction among gluons ...

that violates the invariance of the equations of QCD under a change in the direction of time.
Experiments provide extremely severe limits on the strength of this interaction, much more
severe than might be expected to arise accidentally.

By postulating a new symmetry, we can explain the absence of the undesired interaction. The
required symmetry is called Peccei-Quinn symmetry after the physicists who first proposed it. If
it is present, this symmetry has remarkable consequences. It leads us to predict the existence
of new very light, very weakly interacting particles, axions. (I named them after a laundry
detergent, since they clean up a problem with an axial current.) In principle axions might be
observed in a variety of ways, though none is easy. They have interesting implications for
cosmology, and they are a leading candidate to provide cosmological dark matter.

Page 36
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Frank A. Wilczek, Nobel lecture 2004

https://www.nobelprize.org/nobel prizes/physics/laureates/2004/wilczek-lecture.pdf

The established symmetries permit a sort of interaction among gluons ...

that violates the invariance of the equations of QCD under a change in the direction of time.
Experiments provide extremely severe limits on the strength of this interaction, much more
severe than might be expected to arise accidentally.

By postulating a new symmetry, we can explain the absence of the undesired interaction. The
required symmetry is called Peccei-Quinn symmetry after the physicists who first proposed it. If
it is present, this symmetry has remarkable consequences. It leads us to predict the existence
of new very light, very weakly interacting particles, axions. (I named them after a laundry
detergent, since they clean up a problem with an axial current.) In principle axions might be
observed in a variety of ways, though none is easy. They have interesting implications for
cosmology, and they are a leading candidate to provide cosmological dark matter.
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Some axion motivation '

The proton:

* is, In the static limit, made out of three quarks. s 1' g

» becomes very complex with increasing time/spatial
resolution due to gluon-mediated interactions.

This picture has been confirmed in
numerous experiments.

Brochure: “Super Microscope HERA”

1/3 1
DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 38



Some axion motivation

.... and some laxness in HERA communication

1/3 1

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 39



Some axion motivation

.... and some laxness in HERA communication

protons and neutrons, in the static limit,
should show an electric dipole moment (EDM)!

1/3 1

Like water molecules for example.

Wikipedia

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS Page 40



Some axion motivation

If this is the real picture,

protons and neutrons, in the static limit,
should show an electric dipole moment (EDM)!

Experimentally:
an EDM, if there is any,
would be much smaller than expected!

What is wrong with this picture?

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

1/3 1 §
N BARYONS
(S=0,1=1/2)

p, Nt = uud:  n, N° = udd

4Py =131

Mass m = 1.007276466621 + 0.000000000053 u
Mass m = 938.27208816 + 0.00000029 MeV [
imp — mp|/m, < 7x10719, CL = 90% [P
\%| /(H“%) — 1.000000000003 + 0.000000000016

lap +ap|/e < 7x 10710, CL = 90% [F]

gp + o] /e < 1x 10721 [l

Magnetic moment p = 2.7928473446 -+ 0.0000000008 11y

(p + pp) / pp = (0.002 + 0.004) x 10—

Electric dipole moment d < 0.021 x 10723 ecm

Electric polarizability o = (11.2 + 0.4) x 10~% fm3

Magnetic polarizability 5 = (2.5 + 0.4) x 10~ fm3 (S =1.2)
Charge radius, pup Lamb shift = 0.84087 + 0.00039 fm (4]
Charge radius = 0.8409 + 0.0004 fm [d]

Magnetic radius = 0.851 = 0.026 fm [°l

Mean life 7 > 3.6 x 102 years, CL = 90% [f] (p —» invisible mode)
Mean life 7 > 103 to 1033 years [fl  (mode dependent)

https://pdg.lbl.gov/2022/
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The neutron

* QCD predicts an EDM of the neutron: d, =0 - 3-10*e cm (from L, = —0(,/87) GZUGZU ).
O is a free parameter

A e

https://arxiv.org/abs/1812.02669
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The neutron

« QCD predicts an EDM of the neutron: d, =0 - 3:-10*e cm (from L, = —0(c,/87) GZUGZU ).
O is a free parameter

A e

https://arxiv.org/abs/1812.02669

Experiments: d, <3:1026e cm; 6 < 1010
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The neutron
QCD and a missing EDM

« QCD predicts an EDM of the neutron: d, =0 - 3:-10*e cm (from L, = —0(c,/87) GivGZv ).
0 is a free parameter

A e

https://arxiv.org/abs/1812.02669

Experiments: d, <3:1026e cm; 6 < 1010

https://arxiv.org/abs/1812.02669
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The neutron

« QCD predicts an EDM of the neutron: d, =0 - 3:-10*e cm (from L, = —0(c,/87) GZUGZU ).
O is a free parameter

Experiments: d, <3:1026e cm; 6 < 1010

This is related to the very fundamental T symmetry!

The three quarks are perfectly aligned!

A “fine-tuning” problem of particle physics.

It might hint at a new elementary particle.

https://arxiv.org/abs/1812.02669
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Peccel-Quinn symmetry ...

|dea: if 8 is not a fixed value, but an evolving field, it relaxes to zero by QCD instanton effects.
Peccel-Quinn symmetry:

* Global U(1), complex scalar field.

tV(a)

« Spontaneously broken at very high energies:
a massless Goldstone boson should exist.
This Is the axion.

* QCD instanton effects explicitly break the
axion (a) symmetry,

S. Hannestad, presentation at
5th Patras Workshop 2009

so that it becomes inexact at QCD energies. tV(a)
The axion acquires mass.
If 6 = 0 by the Peccei-Quinn mechanism, a
an axion should exist! - »
®=0

And vice versa.
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AXIons

Couplings to the SM
PINg f,: energy scale of PQ symmetry breaking

Axions are a consequence of the Gluon coupling A “
. o _ Lyc = GGa a=---
Peccei-Quinn symmetry to explain 6=0. (generic) 8nf,

_ MyMg My 6 ueV
Mass (generic) B s e A T TR
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AXIons

Axions are a consequence of the

Peccei-Quinn symmetry to explain 6=0.

There might be more couplings to
Standard Model constituents.

These couplings depend on the
BSM models incorporating an
“invisible axion”.

Also axion-like particles (ALPS)
could show photon couplings.

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

Gluon coupling ®s o °

L = GG - T
(generic) “ 7 8nf, ‘ i {CLH‘:G

_ MyMg My 6 ueV

Mass (generic) B s e A T TR

o Yay FEa = E-B

iy =T R S sy e !
Photon coupling a (E a==-
— ——192
Jo T onf, (N ) !
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AXions

Axions are a consequence of the

Peccei-Quinn symmetry to explain 6=0.

There might be more couplings to
Standard Model constituents.

These couplings depend on the
BSM models incorporating an
“invisible axion”.

Also axion-like particles (ALPS)
could show photon couplings.

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

Gluon coupling a 6
Lo =—— GGa a---
(generic) “ ~ &nj, {C::G
_ m,ymg My 6 ueV
Mass (generic) mg = ~

T mytmg fifa  fa/1012GeV

In a background magnetic field:
axion<= photon mixing

Photon coupling

Many experiments exploit the axion-photon mixing:
* Axion detection:

We know how to sense very weak photon signals.
« AXxion generation:

We know how to generate very intense light fields.

Page 49
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AXions

Axions are a consequence of the
Peccei-Quinn symmetry to explain 6=0.

There might be more couplings to
Standard Model constituents.

These couplings depend on the
BSM models incorporating an
“invisible axion”.

Also axion-like particles (ALPS)
could show photon couplings.

Pion, nucleon and/or electron couplings
depend on the specific axion models
(and might give a handle to discriminate
between models).

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

Gluon coupling
(generic)

Mass (generic)

Photon coupling

Pion coupling

Nucleon coupling
(axial vector)

Electron coupling
(optional)

as G
Lag = g7 GGa a--- )
m,ymg My 6 ueV
m, = ~
¢ my + my f;fa fa/1012 GeV
Loy =—=3" FFa=gqE -Ba Y
= 1.92 T
v T amf \N_ !
Cor TU T
Log = —(n° mto,m~ + - )ota ><
fﬂ.'fa T a
Cy N
Loy = Yyt YsWyo,a EE
2fa N
C, e
Loe = Zfa ey qujaa a____<e

A. Mirizzi, Next Frontiers in the Search for Dark Matter, 2019



Disclaimer:

In the following we will not distinguish anymore between the QCD-axion and ALPs,
but use both as synonyms.

Unless stated otherwise.
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Outline

Our starting point

Dark matter in the universe

 Evidences

« Consequences and questions

HERA, QCD and the axion
Axions and dark matter

Summary

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS
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Axion cosmology In brief

PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ
symmetry breaking with random initial conditions.

PQ symmetry breaking after inflation:

AXions in our universe are given by averaging over
many PQ symmetry breaking “patches” with
random initial conditions.

DESY. Dark Matter | DESY Summerstudent Lecture 2025 | AL, AS

~
=

Temperature
Time

Production

Axion Wave

The
CMB

AT BT

hot

B e T LR SN

Initial

.‘(-.- ........... f)_l __________________________
o T2
Harmonic motion
[1Iy
Leold
(o8} 03 O

Axion Field, 6

B:TPQ<ThOL

0, / conditions \ 9

Non-linear dynamics

-

At most one year

300000 years

https://arxiv.org/abs/2105.01406
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Axion cosmology In brief

PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ
symmetry breaking with random initial conditions:

Initial misalignment angle 6.

Q4 realh” ~ 54

0.001

WMAP: O.h? = 0.1206+0.0021

PQ symmetry breaking after inflation:

1.165
Q. ‘2 ~ (3. | . —3 L
A.,realh (‘3 8 0 6) x 10 x (1010 GeV)

plus contributions from string and domain wall decays.
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~
=

1.17
| 0 \?_ | (seddaw)  for faS3x107GeV,
h? ~ 0.35 X

1
(Wﬂ;"}cﬁ) for faz3x 10" GeV.

ATp> Tt BiTpo<T

hot

Temperature
Time

Production

Axion Wave

The
CMB

Initial
/ conditions \
thot ‘,.‘C.ZZI'.::,_f?_,______________:'_Z'.'.'.Zf:- ~-.IT.:'. _____ 0"\ |
@
[J]
______________________ >~
e b e S g
.............................. &
Harmonic motion Topological defects TOZ
€
by
<
Non-linear dynamics
%
Yy s
i A O>\
Axion Field, 6 S
S
S
R
Y

https://arxiv.org/abs/2105.01406
https://arxiv.org/pdf/1904.09155

100% dark matter with axion masses
around 30 peV (f, =108 - LHC) !

Page 54




How to find new elementary particles?

1: Looking for dark matter (DM) in the cosmos:
* Detect local DM around us.

« Identify signatures of DM in the universe (beyond gravitation).

2. Look for DM candidates in the laboratory:
« Experiments at the high energy frontier.
« Precision experiments.

« Understanding extreme conditions in the universe.
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How to find new elementary particles?

1: Looking for dark matter (DM) in the cosmos:
* Detect local DM around us.

« Identify signatures of DM in the universe (beyond gravitation).

2. Look for DM candidates in the laboratory:
« Experiments at the high energy frontier.
« Precision experiments.

« Understanding extreme conditions in the universe.
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Hypothetical light bosons for BSM physics

Axion and axion-like particle dark matter:

Group G. Servant:
ALP dark matter from kinetic fragmentation
JCAP 10 (2022) 053

Group A. Ringwald:
WISPy cold dark matter
JCAP 06 (2012) 013

[ ]
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Jayy [1/GeV]

Laboratory experiments

1072

Probed by purely laboratory experiments

10—8 J
10—10_

10—12_

10-14

10—16 .
10712 107° 10-° 1073 10° 10° 10° 10° 1012
mass [eV]
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Hypothetical light bosons for BSM physics

Most interesting parameter space out of reach at colliders

T5-2 Laboratory experiments

Probed by purely laboratory exweriments

1074
107°
S 1078
(]
O
=
Zz
& 1071°
10—12
1071 Dark matter theory
~ QCD axion '
 Lab-Limits 2024
1018 - = ;
10712 107° 107° i) 10° 103 10° 10° 1012
mass [eV]
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The DESY strategy

Hypothetical light bosons for BSM physics

Mass range < 1 eV. Laboratory experiments
[

1078,
Three different experiments @ DESY:.

e

. ALPSII ~ e Y
» 2 10—10_
« BabylAXO g
I_.%lo—lz,
[®)]
« MADMAX
10714
Two new experimental platforms:
» Cryoplatform
« Cryogenic quantum sensing
10-1e
10712 10710 1078 10°© 104 1072 10°
mass [eV]
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The DESY strategy

1. Probe for axions / ALPs without additional assumptions:
a a

v ~y*

2. Probe for axions with minimal additional assumptions, increase the reach:
a a
' > Y
Bé
s v
3. Probe for axions as dark matter constituents in a mass range not accessible by current experiments:

a a
' > g/vv- Y
B
7* ,.Y*
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The DESY strategy

Complementary on-site experiments

1. Probe for axions / ALPs without additional assumptions:
a a
¥ ‘ > ¥ ALPS I
%B Bé taking data
,Y* ‘}l*
2. Probe for axions with minimal additional assumptions, increase the reach:

g ; . BabylAXO
Béww (nearly) ready to start construction
v* y*

: ; 5 MADMAX
Bé physics results from prototypes
,.Y* ,Y*
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https://www.nasa.gov/sites/default/files/thumbnails/image/galaxy-cluster-cl-0024-17-zwcl-0024-1652.jpg
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Sumgnary- o L . 4"
- Dark matter.in the universe _ « | . o o

> is very likely to exist (we do not have good alternatives), .
> is expected to, eX|st by theorles beyond the standard model of parpcre phy3|cs

. A
- A . ? 0.' n @ - 3 e i s @

Dark matter in.the. urﬂyerse ' . E . ¢ N ;._"‘_b,-".- . \ e
>“could by anxthlng'from black. holes to ultrallght bosons . ... e |

‘> m|ght not be found at colllder expenments R i it i

.AX|ons and’ axion-likgpartieles. = - . . R - . % | :
» are motivated by QCD and strmg -theories, - 3 ’ > R '

> might make ‘up-all of the dark matter in the universe, could explaln dark energy | ,
> mlght be searched for via photon axion mlxmg In magnetic fields.

-

https://www.nasa.gov/sites/default/files/thumbnails/image/galaxy-cluster-cl-0024-17-zwcl-0024-1652.jpg
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