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Part 1: the standard model world is not enough
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Outline

• Our starting point

• Dark matter in the universe

• Alternatives to dark matter?

• Dark matter candidates

• HERA, QCD and the axion

• Astrophysical motivations for axions and ALPs

• Summary 
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What do we know (I)
A very brief status report

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

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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From quarks to the cosmos 
Particle physics and cosmology

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

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 
Particle physics and cosmology
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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

Gravitational waves?
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What do we know (II)
A very brief status report

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Astronomy,                                 particle physics                   theory

seem to fit perfectly!

Example: 

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

We seem to understand precisely how the universe evolved.

If we could solve one of the biggest questions in fundamental science …
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Outline

• Our starting point

• Dark matter in the universe
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• Dark matter candidates
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Distant galaxies allow to map their mass distribution by 

measuring the rotation velocity of stars as a function of 

their distance to the galaxies’ centers. 

Andromeda (M31): things get weird.

Vera Rubin, 1972

Birthday on 23rd July! Rubin & Ford 1970, ApJ 159, 379

Galaxies

Structure and dynamics in the universe

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Distant galaxies allow to map their mass distribution by 

measuring the rotation velocity of stars as a function of 

their distance to the galaxies’ centers. 

Andromeda (M31): things get weird.

Vera Rubin, 1972

Distance: 2.5 Million LY

Rubin & Ford 1970, ApJ 159, 379

Galaxies

Structure and dynamics in the universe
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Distant galaxies allow to map their mass distribution by 
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Galaxies
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Vera Rubin

Vera Rubin at 

Carnegie Institution

(Washington)

The astronomer who made the discovery
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Structures and dynamics in the universe
Expectation vs reality

Assumption:

Newtonian dynamics:

•

•

• Keplerian decrease

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Structures and dynamics in the universe
Expectation vs reality

Most rotation curves approximately flat!

Velocities remain high for high R

• Mass must increase for high R

• „Is the luminous matter only a minor component of the

total galaxy mass?“

https://cdms.phy.queensu.ca/Public_Docs/DM_Intro.html 

http://beltoforion.de/article.php?a=spiral_galaxy_renderer
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Rotational velocities
Expectation vs reality
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Data and theoretical predictions for galaxy 

NGC 6503 (17 Million LY away)
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Rotational velocities
Expectation vs reality
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Theory Observation

Galaxy NGC 6503
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Rotational velocities
Expectation vs reality
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Theory Observation

Galaxy NGC 6503
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• decreases with 

Visible size of 

NGC 6503
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Rotational velocities
Expectation vs reality
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Theory Observation

Galaxy NGC 6503
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• decreases with 

• Observation: 

• There must be a halo of invisible mass! 

Visible size of 

NGC 6503
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Structures and dynamics in the universe
Missing mass?

Andromeda Galaxy

(Picture by Hubble Space Telescope)

There’s 

of mass missing!

Dark matter  10  visible matter

a lot

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Structures and dynamics in the universe
Missing mass?

Andromeda Galaxy

(Picture by Hubble Space Telescope)

There’s 

of mass missing!

Dark matter  10  visible matter

a lot
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Structures and dynamics in the universe
Clusters

• Galaxies come in groups with typical 

distances of 100 Million lightyears

• Assumption that clusters are in mechanical equilibrium 

→ Virial Theorem

• Clusters at high speed → do not diffuse?

• To keep galaxies gravitationally bound much more mass is 

required

Dark matter  ≈  30 · visible matter!
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“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
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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

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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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
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Gravitational lensing
More dark matter evidence

Gravitational lensing is real:

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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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 
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Gravitational lensing
More dark matter evidence

Dark matter  ≈  30 · visible matter!

h
tt

p
s
:/

/w
w

w
.e

s
a

.i
n

t/
S

c
ie

n
c
e

_
E

x
p

lo
ra

ti
o

n
/S

p
a

c
e

_
S

c
ie

n
c
e

/H
u

b
b

le
_

s
e

e
s
_

d
a
rk

_
m

a
tt
e

r_
ri
n

g
_
in

_
a

_
g
a

la
x
y
_

c
lu

s
te

r

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS



Page 28

Gravitational lensing
More dark matter evidence

Also visible in the

brand new James Webb Telescope 

picture of the SMACS 0723 Galaxy Cluster 
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https://www.nasa.gov/image-feature/goddard/2022/nasa-s-webb-delivers-deepest-infrared-image-of-universe-yet
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What do we know
Composition of the universe

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

stars               gas / dust                 dark matter                      dark energy

0.5%                 4.5%                          26%                                  69%

additional 

gravitation

(galaxies &

beyond)
anti-gravitation

on largest scales
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Switching off dark matter

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Tamas Szalay, 
Volker Springel, 
Gerard Lemson
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Recap: how to find something previously invisible?

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.

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

A bit of history

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS



Page 33

The dynamics in both galaxies does not 

require any dark matter component. 

This strongly excludes a modification of 

gravity as an alternative to dark matter.

Both galaxies show more unusual 

properties hinting at special evolutions so 

that a lack of dark matter is not suprising:
van Dokkum, P., Shen, Z., Keim, M.A. et al. A trail of 

dark-matter-free galaxies from a bullet-dwarf collision. 

Nature 605, 435–439 (2022).

Let’s stick to dark matter searches!

NGC 1052–DF2 and NGC 1052–DF4
No dark matter as strong evidence for dark matter

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Dark Matter

Candidates from

10-22 eV to 1067 eV !

Many different kinds 

of experiments required.

Axions might also be related 

to dark energy.

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Many candidates, no convincing observation yet

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

• Our starting point
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• Alternatives to dark matter?

• Dark matter candidates

• HERA, QCD and the axion

• Astrophysical motivations for axions and ALPs

• Summary 
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DESY in Hamburg around the year 2000
HERA: data taking 1992 - 2007

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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DESY in Hamburg around the year 2000
HERA: data taking 1992 - 2007
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DESY in Hamburg around the year 2000
HERA: data taking 1992 - 2007
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HERA in 2022
Still publishing 15 years after shutdown 

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

HERA: indispensable for particle physics today, no “new physics” found.



Page 40

Nobel prize in physics 2004
David Gross, David Politzer and Frank Wilczek

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

HERA changed our understanding of QCD 

and of the proton structure.

“… for the discovery of asymptotic freedom in 

the theory of the strong interaction …”

“HERA measurements confirmed the nature of 

the strong force as it was predicted by 

physicists Davis Gross, David Politzer and 

Frank Wilczek for which they received the 2004 

Nobel Prize.” 

(End of an era at HERA accelerator, 

https://phys.org/news/2007-07-era-hera.html)
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Frank A. Wilczek, Nobel lecture 2004

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

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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Frank A. Wilczek, Nobel lecture 2004
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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
…. and some laxness in HERA communication

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

The proton:

• is, in the static limit, made out of three quarks.

• becomes very complex with increasing time/spatial 

resolution due to gluon-mediated interactions.

This picture has been confirmed in 

numerous experiments.
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Some axion motivation
…. and some laxness in HERA communication

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

If this  is the real picture,
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Some axion motivation
…. and some laxness in HERA communication
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If this  is the real picture,

protons and neutrons, in the static limit, 

should show an electric dipole moment (EDM)!

Like water molecules for example.

Wikipedia
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Some axion motivation
…. and some laxness in HERA communication

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

What is wrong with this picture?

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! 
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An electric dipole moment of the neutron 

would violate:

• parity (P) symmetry,

• time reversal (T) symmetry 

(hence also CP symmetry).

QCD, EDM and symmetries

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

The neutron

Wikipedia

Magnetic dipole moment

(existing)

Electric dipole moment

(hypothetical)
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T symmetry violation in strong interactions ?

• QCD predicts an EDM of the neutron: dn = θ  310-16 ecm.

θ is a free parameter

QCD and a missing EDM

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

https://arxiv.org/abs/1812.02669

The neutron
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The neutron

T symmetry violation in strong interactions ?

• QCD predicts an EDM of the neutron: dn = θ  310-16 ecm.

θ is a free parameter

QCD and a missing EDM

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Experiments: dn < 310-26 ecm; θ < 10-10

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

T symmetry violation in strong interactions ?

• QCD predicts an EDM of the neutron: dn = θ  310-16 ecm.

θ is a free parameter

QCD and a missing EDM
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Experiments: dn < 310-26 ecm; θ < 10-10

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

T symmetry violation in strong interactions ?

• QCD predicts an EDM of the neutron: dn = θ  310-16 ecm.

θ is a free parameter

QCD and a missing EDM

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Experiments: dn < 310-26 ecm; θ < 10-10

QCD conserves 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

https://arxiv.org/abs/1812.02669
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Peccei-Quinn symmetry …

Idea: if θ is not a fixed value, but an evolving field, it relaxes to zero by QCD instanton effects.

Peccei-Quinn symmetry:

• Global U(1), complex scalar field.

• 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, 

so that it becomes inexact at QCD energies.

The axion acquires mass. 

If θ = 0 by the Peccei-Quinn mechanism,

an axion should exist!

And vice versa.

… and a new elementary particle!

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Peccei-Quinn symmetry, Weinberg and Wilczek
Axions!

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Peccei-Quinn symmetry, Weinberg and Wilczek
Axions!

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS



Page 55

Axions

Mass and couplings of the axion are 

determined by one energy scale fa.

Experimentally, fa >> TeV.

Axion couplings (beyond gluons) depend on 

the BSM models incorporating an 

“invisible axion”.

For fa beyond about 106 TeV the axion might 

explain all of the dark matter.

For fa around 105 TeV the axion might 

explain astrophysical anomalies.

There might be an “axiverse” with many 

kinds of axion-like particles.

• Not related to CP-QCD

• Mass and couplings not correlated.

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Two different cosmological scenarios

PQ symmetry breaking before of after inflation:

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Axion cosmology in brief
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PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ 

symmetry breaking with random initial conditions:

Two different cosmological scenarios
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Axion cosmology in brief
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Two different cosmological scenarios

PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ 

symmetry breaking with random initial conditions:

Initial misalignment angle θi (                                     ).
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Axion cosmology in brief
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Two different cosmological scenarios

PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ 

symmetry breaking with random initial conditions:

Initial misalignment angle θi.
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Axion cosmology in brief
Two different cosmological scenarios

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.
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Two different cosmological scenarios

PQ symmetry breaking before inflation:

Our universe is covered by one “patch” of PQ 

symmetry breaking with random initial conditions:

Initial misalignment angle θi.

PQ symmetry breaking after inflation:

plus contributions from string and domain wall decays.
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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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Axions

Exploited by many experiments as relatively “simple”.

Decay time: larger than (1021 · age of the universe). The “invisible axion”.

Photon coupling

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

“new physics”
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Axions

Exploited by many experiments as relatively “simple”.

Photon coupling and Maxwell 1864
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Axions

Exploited by many experiments as relatively “simple”.

Photon coupling and Maxwell 1864

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Photon-axion mixing in a background magnetic dipole field.

Works also with a background electric field.
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How to find dark matter? 

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.

Two approaches

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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How to find dark matter? 

1: Looking for dark matter (DM) in the cosmos:

• Detect local DM around us. MADMAX @ DESY

• Identify signatures of DM in the universe (beyond gravitation). Bose-Einstein condensates of DM?

2: Look for DM candidates in the laboratory: 

• Experiments at the high energy frontier. Not possible for the time being

• Precision experiments. Shining light through walls

• Understanding extreme conditions in the universe. Astrophysical hints

Two approaches to search for axions

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Examples
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How to find dark matter? 

1: Looking for dark matter (DM) in the cosmos:

• Detect local DM around us. MADMAX @ DESY

• Identify signatures of DM in the universe (beyond gravitation). Bose-Einstein condensates of DM?

2: Look for DM candidates in the laboratory: 

• Experiments at the high energy frontier. Not possible for the time being

• Precision experiments. Shining light through walls: next lecture

• Understanding extreme conditions in the universe. Astrophysical hints

Two approaches to search for axions

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Examples
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Outline

• Our starting point

• Dark matter in the universe

• Alternatives to dark matter?

• Dark matter candidates

• HERA, QCD and the axion

• Astrophysical motivations for axions and ALPs

• Summary 

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS
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Astrophysical motivations for axions

Stellar evolution

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

http://earthspacecircle.blogspot.com/2013/07/stellarevolution.html

TeV transparency

Universe's transparency to gamma-rays, Dieter Horns
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Astrophysical motivations for axions
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TeV transparency

High energy (> TeV) photons 

Universe's transparency to gamma-rays, Dieter Horns
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Astrophysical motivations for axions
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TeV transparency

High energy (> TeV) photons 

Universe's transparency to gamma-rays, Dieter Horns

• Excessive transparency of the universe.

• May be explained by photon to axion conversion.

ma~10
−7eV, gaγ~10

−11GeV−1
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Astrophysical motivations for axions
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TeV transparency

High energy (> TeV) photons 

Universe's transparency to gamma-rays, Dieter Horns

• Excessive transparency of the universe.

• May be explained by photon to axion conversion.

ma~10
−7eV, gaγ~10

−11GeV−1

BUT

• Controversy about whether the effect exist.

• Other interpretations based on standard physics have 

been proposed.
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Astrophysical motivations for axions

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Stellar evolution

http://www.eso.org/public/images/eso1220a/

• Star population from a single cloud of gas.

• Uniform age.

• Not known active star formation.

Globular cluster:
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

• Star population from a single cloud of gas.

• Uniform age.

• Not known active star formation.

Globular cluster:
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Reflect age and initial mass

• Star population from a single cloud of gas.

• Uniform age.

• Not known active star formation.

Globular cluster:
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Main sequence

H



Page 78

Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Main sequence

H

Massive stars live “only” 

millions of years
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Astrophysical motivations for axions

Dark Matter | DESY Summerstudent Lecture 2022 | AL, JARG, CS

Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Red Giant Branch (RGB)

H

He
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

H

He

Particle emission delays He ignition (cooling).

In dense stellar interiors

gae < 1.6 × 10−13 GeV−1

gae ≠ 0

Red Giant Branch (RGB)
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Horizontal Branch (HB)

H

He
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Horizontal Branch (HB)

H

He

Particle emission reduces He 

burning time. (cooling)

Expected:

Measured:

𝑅 = 𝑁𝐻𝐵/𝑁𝑅𝐺𝐵
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

Color - temperature
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Particle Physics Constraints from Stars, Georg G. Raffelt

Horizontal Branch (HB)

H

He

Particle emission reduces He 

burning time. (cooling)

High number of 

thermal photons

ga𝛾 = 0.29 ± 0.18 × 10−10 GeV−1

𝑅 = 𝑁𝐻𝐵/𝑁𝑅𝐺𝐵
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Astrophysical motivations for axions
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Stellar evolution

Hertzsprung–Russell diagram

[Copyright Addison Wesley]
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Astrophysical motivations for axions
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Stellar evolution
http://www.spacetelescope.org/images/heic0516a/

Hertzsprung–Russell diagram

[Copyright Addison Wesley]

White dwarf

• Luminosity changes with slowly 

changing period.

• Proportional to cooling rate.

ሶ𝑃

𝑃
∝

ሶ𝑇

𝑇
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Stellar evolution
http://www.spacetelescope.org/images/heic0516a/

Hertzsprung–Russell diagram

[Copyright Addison Wesley]

White dwarf

• Luminosity changes with slowly 

changing period.

• Proportional to cooling rate.

ሶ𝑃

𝑃
∝

ሶ𝑇

𝑇

Anomalous cooling

Dense core

gae ~ 10−13 GeV−1

RGB + white dwarf hints:

gae = 1.6−0.34
+0.29 × 10−13GeV−1
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Astrophysical motivations for axions
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Stellar evolution

• Stellar systems seem to be cooling faster than predicted.

• Hints for new physics.

Axions/ALPs could 

provide a simple 

explanation to all of them!
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Summary
ALPS II 

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



Page 89

Summary
ALPS II 

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

Summary
Dark matter in the universe

> is very likely to exist (we do not have good alternatives),

> is expected to exist by theories beyond the standard model of particle physics.

Axions and axion-like particles

> are motivated by the time reversal symmetry of QCD and string-theories, 

> might make up all of the dark matter in the universe,

> might be searched for via photon-axion mixing in magnetic fields.

The existence of axions is hinted at by

> the propagation of high energy photons in the universe,

> the evolution of stars.  


