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Outline

« A primer on the physics case

* Designing ALPS Il

* Building ALPS I

« Understanding ALPS I

* First results and next steps

* Beyond ALPS II: BabylAXO and MADMAX
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https://www.physics.louisville.edu/cldavis/phys299/notes/ap_scale.jpg

A tremendous success story: understanding smallest scales
The Standard Model of particle physics

FORCE CARRIERG

size in atoms and in meters
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https://physicstravelguide.com/_media/models/paper.journal.40.png
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A tremendous success story: understanding smallest scales

Large facilities and world-wide collaboration

CMS Experiment at the LHC, CERN

Data recorded: 2016-Aug-27 23:44:01.739584 GMT
Run / Event /LS: 279685 / 178456860 / 95
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A tremendous success story: understanding smallest scales

High energy particle
colliders simulate the
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Linking largest and smallest scales

LIICTARY AE TLIE | INIINERCE A
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Linking largest and smallest scales

Most striking:

 We need extra “dark” matter to explain structure and dynamics of the universe
on all scales larger than about 1,000 lightyears.
This matter is not made out of stuff we know.

Observations
.from starlight

Velocity
. (km s-1)

Expected from
the visible disk

20,000 30,000 40,000

. Distance (light years)

M33, https://en.wikipedia.org/wiki/Galaxy_rotation_curve
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Linking largest and smallest scales

Most striking:

 We need extra “dark” matter to explain structure and dynamics of the universe
on all scales larger than about 1,000 lightyears.
This matter is not made out of stuff we know.

« At present, the universe is expanding with accelerating speed,
driven by a “dark energy”.
This energy is not made out of stuff we know.
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Linking largest and smallest scales

Most striking:

« The standard model of particle physics explains about 5% of the universe only.

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
28%

“dark matter
S )

dark energy

70% warm

intergalactic gas
15%
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Dark matter candidates

https://member.ipmu.jp/shigeki.matsumoto/index.html

| Wave-like | Particle-like | Macroscopic |
| | I I
1022eV leV T 10 9 GeV T 10%°¢g

Thermal DM (WIMP, Primordial BH, etc.
SIMP, ...), Sterile v, etc.

De Broglie wavelength: A = h/p
with v=250 km/s

A(m=1GeV) =1.5:10% m

A(m=1eV) =1.5mm

A(m=10-22¢eV) = 1500 lightyears

A(m=1.6-1030eV) =93-10° lightyears (diameter of the observable universe)

A(m=6.5-1033eV) = 23-10*? lightyears (diameter of the universe?)

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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Lightwelght dark matter candidates

https://member.ipmu.jp/shigeki.matsumoto/index.html

| Macroscopic |

|
1022eV leV

| Wave-like | Particle-like
|

|
1012 GeV T 103 g

—> DM Mass

Thermal DM (WIMP, Primordial BH, etc.
SIMP, ...), Sterile v, etc.

This presentation:

« Axions and
axion-like particles (ALPS).

* No general introduction and overview
on other activities elsewhere.

* Not much on theory. Sorry!

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

Remark:

Most of the axion / ALP searches are also sensitive to
other light bosons like dark photons.

To confuse you:
ALPS is an experiment searching (also) for ALPs.
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Word-wide interest in axions ...

... ever rising!

https://inspirehep.net as of 26 April 2025

Citations per year of “CP Conservation in the Presence of Instantons” (Peccei, Quinn)

600
Standard
Model
500 Higgs
discovered
400
First results l
300 from a.new
generation of
experiments
200
l o
100
0
1977 1989 2001 2013 2025
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AXions

« Axions: to solve the riddle of CP-conservation in QCD or
the missing static electric dipole moments (EDM) of nucleons.

Theory: EDM =0 - 3101 e-cm

neutron

A

https://arxiv.org/abs/1812.02669

Experiments: EDM <3.1026 e.cm: B < 10710

neutron

QCD conserves CP!

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 20



AXions

« Axions: to solve the riddle of CP-conservation in QCD or
the missing static electric dipole moments (EDM) of nucleons.

Theory: EDM =0 -3.10® e-cm

neutron

Experiments: EDM <3.1026 e.cm: B < 10710

neutron

QCD conserves T symmetry!

htps://arxiv.org/abs/1812.02669 The three quarks are perfectly aligned!
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Peccel-Quinn symmetry ...

|dea: if O 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: +V(a)
a massless Goldstone boson should exist.
This is the axion. 83
* QCD instanton effects explicitly break the a % ;
axion (a) symmetry, S 25
so that it becomes inexact at QCD energies. Eg
The axion acquires mass. g4
B o . tV(a) 2T
If © = 0 by the Peccei-Quinn mechanism, 5=
an axion should exist! L
a
« The Peccei-Quinn symmetry breaking should - 3
have happened also in the early universe ©=0

potentially producing dark matter axions.

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 22



Word-wide interest in axions ...

The discovery of an axion could
« solve fundamental questions of particle physics,
« solve the riddles of cosmological dark matter and/or dark energy,

« relax tensions in modelling star evolutions and the propagation of high energy photons in the universe.

Axions and axion-like particles are expected
* by string-theories (uniting particle physics and gravitation),

« to provide insight into particle physics at highest energies
beyond the reach of any colliders.

Axions and axion-like particles could serve as new probes

* to understand the Sun, supernovae and/or the history of the milky way.

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 23



Word-wide interest in axions ...

... due to new experimental technologies.
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more experiments to be added ...
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https://cajohare.github.io/AxionLimits/

AXions

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

Axions are a consequence of the Gluon coupling [ e
o o _ Ly = GGa a=--
Peccei-Quinn symmetry to explain 6=0. (generic) 81 f,

: MyMg My 6 ueV
Mass (generic) B e e ST TR

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 25

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



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. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

Gluon coupling
(generic)

h

-5 e °

: MyMg My 6 ueV
Mass (generic) B e e ST TR

Lay = —= FFa=gay E-Ba Y
Photon coupling « (E a—---
Jay = (— — 1.92) Y
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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. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

Gluon coupling a G
Lo =—— GGa a---
(generic) “ b, {:ig
_ m,mg My 6 ueV
Mass (generic) my, = ~

T myt+my fifa  fa/1012GeV

In a background magnetic field:
axion<—= photon mixing

Photon coupling

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

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

We know how to generate very intense light fields.

Page 27
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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. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

Gluon coupling
(generic)

Mass (generic)

Photon coupling

Pion coupling

Nucleon coupling
(axial vector)

Electron coupling
(optional)

as G
Lag = g7 GGa a--- )
m,mg My 6 ueV
mg = ~
¢ my + my fﬂ-r]fa fa/1012 GeV
La},=—g%”FF’a=gayE-Ba Y
@ (E 1.92 T
Y T amfy \N !
Cor T TC
Lor = (TE nto,m” + - - )oka X
fﬂfa TC a
Cy N
Loy = Yy YsWno,a o=
2fa \
e
Lae:mqjey}@qjaa a____<e
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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]

1072

1074

10—10_

10—12_

10714

10716

Laboratory experiments

Probed by purely laboratory experiments

10712 10°° 10°° 10~ 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

Laboratory experiments

1072

Probed by purely laboratory exweriments

1074
1076
S 1078
(]
O
=
z
& 10710
10—12
1071 Dark matter theory
~ QCD axion '
© Lab-Limits 2024
1016 - = .
10712 10~° 1076 102 10° 102 100 10° 1012
mass [eV]
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The DESY strategy

Hypothetical light bosons for BSM physics

Mass range < 1 eV. Laboratory experiments
I
. - 10_87
Three different experiments @ DESY:
« ALPSII
10—10_
« BabylAXO §
I;% 10—12,
« MADMAX
10714
Two new experimental platforms:
* Cryoplatform
« Cryogenic quantum sensing
10716
10712 1010 108 10-° 10~ 102 10°
mass [eV]

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 31



The DESY strategy

Complementing approaches ... and a dream for the next decade

1.

Probe for axions / ALPs without additional assumptions:

a a
7 WV\E > > Y Establish the existence of light bosons beyond the SM, measure Jayy-
B Bé World-wide lead

* *

2l 8l

Probe for axions with minimal additional assumptions, increase the reach:

a a . . . . .
- 5 ~ Measure the sun’s axion luminosity (knowing g,,,) and
é narrow done on the BSM theory.
B
,y* ,.y*

World-wide lead

Probe for axions as dark matter constituents in a mass range not accessible by current experiments:

=§w Y Light bosons make up the dark matter in our galaxy.
B

Complementing the mass reach of other experiments
,.y* ,7*

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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Why at DESY?

Existing infrastructure and cutting edge technologies

1.

Probe for axions / ALPs without additional assumptions:

a a
gl wwé > > gwm gl HERA tunnel, magnets, cryogenics + high-precision long-baseline interferometry
B B

,.Y* ,.y*

Probe for axions with minimal additional assumptions, increase the reach:
? : . HERA hall, CTA-MST prototype + new magnet design, X-ray optics,
é extremely low-noise detectors
B
v* v*

Probe for axions as dark matter constituents in a mass range not accessible by current experiments.

=§va Y HERA hall, H1 iron yoke, cryogenics + new magnet design, new detector concept
B

,.y* ,.Y*

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 33



The DESY strategy

Complementary on-site experiments

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

gl > > g ALPS I
ME B ng taking data

,.Y* ,.Y*

2. Probe for axions with minimal additional assumptions, increase the reach:

i k . BabylAXO
ngv* (nearly) ready to start construction
v* y*

; ; g MADMAX
Bé physics results from prototypes
v* 7

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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The DESY strategy

Complementary on-site experiments

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

g > > g ALPS Il
Wwé B ng taking data

~v* v*

2. Probe for axions with minimal additional assumptions, increase the reach:

i ; . BabylAXO
ngw (nearly) ready to start construction
7" v*

3. Probe for axions as dark matter constituents in a mass range not accessible by current experiments.
a a
' > ~ MADMAX
Bé physics results from prototypes
v v*

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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Generate and detect dark matter bosons
Any Light Particle Search ALPS Il ~

e Be -
- ot
L ”
I .
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Generate and detect dark matter bosons
Any Light Particle Search ALPS Il

.

.
“‘
.

The world’s largest axion search experiment:
 HERA infrastructure.

« Straightened HERA dipoles.

« High-precision long-baseline optical interferometry.

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 37
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Any Light Particle Search |l

Founding father (among others)

Andreas Ringwald sparked the interest for new local particle physics experiments at DESY.

-H Available online at www.sciencedirect.com
D
3‘;& scmuc!@nm:cr-
gg% PHYSICS LETTERS B
ELSEVIER Physics Letters B 569 (2003) 51-56

Production and detection of very light bosons in the HERA tunnel

A. Ringwald

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
Received 17 June 2003; accepted 3 July 2003
Editor: P.V. Landshoff

Abstract

There are strong theoretical arguments in favour of the existence of very light scalar or pseudoscalar particles beyond the
Standard Model which have, so far, remained undetected, due to their very weak coupling to ordinary matter. We point out that
after HERA has been decommissioned. there arises a unique opportunity for searches for such particles: a number of HERA’s
four hundred superconducting dipole magnets might be recycled and used for laboratory experiments to produce and detect light
neutral bosons that couple to two photons, such as the axion. We show that, in this way. laser experiments searching for photon
regeneration or polarization effects in strong magnetic fields can reach a sensitivity which is unprecedented in pure laboratory
experiments and exceeds astrophysical limits from stellar evolution considerations.
© 2003 Published by Elsevier B.V.

www.elsevier.com/locate/npe

In a later stage, one may think on deploying all
400 decommissioned HERA dipole magnets (2¢ ~
4000 m) 1n the 4 km long TESLLA XFEIL tunnel at
DESY, i which after 2010 a superconducting linear
accelerator will run to provide high-quality electron
bunches for the X-ray free electron lasers (XFELSs)
i a dedicated laboratory [24] (cf. Fig. 4). The cor-
responding sensitivity, g4, < 9 x 10712 GeV~! for
ma <3 x 107> eV (labelled “Laser in XFEL tunnel”
i Fig. 1), has so far been only probed by microwave
cavity searches for axions, under the assumption that
they are the dominant part of the galactic cold dark
matter (cf. Fig. 1).

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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Designing ALPS Il

Axion-Photon mixing (®<vy)

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 40



Designing ALPS Il

In a constant background magnetic dipole field (see https://inspirehep.net/literature/870931):

With kb, = /w? 2 2 2 mij}
i ¢ = \Jw?—mj q=nw— w—mqbww(n—l)JrE
1 w 2 2
Pysg = Fypoy = 1%, (9BL)" |F(qL)
(,ff) 10-1—:
2 . (qL ﬂ
For a single dipole magnet: |Fsing]e(qL)| — |— sin q= | p
qL \ 2 .
De-coherence between m
axions and light fields 5
limits mass reach B et

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 41
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Designing ALPS Il

In a constant background magnetic dipole field (see https://inspirehep.net/literature/870931):

With ke, = 42 2 2 2 ﬂl?{}
it ;q;,_\/bu — my q = nw — w—m(ﬁ%w(n—l)+ﬂ
1 w 2 2
Pyse = Fosy = Akr (9BL)" |F(qL)
d) 10-1—5
2 (gL ﬂ
For a single dipole magnet: |Fsing]e(qL)| — |— sin a- | ﬂ
qL 2 )
Note:
For light-shining-through-a-wall P(LSW) ~ g4 m
ALPS II: strives to improve S/N by 12 orders of magnitude. v

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 42
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Designing ALPS Il

In numbers, low-mass limit (F=1):

P(LSW) = (g[101°GeV1] - B[T] - L[m] )* - 6-1042

With:
e B=53T

a a
. L=12-88m v “’”‘é > > §W7
« g=21011/GeV B B
7* 7*

P(LSW) = 1033

Assume a cw laser of 70 W.:
Absurdly small! one photon through the wall each 90,000 years.

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 43



Designing ALPS Il

Resonant enhancement:

F. Hoogeveen, T. Zicgenhagen / Light bosons

RIS

LASER 8,

The optics concept was invented three times independently:

 Hoogeveen F, Ziegenhagen T., Nucl. Phys. B358:3 (1991)

 Fukuda Y, Kohmoto T, Nakajima Si, Kunitomo M., Prog. Cryst. Growth Charact.Mater. 33:363 (1996)
« Sikivie P., Tanner D.B., van Bibber K., Phys.Rev.Lett. 98 (2007)

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 44



Designing ALPS Il

Resonant enhancement.

F. Hoogeveen, T. Zicgenhagen / Light bosons

RIS

LASER 8,

2
Nyuut _ ‘{22 ngleLlLZ
N.}, in Qz_md 4

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

|Fl(4)|2Fz(q)]2|Gi|2|Gz|2

\/

Could be O(103) to O(10%) each!
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Designing ALPS Il

Resonant enhancement.

F. Hoogeveen, T. Zicgenhagen / Light bosons

RIS

a a
Y WV\E_) > g\/\/\/L v
LASER 8; PO
B B
,.Y* ,.}/*

One photon through the wall each 90,000 years
boosted by 1,000-10,000
equals 0.3 photons per day!

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 46



Designing ALPS Il

Resonant enhancement.

LASER

\

———

p-——!.-— — —r—

F. Hoogeveen, T. Zicgenhagen / Light bosons

i

==l

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

a a
Y WV\E_) > g\/\/\/L v
B B
,.y* ,.}/*

One photon through the wall each 90,000 years
boosted by 1,000-10,000
equals 0.3 photons per day!

Maybe there is a reason why this has not been
realized since 1991 ...
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ALPS Il Optics

Optical resonators

Two semitransparent mirrors, 80% reflection in the animation.

Cavity Cavity
De-tuned time: 0.00 Tuned time: 0.00

Sum of electric field
Sum of electric field

Tuned:
* The electric field is amplified between the mirrors.

« ALPS II: power build-up factor up to 40,000,
requiring pm length control.

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner Page 48



i ressure A
topview; before i pressure screw

ALPS Il technologies
Challenges all over ﬁ

| ressur
pressure”_f————x) Y pressure BRI

ressure

« 12+12 superconducting dipole magnets Pree o
built for the former HERA proton accelerator, fog Sh”;‘h ;ﬁiﬁ"fﬁ’ig’%é}jﬁ;nfii"rjizii’;i”;’ii;ﬁi e i i oo e
. eformation yields the largest achievable horizontal aperture.
needed to straighten the cold mass. - Physics Letters B

Volume 689, Issues 4-5, 31 May 2010

« Extremely low 1064 nm photon flux detection: Phys.DarkcUniv. 35 (2022), 100914

heterodyne sensing and
superconducting transition edge sensor (TES)

PoS EPS-HEP2021 (2022), 801

» Optics:
long baseline precisions interferometry based on
GEOG600 and aLIGO experience.

Design of the ALPS Il optical system,
Phys.Dark Univ. 35 (2022), 100968
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Designing ALPS Il

Sensitivity increase for the axion-photon coupling g,,,

ALPS I'in 2010
OSQAR in 2015

magnets: 24

ALPS Il will increase the sensitivity by
three orders of magnitude. optics: 49

Signal-to-noise will improve by 102!

photon detection: 3

ALPS Il
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i side | clean gray clean gray clean
p t I C S O r view room room room room room
0,92m ;

[l 2]
Detector ﬁ _J”l |m ..llll H Laser

Regeneration cavity ~ 10m Production cavity ~ 10m

{ : )
top
view

optical table optical table optical table

« Concept heavily based on aLIGO and GEOG600 experience with additional challenges:

« Spatial coupling of any generated axion field with regeneration cavity mode.
 Light-tightness between PC and RC.
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Any Light Particle Search |l
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Any Light Particle Search |l
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Any Light Particle Search |l

More magnets

/

.// ,‘
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Any Light Particle Search |l

More magnets
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Any Light Particle Search |l

More magnets
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Any Light Particle Search |l

More magnets
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Any Light Particle Search |l

Joachim Mnich, Wim Leemans,
Director for Director for
particle physics accelerators

(now at CERN)
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Any Light Particle Search |l

Spring 2021 start of optics installation.

« September 2021: all magnets connected.

« December 2021: magnet string reaches operation
temperature of 4 K.

« May 2022: regeneration cavity test-installation and -lock.

« June 2022: world-record cavity storage time.

u#&2 125 m regeneration

\ €& cavity storage time:

4§ 6.75 ms! (world record).
& Now 7.2 ms.

« September 2022:
installation of central optical bench for first science run.
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ALPS Il start-up

17
N7
2
y// /1//

After more than 12 years of preparation.
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Understanding ALPS Il

No standard model physics signal for calibration

Production Cavity ngl"ﬂ:;il:‘ght Regeneration Cavity

T

BEENTETETENN  petector
~—

125 m =i

1064 nm laser .E@uma Ilzllc..
S E—

125 m =——  AXion Field

« Careful characterization of the system.

« Exclude any fake signals.

 Ensure detection, if an ALP is in reach.

* Crucial tool: open a shutter in the light-tight wall

* Monitor 1064 nm laser light storage in regeneration cavity.
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ALPS II: aglimpse on the challenges

Cavities and Heterodyne Sensing

Production Cavity ngls‘l:;il:ight Regeneration Cavity

AW

BESRTOTETENN  petector
~—

125 m =i

1064 nm laser .E@um) Ilrﬁl!c.l
e E——

125 m =i

Axion Field
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ALPS II: aglimpse on the challenges

Cavities and Heterodyne Sensing

HPL RL LO
Phase locked

Phase locked

Regeneration cavity

Production cavity t
H Ih*

Signal

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner

Problem:

Light in regeneration cavity
required to sense mirror motions to
maintain resonance condition for
light from axion reconversion.

From a problem to a benefit:
Maintain a constant

« frequency difference and

« phase difference

between sensing light and
“axion-light”.

Superpose both light fields and
look for the beat-signal
(heterodyne sensing).
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ALPS II: aglimpse on the challenges

Cavities and Heterodyne Sensing

HPL LO
Phase locked l Phase locked

PLL PLL Measure P,
and phase shift

Production cavity Regeneration cavity /
I il M

Signal

‘ v P1e'5(27fft+¢1) 4 /P2€’5[27T(f+fo)t+¢2] ’ —

Pl + PQ -+ 2‘\/ Plpg COS (27Tf()t + Aqb)

“Coherent detection of ultraweak electromagnetic fields”,
Z.Bush et al., Phys. Rev. D 99, 022001 (2019)
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ALPS Il initial configuration

No optical cavity in front of the wall

Productlon Cavity ngl":‘::ail:Ight Regeneration Cawty

I--=-==# [#-=-=md]—|

1064 nm laser [EERYECCUEFRE NN > BEEATETETENN  oetector
~— ~—

125 m —— AXION Field 125 ) =—

Prime motivations:
« Understand the (simpler) system.
« Demonstrate stable data taking.

« Characterize and mitigate stray-light reaching the detector:
40-fold enhancement without the production cavity.
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HPL RL LO
Phase locked Phase locked

ALPS II: aglimpse on the challenges

PLL PLL
Cavities and Heterodyne Sensing Regenaraioncaey
I I Signal
Blog-Fintrag / 2024 / Juni / 10 & & # Bearbeiten ¥ Favorit @ Beobachtung < Teilen
10.06.2024 exact demodulatlon frequency pseudoscalar run (review)
Daniel Cai Brotherton posted cn 10. Jun. 2024 17:38h - |ast edited by Daniel Cai Brotherton on 10, Jun, 2024 77:45h

The Moku:Lab frequency resolution is 1 GHz / 2748,

The desired demodulation frequency is 2.4 Hz.

The FSR was measured before the run to be 1222632.33 Hz and based on this, the reference frequencies set on the Mokus are:

PLL2: 52546866.89 Hz

Science: 14603135.51 Hz FSR: 1.22 MHz

Veto: 4034686029 Hz free spectral range, difference between cavity resonances

Additionally, there are the reference frequencies:

PLL1: 12200000 Hz Linewidth of resonances: 44 Hz

PLL3: 54350000 Hz Phase stability required: 0.1 rad

The calculated demodulation frequencies are:

Science: 2.40000019222498 Hz sub-pHz precision needed for 280 THz infrared light!
Veto: 2.40000020712674 Hz
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ALPS Il systematics (example)

Regeneration cavity light storage time

Residuals

~ Control feedback ’disab]lcd

N

Y

!
[9%)
o R D e

Power decays to ¢ of the
start value at t = T

Transmitted Power [a.u.]
(¢]

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Time [ms]

Storage time (7.17 = 0.01) ms. World record!
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[ Storage time fit results
Gaussian distribution fit

500 1

400 F
‘g 300 f
(@)

O

200

100 |

0 |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Deviation from 10 minute moving average (ms)
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ALPS Il systematics (example)

Measure mirror reflectivity and losses by scanning a cavity resonance

R(Av)

uliy

ref :

—

input:

>

ﬂnput

%A— 2773'%

Eref -
E;

injected light (E-field)
reflected light (E-field)
transmission of mirror
total loss in cavity per round-trip

Optical cavity characterization with a

mode-matched heterodyne sensing scheme

1

Aaron D. Spector * ! and Todd Kozlowski!

'Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607

Hamburg, Germany

April 12, 2024

https://inspirehep.net/literature/2776450
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ALPS Il systematics (example)

Regeneration cavity light storage time: do we understand the results?

Preliminary results:

Cavity barameter Complex Reflectivity Ring-down Ring-down
y P (Operational) (Operational) (Lowest loss)

Length (Lrc) 122.60122 m - ~
Finesse (JF) 25850 + 50 25650 + 20 27550 + 40
Flat Mirror Transmissivity (75) 5.1 0.5 ppm - —
Curved Mirror Transmissivity (77) 95.7 + 0.5 ppm 967} ppm 997} ppm
Round-trip Attenuation (A) 243 + 0.5 ppm 245.0 £ 0.2ppm 228.1 £ 0.3 ppm
Round-trip Losses (1) 142 + 1 ppm 14477 ppm 12477 ppm
Resonant Enhancement () 6480 = 50 6400157, 7610750,

DESY. Axions | DESY-Pforta Week | 4 June 2025 | Axel Lindner
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ALPS Il systematics (example)

Regeneration cavity light storage time: do we understand the results?

Measure mirror reflectivity and losses by walking the beam across the mirror surfaces at resonance:

Flat RC Mirror Curved RC Mirror
16.3 | | | | 600
245 11.6 550
—_— "d —_—
= = =
= X 7 500 &
240 < = =
2 = 23 450 .S
= 2 :
5 8 a3 400 5
B5E = z
= 32 7 1350
o 5 o
= > | ~
1230 -11.6 1 300
1 1 1 . 1 [ -16'3 1 1 1 __ 250
0 1 2 3 4 5 6 -16.3 -11.6 -7 2.3 2.3 7 11.6 16.3
Horizontal Position (mm) Horizontal COB tilt (urad)

Large losses at large tilts due to aperture limitations.
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ALPS Il systematics (example)

Regeneration cavity light storage time: we understand the results!

8.7 i3 = - = 0.5
Predictions from mirror POPETR g =
- . = L 0% AR orgge time movn."lg average =
characterization match very . 6.65 A Predicted storage time E
. . é Wi ‘. ‘ Relative eigenmode position 0 g
WE” Wlth Storage tlme N g | Eigenmode position moving average =
measurements. g £
Drift explained by beam D 6551 05 E
position drift on mirrors. & g
? 65 73 | Lv:?
= 1 o
© =
6.45 - RS
&
6.4 ' ' ' ' ' '-1.5
Jun 08, 00:00 Jun 08, 12:00 Jun 09, 00:00 Jun 09, 12:00 Jun 10, 00:00
No correlation with spatial 2 95% ‘
alignment of laser beam and 2 9%
cavity axis. w 9%
= -
= 92% -
S o
8 91%
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ALPS Il systematics (example)

Open a shutter in the wall and measure the high-power laser light in the regeneration cavity.

Open Shutter Periods

100 T T
% 80 .
2]
c X X
S 60 » > X X > XX -
50 photons/s = 101" W = . X x oxZox X X% "X
S 40fF x x .
o
S 20+ .
o
0 | 1 | 1 | 1 |
0 2 4 6 8 10 12 14 16
w | I | I | I |
Phase stability is maintained, = ™27 -
measurements even allow to £ . § y
- _ x —
correct for the drift. ? x X x [ o ox K TR ORETX
= X
O 2+ . .
- | 1 | 1 | 1 |
0 2 = 6 8 10 12 14 16
Time (days)
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ALPS Il systematics (example)

Can we operate the whole system?

g X10° . . . .
T |
6 |
0
s 5F
©
‘|
Yes, after some learning curve! B4t
@
o)
Q
23}
o
P2t
1L Closed Shutter Data ]
Closed & Open Shutter Data
100% Duty Cycle Limit
0 | | | 1 |
0 2 4 6 8 10 12 14 16 18

Run Time (days)
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ALPS Il initial configuration

No optical cavity in front of the wall

Productlon Cavity ngl":‘::ail:Ight Regeneration Cawty

I--=-==# [#-=-=md]—|

1064 nm laser [EERYECCUEFRE NN > BEEATETETENN  oetector
~— ~—

125 m —— AXION Field 125 ) =—

Prime motivations:
« Understand the (simpler) system.
« Demonstrate stable data taking.

« Characterize and mitigate stray-light reaching the detector:
40-fold enhancement without the production cavity.

KLL
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ALPS IlI: key achievements

A world-record and first results

| World-record long-baseline *‘a
interferometry (DESY lead!) &

R — ] B =T SRR Vi
4 Design and Performance of the ALPS Il Regeneration Cavity
A arXiv:2408.13218, accept. Optics Express

=

Y N . = .

First run 05/2023 to 05/2024.
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Jayy [1/GeV]

Laboratory experiments 2024

Improvement (data preliminary)
factor 30 in the coupling constant
(factor 10 in S/N)

19th Patras Workshop, 2024

py stray-light

Dark matter theory
~ QCD axion
© Lab-Limits 2024
I ALPSII

10712 10°10 10-8 1076 104
mass [eV]

10°
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What if ...

There is only one ALPS Il world-wide!

Plan:

Switch from heterodyne sensing (“interference effect”) to photon counting.

* Pro:
Very different systematic uncertainties.

« Con:
Need to construct a revised optics concept with a new central optical bench.

Need to develop a photon counting system capable of detecting few 1064 nm photon per day (5-10-24 W)!
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ALPS Il: TES detectors for an alternative LSW sensing

« Using a superconducting transition edge sensor
operated at about 100 mK.

fiber
splitter

attenuator

laser
@1064nm

calibrated optical
power reference

wavelengths
> 1550nm

electronics t ®)

SQUID RAset point normal

o a=LiE AR~1Q
£ s SUperconductive
7'& T ©
I -
/N E=ViAld Al =
@

T d

Two dilution refrigerators available.

TES for direct dark matter searches?

TES for squeezed light photon statistics?
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Status:
https://inspirehep.net/literature/2751657

g et = A /)
mputer Teff = T +a/n
e MG AT ~ 300 pK
read out



https://inspirehep.net/literature/2751657

SQUID (PTB, Magnicon)
* |-Box
* Electronics from Magnicon
* IV curve measurement via
Oscilloscope

//.

/
\

————— =

~

e e w—
Al a s nlEs ns

 —————

= - N
. A-\\*

« High-efficient layers (>99%
transmission for 1064 nm)

* Fiber coupled

» Coupled to the bath via copper

"I/« aluminium can for shielding

against magnetic, EM, BB... ?

Cryostat

» Bluefors Dilution refrigerator
(mixing He3/4) achieving 21mK

» Control from Bluefors (manually
and remote software)

* Remote control (Windows PC)

» DOOCS Panel for remole view

DAQ
» Alazar ATS9626 250Ms/s via
PCl on a Linux system
» GUI programmed in-house
» Triggering for different working
points of TES resistance
» Different analysis lines




ALPS II: key goals

Reach target sensitivity, going beyond CAST and astrophysics

Laboratory experiments and astrophysics 2027

10°8
Improvement:
factor 1000 in the coupling constant
A (factor 102 in S/N)
S
0]
Q
Purely laboratory based searches 3 10-12
[@)]

Solar axion searches (CAST@CERN)

Astrophysical searches 0=

10—16 .
10-12 10749 10-2 10°° 104 102 100
mass [eV]
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Measure the Sun’s dark luminosity

International AXion Observatory IAXO

120_
100/

I Jayy= 7-10772 1/GeV Solar axions
801 Gaee™ 107 generated via

couplings to photons,

Differential solar axion flux (10" em?2 s keV™)

60f electrons and
I nuclear transitions
40 (i.e. 14.4 keV).
20:_
% JCAP01(2016)034
e Y e 0
E, (keV)
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Annual Review of Nuclear and Particle Science, Vol. 65: 485-514 (2015) MATTER AND m
THE UNIVERSE

X-ray optics
L .
Solar oy
axion A l
flux '.\\.
A A T A B A [ ———
1 ] [ i i 11 i i ] i T
n A I R L
| il
\
X
\

—

IAXO Kollaboration, DESY

13.Marz 2024 I

L \XO

Full members: Kirchhoff Institute for Physics, Heidelberg U. (Germany) | Siegen University (Germany) | University of
Bonn (Germany) | DESY (Germany) | University of Mainz (Germany) | Technical University Munich (TUM) (Germany) |
University of Hamburg (Germany) | MPE/PANTER (Germany) | MPP Munich (Germany) | IRFU-CEA (France) | CAPA-
UNIZAR (Spain) | INAF-Brera (ltaly) | CERN (Switzerland) | ICCUB-Barcelona (Spain) | Barry University (USA) | MIT
(USA) | LLNL (USA) | University of Cape Town (S. Africa) | CEFCA-Teruel (Spain) | U. Polytechnical of Cartagena (Spain)

Associate members: DTU (Denmark) | U. Columbia (USA) | SOLEIL (France) | IUJCLab (France) | LIST-CEA (France)
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BabylAXO achievements

Ready to start construction

Service box
Key achievements: Crvocooler || Girculator
Bore
« Magnet CDR and TDR (2025), recovered | [— ‘
from suspension of Russia in February 2022. = [ Ak o : B |
« Promising funding scenario. A!" g e <\ | Gaity
_ _ Wﬁi il a1 MLI Ls o
« Extensions of the science case: it o AN g ] Bt ee—]
» Direct dark matter searches with RADES. @AZ |
(Caliraion|

Frequency [MHz]

10°

Look for axion dark matter below the
ADMX mass reach.

Annalen Phys. 535 (2023) 12, 2300326
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BabylAXO achievements and goals

Ready to start construction - reach sensitivity beyond ALPS Il

Key achievements: Laboratory experiments and astrophysics 2035

Magnet CDR and TDR (2025), recovered
from suspension of Russia in February 2022.
Promising funding scenario.

1078

Extensions of the science case:
* Direct dark matter searches with RADES.
« Supernova axions.

10—10

10—12

Jayy [1/GeV]

Component / Status

Structure & Drive system (\/) (“) QCD axion
—14 L ] S
Vacuum & Gas System \/ ¢ 10 k?;s"'l:"'ts 2024
A ) () o
: CAST
X-ray Telescopes V ¢ babylAXO
10—16

mass [eV]
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BabylAXO achievements and goals

Ready to start construction - reach sensitivity beyond ALPS Il

Key achievements:

|
« Magnet CDR and TDR (2025), recovered . The Baby might grow later ... | ”H
from suspension of Russia in February 2022. al llw

* Promising funding scenario.
« Extensions of the science case: 10-10]

« Direct dark matter searches with RADES.

« Supernova axions. = e—

&)
- [
Structure & Drive system \/ ¢ . :
Vacuum & Gas System V \/ )
LA ) () i
X-ray Telescopes -
etectors 102 10-1° 10~% 106 10~4 102 10°
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Finding ambient dark matter

MAgnetized Disc and Mirror Axion eXperiment

,y*

Purely laboratory based searches
Solar axion searches (CAST@CERN)
Astrophysical searches

Direct dark matter searches (ADMX@FNAL)
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Jayy [1/GeV]

1078

10—10

10—12

10714

10716
10712

Laboratory experiments, astrophysics and DM 2024

Dark matter theory
QCD axion
Lab-Limits 2024
ALPS ||
Astro-Limits

CAST

DM-Limits 2024

10710

1078

1076
mass [eV]

1074

1072

1078

10—10

10—12

10714

10—16
10°
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Finding ambient dark matter
MADMAX: new technologies to search for 10-100 peV axions

Laboratory experiments, astrophysics and DM 2023

1078 10-8
a
> Y

3
G}
B 10-10 1010 E-
5" 5
_ o
> ~

Q 7
= :
£ 10712 10723
antenna +  receiver o 5]
m
e
Axion g
_____________ Z
(oK
10714 10-14 =

sensitivity Dark matter theory
-21 axion
B =9 Tesla to 10" Watts = f:bl:-'Limits 2024

10—16
10712 10°10 10-8 1076 104 1072 10°
mass [eV]
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MAgnetized Disc and Mirror Axion eXperiment
https://madmax.mpp.mpg.de/

« CPPM, France

« DESY Hamburg, Germany

» Néel Institute, Grenoble, France

 MPI fur Physik, Munich, Germany

« MPI fur Radioastronomie, Bonn, Germany
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RWTH Aachen, Germany
University of Hamburg, Germany
University of Tubingen, Germany
University of Zaragoza, Spain
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MADMAX achievements

Science results on axion and dark photon searches

Technical feasibility demonstrated!

~30cm ~ 20 cm (when assembled)

Receiver _, (f,
side

Outer tube Separation rings
mounting points
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@20cm

Jayy [1/GeV]

1078

10—10

10—12

10714

10716
10712

Laboratory experiments, astrophysics and DM 2024

Dark matter theory
QCD axion
Lab-Limits 2024
ALPS ||
Astro-Limits

CAST

DM-Limits 2024
MADMAX

10710

1078

1076
mass [eV]

1074

Hello world!

-

2409.11777 [hep-eX]

1072

1078

10710
v

10—12

10714

10716
10°
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MADMAX goals

Reach out for vanilla QCD axions

Key activities: Laboratory experiments, astrophysics, MADMAX 2035/40

» Scaling up the “booster”, cryogenic:
further prototype measurements @ CERN.

« 102*W RF sensing.

« Building a huge dipole magnet.

1g-® 10-8

=
[}
2
1077 1010 2
5
S (@)}
> -
m W
= T
E :
$ 10712 10-12| 3
i O
S ©
Dark matter theory n
QCD axion =
Lab-Limits 2024 v v B
101 ALPS I J -
Astro-Limits
CAST
DM-Limits 2024
MADMAX
1o-1e 10-16
107+ 174 1078 107 1074 1072 10°

mass [eV]
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Hypothetical light bosons for BSM physics

DESY ambition: a world-leading axion site

Laboratory experiments, astrophysics and DM 2035/40

ALPS Il target sensitivity
MADMAX target sensitivity 1G-8

192

RADES target sensitivity
(using the BabylAXO magnet)

10—10 10—10

BabylAXO target sensitivity

10-12 Dark matter theory 1075
QCD axion

Lab-Limits 2024

ALPS Il

Astro-Limits ol

CAST ) 10—14

Jayy [1/GeV]

Vpom/(0.3GeVem3) - g, [1/GeV]

10—14
babylAXO
DM-Limits 2024
MADMAX
RADES
10—16 10—16
1012 107519 10~ 10°° 1074 107% 10°

mass [eV]
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DESY searches for hypothetical light bosons:

DESY and Hamburg University:

towards world-leading axion cluster.

ﬁ Universitit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

PROPROSAL FOR THE CLUSTER OF EXCELLENCE

QUANTUM UNIVERSE |
: \
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News

\] o)

rom the C entre

2023110i26

Back

ERC project to provide quantum detectors for DESY dark matter
experiment

European Research Council (ERC) Synergy project to develop quantum sensors and apply them in
dark matter expenments

The European Research Council (ERC) has bestowed a prestigious Synergy grant that will develop novel quantum
sensors for experiments searching for dark matter. The DarkQuantum project, which is coordinated by the
University of Zaragosa in Spain. has been funded with almost 13 million euros. The aim of which is the
development of new quantum sensors and their application in experiments to search for axions, hypothetical
particles that could make up dark matter. One of the experiments benefitting from this effort is the experiment
BabylAXO, a dark matter observatory under construction at DESY.

The ERC's “Synergy” projects aim to bring together the expertise of
several principal investigators (between 2 and 4) to tackle very
ambitious research, which could not be carried out individually. The
researcher lgor Garcia Irastorza, professor of physics at the University
of Zaragoza and leader of the DESY-based International Axion
QObservatory (IAXO), will lead the DarkQuantum project. The project is
based on the Irastorza's extensive experience with this type of
experiment, exploiting recent innovations in the field of quantum
technologies. In addition to Irastorza, three other international experts
in different aspects of quantum technologies are contributing, namely

Downioad [3.0 MB, 2032  1530] Takis Kontos of the Ecole Normale Supérieure de Paris. Sorin

A visualisation of the BabylAXO experiment in Paraoanu of Aalto University in Finland, and Wolfgang Wernsdorfer of
the underground chamber where it wil be the Karlsruhe Institute of Technology.

located. The quantum detecters that will be

developed through DarkQuantum will be DarkQuantum will develop new photon sensors based on recent

installed within this expenment. (Picture: 1AX0 advances, similar to those that now make it possible to build the
Collabration) quantum bits or “qubits”) that make up the first quantum computers.
Subsequently. these sensors will be installed in two experiments that will search for dark matter axions with a
sensitivity never seen before. One of them is planned to be installed in the Canfranc Underground Laboratory, and
will be the first experiment of its kind underground. The second will be installed inside the BabylAXO magnet at
DESY. BabylAXO, a smaller preliminary version of the |AX0O experiment, already received ERC funding in 2018.

DESY is partner in the ERC synergy grant
“DarkQuantum” (lead by I. Irastorza, Zaragoza)

Among other topics:
guantum noise
limited cryogenic
amplifiers for
RADES.
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Axion technologies for more physics

Vacuum magnetic birefringence:
» High-precision long-baseline interferometry
« ALPS Il magnet string

: M
Sub-MeV dark matter searches: GBS AR ARN Gt R
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Axion dark matter searches without magnets: ~ 107'¢ | —1%
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High-frequency gravitational waves: & 10-3 ’/*
« High-precision long-baseline interferometry % .'
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Quantum Sensmg' 10-5F Front. Astron. Space Sci.,28 May 2021
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ECRs and media attention

Early careers at ALPS Il

ALPS Il doctoral researchers:

« 14 dissertations in experimental physics.

1 dissertation in engineering.

» Atleast 4 theses still to come.

Former ALPS Il DESY fellows:

« 5 permanent positions in academia.
* 1 junior professorship.

» 3 left for other postdoc positions.

« 2 left to industry.
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Media on the ALPS II

r o

"'/ "~ Lichtdurch die Wand: Von Dunkler Materie und hellen
Kopfen

LiKCHT EWAMD  Luca Bradiey, Moritz Lok

27 B0 DESY WEDES LASERUCHT DURDH ASHREN SCOIESST, LALWT'S IN WOLKSPARE

Ist dieser Tunnel Grund fiir den

LAV I

HSV-Aufschwung?

@ tagesschau & « Folgen

Hamburg am Di nicht nur das

tagesschau & Taylor Swift hat bei ihrem ersten Konzert in

vt untersuchten mit einem Netzwerk aus Glasfase!
seismische Sensoren, welche Vibrationen die K
Sangerin in der Hansestadt auslosten.

Die ersten Auswertungen ergaben, dass die Vib
den Campus der Science City Hamburg im Stac
bis tber die Stadtgrenze hinaus nach Schenefel
entfernt, messbar waren. Das seien aber Boden

TaleI'-SWIﬂ:'KOnZEr g keine Erdbeben, beruhigte Prof. Oliver Gerberdi

. ° i
Meh r vl brat Io 1L Die durch Taylor-Swift-Konzerte erzeugten Vibre

bereits bei mehreren Konzerten in verschiedene

. Geophysiker:innen aufgezeichnet. Allerdings ve

bel d e r Fu Bba I I-EM o City Hamburg tber ein Messnetzwerk mit einmz
wie die Universitat mitteilte.

S g |} #taylorswift #swiftys #hambura #erastour #tages

oQv

Sie waren noch in\VierKilo==
meter Entfernung messbar tagesschaul i Gefallt 223.185 Mal
1 5 saam - IR

B

zum -
Beben gebracht. Die Universitat Hamburg zeigt, dass die I‘
Bodenvibrationen kilometerweit zu messen waren. Forschende

Maximum Ampitude: 1.9 Pm ———
n
ALPS e (5)
OG 76' YeY
Goal Croatia

o Kramari¢ 74'

Goal Albania
A Gjasula 90+5'

45' 60

Game Clock

Courtesy: T. Koziowski / H. Fradrich

Page 94



Taylor Swift @ ALPS Il

Jumping crowds cause length changes of the regeneration cavity

Taylor-Swift-Konzert

Mehr VibrationBh &
bei der FuRball-EM e

Sie waren nochiinVIeRKilo=
meter Entfernung messbar.

Qv

Gefallt 223.185 Mal
Vor 4 Tagen

tagesschau| @

@ tagesschau & « Folgen

tagesschau # Taylor Swift hat bei ihrem ersten Konzert in
Hamburg am Dienstagabend nicht nur das Volksparkstadion zum
Beben gebracht. Die Universitat Hamburg zeigt, dass die
Bodenvibrationen kilometerweit zu messen waren. Forschende
untersuchten mit einem Netzwerk aus Glasfaserkabeln als
seismische Sensoren, welche Vibrationen die Konzerte der
Séngerin in der Hansestadt auslosten.

Die ersten Auswertungen ergaben, dass die Vibrationen tber
den Campus der Science City Hamburg im Stadtteil Bahrenfeld
bis Gber die Stadtgrenze hinaus nach Schenefeld, vier Kilometer
entfernt, messbar waren. Das seien aber Bodenvibrationen und
keine Erdbeben, beruhigte Prof. Oliver Gerberding.

Die durch Taylor-Swift-Konzerte erzeugten Vibrationen wurden
bereits bei mehreren Konzerten in verschiedenen Landern von
Geophysiker:innen aufgezeichnet. Allerdings verfagt die Science
City Hamburg tber ein Messnetzwerk mit einmaliger Aufldsung,
wie die Universitat mitteilte.

#taylorswift #swiftys #hamburq #erastour #tagesschau

https://www.instagram.com/p/C90CNVgil XN/
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Word-wide outstanding opportunities for % N
QED tests and axion searches. //

Achievements: f

« ALPS Il science results

« MADMAX prototype science results
 Cryogenic quantum sensing lab established

Future:
« Science with LUXE, BabylAXO, MADMAX

« Cryoplatform

Enabled by combining existing infrastructure ' !
and new cutting edge technologies. | o | /
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Where to find particle physics beyond the standard model?

The next relevant energy scale might be out of reach at accelerators

> Planck 10%° GeV (10*>-LHC)

Electroweak (174 GeV, LHC)

QCD (1 GeV) .

There is no hint for a “new physics energy scale” from accelerator based particle physics.

Y
o]
o

https://bigthink.com/starts-with-a-bang/universe-fundamentally-unstable/
https://arxiv.org/pdf/1809.06923
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Axions might provide the key to understand “everything”

Cosmology, particle physics, unification of quantum mechanics and general relativity

Experiments will tell!
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