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AXions

CP symmetry violation in strong interactions ?

* QCD predicts an EDM of the neutron: d, =6 - 3:10-1¢ e-cm.
0 is a free parameter

A e

https://arxiv.org/abs/1812.02669

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 3



AXions

CP symmetry violation in strong interactions ?

* QCD predicts an EDM of the neutron: d, =6 - 3:10-1¢ e-cm.
0 is a free parameter
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https://arxiv.org/abs/1812.02669

Experiments: d, < 3:10%6 e-cm; 6 < 10-19

QCD conserves CP!
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AXions
Saving CP symmetry in QCD

Axions are a consequence of the Gluon coupling [ <
o o _ Ly = GGa a=--
Peccei-Quinn symmetry to explain 6=0. (generic) 8rf,

: MyMg My 6 ueV
Mass (generic) B S ST 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”.

Traditional benchmarks:

« DFSZ (Dine, Fischler, Srednicki, Zhitniskii):
axions couple to fermions. E/N = 8/3

« KSVZ (Kim, Shifman, Vainshetein, Zakharov):

axions couple to BSM quarks only. E/N =0

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner
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Pion coupling
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AXions

Exploited by many experiments as relatively “simple”.
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AXions

Exploited by many experiments as relatively “simple”.

Be aware of model dependencies.
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Sokolov, A.V., Ringwald, A. Photophilic hadronic axion from heavy
magnetic monopoles. J. High Energ. Phys. 2021, 123 (2021).
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AXions

bE

Exploited by many experiments as relatively “simple”.

Be aware of model dependencies.

Be aware of model dependencies when
comparing axion searches looking for
different couplings.

There might be axion-like-particles (ALPS) as
motivated by string theories for example.
Such particles are not related to QCD-CP.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner
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AXions

Lightweight axions are perfect dark matter candidates.
« DM axions originate from the PQ phase transition in the early universe (non-thermal generation).
 They come with a huge number density and behave like an axion field.

« Different cosmology models predict different axion mass ranges where axions could make up all of the DM.

Preinflation models Postinflation models ALP miracle
. , . , [ ] )
o Npw =1 Npw > 1 Igor G. Irastorza, Javier Redondo,
Anthropic window ] . Progress in Particle and Nuclear
4 [ | | Physics,
I [ | IIIIIII [ | IIIIIII L1 IIIIIII L1 IIIIIII [ | IIIIIII L1 IIIIIII L1 IIIIIII L1 IIIIIII [ | IIIIIII Volume 102 2018
1077 10~® 1077 107° 1072 1074 10~ 1072 1071 1

mass (eV)

DM axion searches “only” probe [(axion exists) AND (DM is made out of axions)|

« Thus DM search limits don’t tell about the existence of axions.
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Axions /ALPs

Evidences from astrophysics?

Lightweight axions / ALPs might explain

* puzzles in the evolution of stars

00 05 1.0 15 2.0 25 3.0

Gae[1071]

Luca Di Luzio et al JCAP02(2022)035
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Axions /ALPs

Evidences from astrophysics?

Lightweight axions / ALPs might explain

* puzzles in the evolution of stars
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Axions /ALPs

Evidences from astrophysics?

Lightweight axions / ALPs might explain

puzzles in the evolution of stars

features in high energy photon spectra

>
$ 10
hints for a too large TeV photon transparency. %

10121 TeV Transparency

I PKS 2155-304, Bigmr(0.3nG)
—— ABRACADABRA NGC 1275, B,

I NGC 1275, B, (updated) = PSR
[ PKS 2155-304

1079 10-8 10~/
ms (eV)

All these effects hint at photon couplings g, = 10 to 10*° 1/GeV.

Complement DM axion searches with other approaches!

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner
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AXion searches

If axions are dark matter, their number density at earth would be extremely large:
* n,~310%3-(10pueV / m,) cm=3,
« Dark matter axions originate from a phase transition.

* In general, searches for dark matter axions are significantly more sensitive than other approaches and
target f, up to 109 TeV (10" Mppaner)-

 “Two Nobel prizes or none”.

Experiments relying on other axion production mechanisms:

« Axion production: couplings to SM constituents are suppressed by 1/ f, and hence extremely weak.

» Flux of solar axions: fluXpimakor = 1-8:1053:(10°TeV / f,)? st'm2 ~ 0.02:(10°TeV / f,)? - [solar neutrino flux]
corresponding roughly to 0.1-(10°TeV / f,)> W-m2 =~ 104:(10°TeV / f,)? - [solar constant]

- Target: BSM energy scales up to f, = 10> Te V.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 15



Disclaimer:

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

Unless stated otherwise.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 16



How to look: three kinds of experiments at DESY

« Haloscopes
looking for dark matter constituents,

microwaves
,.y*
« Helioscopes a
Axions emitted by the sun, > g\/\/\/L %
X-rays
B
,.Y*

* Purely laboratory experiments a a
“light-shining-through-walls”, 2 > > 2l
microwaves, optical photons

B B
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How to look: three kinds of experiments at DESY

Axion/ALP photon mixing in magnetic fields

« Haloscopes
looking for dark matter constituents, MADMAX
microwaves.

« Helioscopes
Axions emitted by the sun, BabylAXO
X-rays

« Purely laboratory experiments
“light-shining-through-walls”, ALPS I
microwaves, optical photons

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 20



How to look: three kinds of experiments at DESY

Axion/ALP photon mixing in magnetic fields

« Haloscopes
looking for dark matter constituents,
microwaves.

« Helioscopes
Axions emitted by the sun,
X-rays

« Purely laboratory experiments
“light-shining-through-walls”,
microwaves, optical photons
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MADMAX

BabylAXO

ALPS Il
1st science run
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Outline

« Axions @ DESY:

- MADMAX
. (Baby)IAXO
. ALPSII

 Conclusions
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Infrastructure at DESY in Hamburg
Re-using HERA

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 23



Infrastructure at DESY in Hamburg
Re-using HERA
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MAgnetized Disc and Mirror Axion eXperiment

Physics goal: look for axion dark matter in the mass range predicted by
« postinflation models (PQ symmetry breaking after inflation),

* high mass region of preinflation models.

Preinflation models Postinflation models ALP miracle
Npw = 1 Now>1 ! lgor G. Irastorza, Javier Redondo,
Anthropic window . e Progress in Particle and Nuclear
] I . Physics,
I | | IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII | | IIIIIII L1 lIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII VOIUme 102, 2018,
107? 1078 10°7 1076 10-° 10 1072 1071 1
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MAgnetized Disc and Mirror Axion eXperiment
https://madmax.mpp.mpg.de/

» Centre de Physique des Particules de Marseille (CPPM), France
« DESY Hamburg, Germany

* Neéel Institute, Grenoble, France

 MPI fur Physik, Munich, Germany

« MPI fur Radioastronomie, Bonn, Germany

« RWTH Aachen, Germany

* University of Hamburg, Germany

* University of Ttbingen, Germany

* University of Zaragoza, Spain

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 26



MAgnetized Disc and Mirror Axion eXperiment

Approach: resonantly enhance axion-photon conversion

Photons from DM axion conversion show a very narrow energy distribution (10-6)
as the DM axions move with non-relativistic speeds.

» A stack of dielectric plates inside a strong magnetic dipole field is tuned
to the radiofrequencies corresponding to axion masses from 40 to 400 peV.

« The measured power can be enhanced by several 104,

* Tradeoff between bandwidth and “boost factor”.
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For details see:

JCAP 10 (2021) 034
Eur.Phys.J.C 79 (2019) 3, 186
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MAgnetized Disc and Mirror Axion eXperiment

How

Approach: resonantly enhance axion-photon conversion

« Photons from DM axion conversion show a very narrow energy distribution (10-9)
as the DM axions move with non-relativistic speeds.

» A stack of dielectric plates inside a strong magnetic dipole field is tuned
to the radiofrequency corresponding to axion masses from 40 to 400 peV.

* A huge dipole magnet providing about 10 T with an aperture of 1 m is required.

» To be installed in the iron yoke of the former HERA experiment H1.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner

Parameter

Je 50 A/mm?
By (0,0,0) -8.82T
Bpeak (x,y,0) 9.85T
Bpeak 9.87T
Overfield (Bpea/Bo) 11.8 %
FoM 94.4 T?m?

H+/ H- (Z = 0.0 m)

-09% / 5.0%

Energy 482 MJ
Volume 4.435 m3
Length 5.0m

115 kg TNT
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MAgnetized Disc and Mirror Axion eXperiment

Nice progress in the prototyping phase:

* Magnet:

» Conceptual design.

» Very successful conductor test at CEA / Saclay.
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Quench can be detected in 0.1 to 1 s.
Main risk of the project fully mitigated!
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MAgnetized Disc and Mirror Axion eXperiment

Status

Nice progress in the prototyping phase:
 Magnet:
» Conceptual design.
» Very successful conductor test at CEA / Saclay. Successful tests at CERN
_ _ and an ALPS Il magnet at DESY.
« Enabling technologies:
» Dielectric disk handling and mounting.

» Piezo motor tests (vacuum, cryogenics, magnetic field)

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 30



MAgnetized Disc and Mirror Axion eXperiment

Status
Nice progress in the prototyping phase: Prototype at MORPURGO / CERN
- o |
 Magnet:

» Conceptual design.

» Very successful conductor test at CEA / Saclay.
« Enabling technologies:

» Dielectric disk handling and mounting.

» Piezo motor tests (vacuum, cryogenics, magnetic field)
» Booster understanding:

« Series of prototype tests just started at CERN,
in future also at Hamburg University.

Maybe even first physics results with a prototype?

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 31



MAgnetized Disc and Mirror Axion eXperiment

Status

Nice progress in the prototyping phase:
 Magnet:
» Conceptual design.
» Very successful conductor test at CEA / Saclay.
« Enabling technologies:
» Dielectric disk handling and mounting.
» Piezo motor tests (vacuum, cryogenics, magnetic field)
» Booster understanding:

« Series of prototype tests just started at CERN,
in future also at Hamburg University.

Start of data taking with MADMAX in 2028 at HERA North?

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner
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(Baby) International AXion Observatory

Annual Review of Nuclear and Particle Science, Vol. 65: 485-514 (2015)

X-ray optics
‘ L o))
o S
flux -
e g R —— o
oo 4| P | S
iataiuiuiatet SRR O N S . g
I X ’ — Total flux < 8
e X-ray detectors - —— Primakoff conversion é o
Movable platform 41 shielding CTI —— Electron processes _E 6
=R = o
T 25
Solar axions produced via = § =
O 3-
= S ©
« the Primakoff effect (axion-photon coupling), T> S %
« axion-electron coupling, . >
o £ -
. . Al D =
« axion-nucleon coupling L 33
23
(14.4 keV from 57Fe). =1 = &
Eur.Phys.J.C 82 (2022) 2, 120 0 0 5
0 2 4 6 8 10

Experiments need to track the sun!

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 33



(Baby) International AXion Observatory
https://iaxo.desy.de

Baby: the prototype W/ \XO

For details see:
JHEP 05 (2021) 137
JCAP 06 (2019) 047

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 34



(Baby) International AXion Observatory

Collaboration

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner

UHEI WG Gastaldo, Kirchhoff Institute for Physics, Heidelberg University Germany
CEA Institut de recherche sur les lois fondamentales de 'Univers, Direction de la France
recherche fondamentale, CEA
UNIZAR Centre for Astroparticle and High Energy Physics, Universidad de Zaragoza Spain
CERN Switzerland
INAF Istituto Nazionale Astrofisica Italy
ICCuB Institut de Ciencies del Cosmos, Universitat de Barcelona Spain
PNPI Petersburg Nuclear Physics Institute, NRC Kurchatov Institute Russia
USIEGEN Center for Particle Physics Siegen, Siegen University Germany
BARRY Barry University UsSA
INR Institute of Nuclear Research, Russian Academy of Sciences Russia
CEFCA Centro de Estudios de Fisica del Cosmos de Aragon Spain
UBONN University of Bonn, Physikalisches Institut Germany
DESY Deutsches Elektronen-Synchrotron Germany
MAINZ WG Schott, Institute of Physics, University of Mainz Germany
MIT Massachusetts Institute of Technology USA
LLNL Lawrence Livermore National Laboratory USA
ucT University of Cape Town South Africa
MIPT Moscow Institute of Physics and Technology Russia
MPP Max Planck Institute for Physics Germany
UPCT Universidad Politécnica de Cartagena Spain
UHH University of Hamburg Germany




BabylAXO

Status

Before 24 February: essential ready to start construction!
« Magnet providing dipole fields in the bores:
« CERN: design finished, construction could start.

« Unfortunately, there is no vendor now for an Al-stabilized superconducting cable.
Re-design for a Cu-stabilized cable? Time and costs? Cold Mass ards K

SERVICES

7 Cryocoolers:
« 4 xPT425 (10W @4.2K)
* 3 x Al600 (1kW @50K)

10-m long Coils

2 Helium gas circulators:
* Cold mass pre-cooling 300 K - 40 K

* Shield pre-cooling 300 K - 35 K +

Thermal shield at =35 K :
DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner steady state cooling



BabylAXO

Status

Before 24 February: essential ready to start construction!
« Magnet providing dipole fields in the bores:
» CERN: design finished, construction could start

« Unfortunately, there is no vendor now for an Al-stabilized superconducting cable.
Re-design for a Cu-stabilized cable? Time and costs?

« X-ray optics:
* One bore with XMM-Newton flight spare, one custom-made..

Outer corona
for ‘costum x-ray optic module'

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 37



BabylAXO

Status

Before 24 February: essential ready to start construction!
« Magnet providing dipole fields in the bores:
« CERN: design finished, construction could start

« Unfortunately, there is no vendor now for an Al-stabilized superconducting cable.
Re-design for a Cu-stabilized cable? Time and costs?

« X-ray optics:

* One bore with XMM-Newton flight spare, one custom-made..

» Low-background detector:

« Final tests of prototype micromegas this summer in Canfranc, multiple detector options
(“discovery detectors”, energy resolving detectors).

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 38



BabylAXO

Status

A -
i~ > ,”"*‘:*\/’ u’
i T

« Structure and drive system

« Main design close to be finished, re-use positioner of CTA prototype telescope.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 39



BabylAXO

Status

Before 24 February: essential ready to start construction!
« Magnet providing dipole fields in the bores:
» CERN: design finished, construction could start

« Unfortunately, there is no vendor for an Al-stabilized superconducting cable.
Re-design for a Cu-stabilized cable? Time and costs?

« X-ray optics:

* One bore with XMM-Newton flight spare, one custom-made..

» Low-background detector:
» Final tests of prototype micromegas this summer in Canfranc, multiple detector options.
« Structure and drive system

« Main design closed to be finished, re-use positioner of CTA prototype telescope.

Start data taking in 2026 In HERA-South?

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 40
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Any Light Particle Search |l

Light-through-a-wall
Probing axion-photon couplings model independently.

Production Cavity L'gw;“ght Regeneration Cavity

1064 nm laser [IEENTINEREIN ——> BEERTIIETEAN  oetector
e ] 25 1 —— AON FlEl(] <— 125 ) =—
Axion generation 250 m Axion reconversion.
Light injection Axion pass the wall Light detection

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 42



Any Light Particle Search |l

Exploiting mode matched optical cavities

Production Cavity nglx;ﬂght Regeneration Cavity

T

BEENTETETENN  petector
~—

125 m =i

1064 nm taser [IERTEOTEEIN
~——

125 m =——  AXion Field

, . Ja B 1\
P,Y_>¢_>fy _ E '.FPCFRC'(QG.’Y’YBZ)4 — 6-10 38.FPC‘FRC' (10—108121/_1 1]’ IOm)

=102 5,000 40,000 0.2 5.3 10.56
30 W cw Laser 1064 nm: 3-10° Photonen / s (5-10-24W). Motivated by astrophysics

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 43



Any Light Particle Search |l

Constructed in a straight section of the HERA tunnel

HERA hall North
(former H1

: Cryolines
experiment at HERA)

Cleanroom with
cavity optics and
HET detection.

-
,n

Cleanroom with “wall”
and optics to match
both optical cavities.

Cleanroom with
high power laser.

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 44



Any Light Particle Search |l

Status of autumn 2020

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 45



Any Light Particle Search |l
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More magnets
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More magnets
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More magnets
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Joachim Mnich, Wim Leemans,
Director for Director for
particle physics accelerators

(now at CERN)
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Technologies =
ﬁ' - ﬁ” !

| ressure
pressure._fi———— il pressu pressure

ressure

. . prop prop prop
« 12+12 superconducting dipole magnets
H Figure 9: Schematics of straightening. Left: Before applying the deforming force, Right: The deforma-
bu I |t for the former H E RA proton accelerato r, tion forces the pipe to develop two ’camel humps,’ eraggerated in the figure for better illustration. This
deformation yields the largest achievable horizontal aperture.

needed to straighten the cold mass. Physics Letters B
I ' Volume 689, Issues 4-5, 31 May 2010

« Extremely low 1064 nm photon flux detection: Phys.DaricUniv. 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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RC resonant enhancement (Bzc)
RC absolute length changes (ALgc)
RC linewidth (HWHM)
PC circulating power
PC relative power noise (RMS)
Axion Coupling to RC (n)
Coherence (nys)
Dynamic phase noise (A®)
Static frequency offset (Af)
Spatial overlap (n5)
Angular alignment (AB)
Transversal shift (Ax)
Detector sensitivity
Environmental temperature conditions
Stray light mitigation

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner

> 10 000

~ 15 um

15 Hz

> 150 kW

<0.1%

> 90%

> 95%

<0.2rad

<15Hz

> 95%

<5.7 yrad
<1.2mm

> 2x10724 W for 20 days
<0.1K

< 1 photon / 10 days

15 Hz out of 3-1014 Hz
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Actuators: picometer position accuracy required

%E-
cP = .

Phase lock between PC transmitted

Additional reference laser
coupled to RC length

A N\

light and reference laser -
- e S— N

Production Cavity
(PC)

High Power
Central Optical Bench
(COB)

Laser
e
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Regeneration Cavity Local
(RC) oscillator
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« Spring 2021
Start of optics installation.

* June 2021
Lock of 250 m long optical resonator,
characterization of optics and seismic noise studies.

« September 2021
all magnets aligned and connected.

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

e March 2022:

magnet string reaches full operation current of 5.7 kKA.

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

« Late 2022: first science run (hopefully)!

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner
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Normalized Transmitted Power (a.u.

1072

107 |

{ 250 m cavity

storage time
(prel. mirrors)
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Outline

« AXIOns:
« Avery brief motivation.
« Three kinds of experiments.

« Axions @ DESY:

- MADMAX
. (Baby)IAXO
. ALPSII

« Conclusions
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AXxion searches at DESY

In context

ALPS II, model independent searches:

« Improve sensitivity on axion-photon coupling by a factor of ~ 1,000, going beyond astrophysics limits.
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https://github.com/cajohare/AxionLimits
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AXxion searches at DESY

|IAXO, solar axion searches:

« Improve sensitivity on axion-photon coupling by a factor of = 15 (BabylAXO =~ 4).
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https://github.com/cajohare/AxionLimits
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AXxion searches at DESY

In context
MADMAX, dark matter axion searches:

* Probe the mass region between 40 and 400 peV.

CROWS  ALPS-I
OSQAR

Solar v SNEI‘.:?'?A

Horizontal branch A
" 98;7_
Ar,
'y

Mrk 421

Fermi MWD Pol.
> ————

uonoeIy
U0[ESIUo]

w
-1
B
=]
o
@
=}

T

|ayy| [GeV ]

https://github.com/cajohare/AxionLimits

2 N A0 9 8 1 6 5 A 3 3 _
XQ,”X@”X XQ’X 4107 407 407 107 407407 407 407 40 VAP 4T AP AP 48 T 4 (T

Ma [eV]

DESY. Rencontres de Blois | Axions @ DESY | 24 May 2022 | Axel Lindner Page 64



Instead of a summary

Alpeq . L
/ ‘\Lli’o " first data taking in 2022:

« Determine the axion-photon coupling model-independently.

V\XO , first data taking of BabylAXO in 2026 ?

« Determine the absolute solar axion flux using the ALPS Il result.

» Does axion-photon couplings differ in vacuum and dense plasmas?

* Measure the axion-electron and axion-nucleon couplings.

J\/\AD /V\/AX’ first data taking in 2028 ?

« Axions make up the dark matter in our universe.

* Precisely measure the axion mass and the dark matter velocity distribution.
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