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Dark Matter Candidates

DARK MATTER CANDIDATES:

ADAPTED FROM XKCD.COM/2035
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B-BALLS MONOUITHS, EHYE STARDATA  STABILITY
WITH SPACE. CAMOUFLAGE PYRAVIDS

MAYBE THOSE ORBIT LINES IN SPRCE
DIBGRAMS ARE REAL AND VERY HEAVY
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The QCD Axion

The QCD Lagrangian contains a CP-violating term

£QCD = ...+ %éGuyaégy, 0 = 9@01} + Ovukawa € [—7T, 7T] ~ 0(1)

> violates T and P and thus CP experimentally: Spin 5
> induces electric dipole moment d <107 %ecm > 6 <1071
(EDM) of neutron d ~ §-10*%ecm

Why is 6 so small? > Strong CP problem
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The QCD Axion

The solution: make 0 a dynamical parameter by introducing a scalar field by
adding a new U(1),, symmetry (Peccei-Quinn)

U(1),,spontaneously broken at 0 minimum is degenerate
high energy scale f, > arbitrary value chosen
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The QCD Axion

The solution: make 0 a dynamical parameter by introducing a scalar field by
adding a new U(1),, symmetry (Peccei-Quinn)

potential gets tilted during field starts oscillating
QCD phase transition (T<1GeV) - axion acquires mass
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The QCD Axion

The solution: make 0 a dynamical parameter by introducing a scalar field by
adding a new U(1),, symmetry (Peccei-Quinn)

tV(a)
12
e (10 GeV)
/ Ja
a
>
0 =
potential gets tilted during field starts oscillating

QCD phase transition (T<1GeV) - axion acquires mass
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QCD Axion Dark Matter

: . . Energy |
Axions created in early universe through

initial misalighment are good candidate
for cold dark matter

= —> generated by QCD!

time
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QCD Axion Dark Matter

Energy}

Axions created in early universe through
initial misalighment are good candidate
for cold dark matter

= —> generated by QCD!

time

w:i A(t) = 0, cos(m,t)

peV neV pevV meV m,
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QCD Axion Dark Matter

Energy}

= —> generated by QCD!

Axions created in early universe through
initial misalighment are good candidate
for cold dark matter

time

w:i 0(t) = by cos(m,t)

peV neV nevV

astrophysical bounds
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QCD Axion Dark Matter

Energy}

= —> generated by QCD!

Axions created in early universe through
initial misalighment are good candidate
for cold dark matter

time

":i #(t) = 6, cos(m,t)

peV neV nevV

too much dark matter’ astrophysical bounds

‘depends on the actual cosmology
/\/\AD N\ AX
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QCD Axion Dark Matter

Energy}

= —> generated by QCD!

Axions created in early universe through
initial misalighment are good candidate
for cold dark matter

time

w:i 0(t) = by cos(m,t)

peV neV nevV meV

axion
too much dark matter’ dark matter  IERUIWAIIELITEE

‘depends on the actual cosmology
/\/\AD N\ AX
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Axion Landscape

coupling strength (to photons)
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Axion Landscape

coupling strength (to photons)
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Axion Landscape

coupling strength (to photons)
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Axion Landscape

10-7 SCUED
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Axion Landscape

LSW

coupling strength (to photons)
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evolution
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Axion Landscape
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Axion Landscape

LSW

coupling strength (to photons)
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Axion Landscape
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How to Detect Axions

* axions are pseudo-scalar bosons (like pions) paresry ¥
and have a 2-photon-coupling: e
oy =2 10—1‘5(}61?—1;;,|cm|, .,y ~ O(1) I
* their de Broglie wavelength is large (O(m))
> we can treat them as classical wave VD = p—gsyBe-Va
> axions appear as a source termin VxH-D=J+ g,,Bea

Maxwell’s equations

EBERHARD KARLS R
UNIVERSITAT %
TUBINGEN \




How to Detect Axions
VLLLILEL L &

In an external B field B, the axion field a(t)

scaled . . .

field} sources an oscillating E field E,
strength
a

E ? Ea - — ga'};Be a
i a = aycos(m,f)
-
2 10m

—YavyB. q
€

1/2
_13.10"2ym! [ 2 ( R _3) [Cor|
10T ) \0.3GeV cm

€

axion-induced electric field: |E,| = |
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Dielectric Haloscope
WALV B

electromag. wave emission \ A MV~ In an external B field B, the axion field a(t)

led I .
~feld ] sources an oscillating E field E,
strength
a E,is different in materials with different €
E

At the surface, E;must be continuous
> emission of electromagnetic waves

2

sy W [/ B
power emitted from single interface: — > — 2.92.1072" - C?
; A m? \10T ) @
UNIVERSITAT
TUBINGEN

e Jahax




Dielectric Haloscope
O I IR

—

* boost emitted power through
— coherent emission from
multiple interfaces
- resonance effects

* power boost factor

Mirror Dielectric Disks Receiver mirror

F Y Y YYYYYYY Y Y Y

| | P, W [/ B.\’
power emitted from all interfaces: ot _99.10"2% e 02 |32
A m2 \ 10T ‘”W |
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Dielectric Haloscope

* |B|>> 10* achievable with
80 disks and £ =24

* non-uniform disk spacing
of ~A/2 can achieve
“broadband” response

* precision required for
disk spacing <10 um
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Boost Factor

area law: 3* - Avg ~ const.

frequency is tuned by adjusting > broad-band scan for search

disk spacings . .
- > > narrow-band to check signal candidates
%5000 T A R R

B 20 discs =24 | L L L T 1 T 1 | I L L T 1 1 1 T 1 1 1 T 1 1 1
g 140 :Jzo Jites, g I == I I L
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5 Z ]
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Proof of Principle Setup A

Max-Planck-Tnstitut fir Physik
[Werner-Halsanberg-Institud)

Test setup at MPP Munich
* upto20disks (@=20cm,e=9)
* reproducibility of positioning ~ um
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Proof of Principle Setup %

Max-Planck-Tnstitut fir Physik
[Werner-Haisanberg-dnstitut)

Test setup at MPP Munich i ' s
e upto20disks (@=20cm, e=9) 1 |
* reproducibility of positioning ~ um Z ot ' '

* compare reflectivity measurements ~ui
to model calculations '

_2. ]
]
11 =
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Proof of Principle Setup %

Max-Planck-Institul fiir Physik
[Werner-Haisanberg-dnstitut)

—— Measurement
=== Model

Test setup at MPP Munich
* upto20disks (@=20cm,e=9)
* reproducibility of positioning ~ um

Ty [ns]

* compare reflectivity measurements
to model calculations

* boost factor reproducible within
few MHz for 5 disks DINEITR 1 pifference

770

2

19 20 21 22 23 24
Frequency [GHz]

e

760

=3 -2 -1 0 1 2

Frequency Deviation [MHz]
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The MADMAX Collaboration
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MADMAX

MAgnetized Disk and Mirror Axion EXperiment

8o
R~
s _d"sfrs ;p,}: With apm;
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N ._.’, __?]‘?fn 80 La‘q.';
: ) O,

Cryostats

Horn antenna

Focusing mirror
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MADMAX Timeline

2017 - 2019
Design

EPJ C 79, 186 (2019)
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Magnet
Q s Casing

. Thermal shield
BiLFINGER

He tank

Coils

i = == )
¥
: B VA
- X :
& 5 y 3
RSt ) R B /
S603mm |
6602mm
I 1

block design with NbTi superconductor

* design and construction of magnet drives time scale of project
* peakfield ~9 T, homogeneity <20 %
* dimensions of bore: length ~ 1 m, diameter ~ 1.5 m
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Maghet
2 —

Thermal shield

BiLFINGER iy
FoM = B2A =100 T2 m?
has never been done before! [ 2 S

block design with NbTi superconductor

* design and construction of magnet drives time scale of project
* peakfield ~9 T, homogeneity <20 %
* dimensions of bore: length ~ 1 m, diameter ~ 1.5 m

. e
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:
Disks I ntvrtt oy
* requirements: high €, low loss (tan ) = 6T
> candidate materials:
- LaAlO3 (g = 24, tan & = few 10°5)
— Sapphire (> 9, tan 6= 10%)

* @=1.25m needed for 100 T> m2
> tiling necessary

e characterisation of dielectric
properties @ 4K, f=10-15 GHz
ongoing
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Booster Simulation Studies

Study achievable boost factor using different simulation methods to optimize design

° ° 70000 ! | | |
* 3D effects (diffraction) » ~30% loss 80 disks, o= 100cm, € = 24
* coupling to antenna (combined) e |
(beam shape) vy _-Idealized 1D model
* dielectric loss £ 0000 diffra
. . g - 3D power
* inaccuracies & 30000 - coupted toantenna
(positioning, surface 2
. £ 20000
roughness, thickness)
« effects due to tiling 0
° 0

T T T T T T T T
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Booster Simulation Studies

Study achievable boost factor using different simulation methods to optimize design
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3D effects (diffraction)

coupling to antenna
(beam shape)

dielectric loss

inaccuracies
(positioning, surface
roughness, thickness)

effects due to tiling

> ~30% loss

20000
(combined)
15000
> small for tan 6 <10+
-
&
5000

10000 -

For MADMAX prototype only

N=20
@=30cm |

tand =1 x 107
tand =1 = 107"
tand =1 = 107*
tand =1 10°%
tand =3 x 107* |
tand =5 x 107*
tand =1 » 1072

LT

2.210
*x 101°
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i i L
2.202 2.204 2.208

Frequency v (Hz)

== il |
2196 2,198 2.200 2.206



Booster Simulation Studies

Study achievable boost factor using different simulation methods to optimize design

total beam power

* 3D effects (diffraction) > ~30% loss

e coupling to antenna (combined) — oo
(beam shape)

* dielectric loss >smallfortand<10*+ = -

* inaccuracies > tilt<0.1 mrad R
(positioning, surface  thickness + 5 pm Milii=="my
roughness, thickness) sourface roughness <10 pm

« effects due to tiling positioning <10 pm o

° g s
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Booster Simulation Studies

Study achievable boost factor using different simulation methods to optimize design

* 3D effects (diffraction) > ~30% loss
e coupling to antenna (combined)
(beam shape)
e dielectric loss > small for tan 6 <10+
* inaccuracies > tilt< 0.1 mrad
(positioning, surface thickness £ 5 um
roughness, thickness) sourface roughness <10 um
« effects due to tiling positioning <10 pm
More on the methods: arXiv:1906.02677
UNIVERSITAT

TUBINGEN

30000

total beam power

25000

DDDDD

P T -
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Max. Tilt in x and y
= 1.0rmrad

0.3 mrad
—— 0.1 mrad

Random Thickness Variations =2.5um

000
— 1mm constant thickness
450pm random thickness vanabon, each curve:

25000 spacings optimized for one particular random disk set
= 20000

2
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04— - . . ' — :
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MADMAX Timeline

2017 - 2019 2019 - 2022

Design Prototype

3500

Focusing mirror:
I|Elllpse 1010 x 660

@ 1600 (see MORPURGO sk
max @ 1500

B > 350
microfoam
Id stop)

Dimensions in mm

EPJ C 79, 186 (2019)
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first steps:

build an intermediate-scale
prototype of booster to test
mechanics, receiver, ...

putitin an existing magnet
do some physics
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Prototype Sensitivity - ALPs

Post-inflationary scenario

=
o
L
oy

i y 1S 1AKO projection

Axion-like Particle Search:
with less and smaller disks
and lower B-field (~ 3T)

Y RS (i R, I . Q5 _ __ _ _'AXOprojectio
> don’t reach QCD axion
sensitivity

= eV
|10
I
10 : e
< | A\ _ -~
SO x““bocf’
O Z
: o Wi 2
“.} -~
but o
v

l / Z 5 years uninterru‘pted running
eXplore NEw param eter ADMX / 1}w\*(,«:»'\er:c:\cm

space for ALPs 10 P QCD axion model

/ benchmark

==KSVZ ===DFSZ

Axion Photon coupling g,,,[GeV"']
%6
%
%
B NN S
\
<
G\
\
oy
\\ -

1 10 100 1000
Axion mass [peV]

e
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Sensitivity - Hidden Photons

Hidden photon search
hidden photon mixes with
normal photon

> conversion doesn’t
require magnetic field
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Kinetic Mixing Parameter x
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| idden photons et
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0
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MADMAX
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10

100
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MADMAX Timeline

2017 - 2019 2019 - 2022 2022 - 2025

Design Prototype Construction

walura T3 . aembar 3 - march- 201

3500

Focusing mirror:
I|Elllpse 1010 x 660

@ 1600 (see MORPURGO sk
max @ 1500

Horn antenna

Focusing mirror

EPJ C 79, 186 (2019)

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

. e




Experlmental Site

planned to be built at DESY in HERA Hall North
> use existing cryogenic infrastructure
> option to re-use H1 yoke to shield magnet
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Projected Sensitivity

Post-inflationary scenario

101

>
(=)

= T
> 1 g 1AXO projection
8 pr o= oo o jam == 1 - .- O - . -l e uel o o e o = F ----- g ------------
—_— 1 =
u% : Prototype detector !
o 3 | sensitivity |
% 1 |
L] 3 !
§ 1 \osco?e
c . we
e T
o 1013 : >
£ &3
o 1 |
c ] >
o [ o
]
< .
1
]
|
1

QCD axion model |
benchmark
w——KSVZ ===DFSZ

10715

1 10 100 1000
‘ Axion mass [peV]
* assuming system temperature ~8K
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