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Strong CP problem

�2

Strong force invariant under CP 

➔ violates T reversal AND Parity  
➔ CP violating term induces electric dipole moment 
of neutron (EDM):  

Peccei-Quinn symmetry breaking @ T∼ fa  (very early universe,  fa > 109 GeV) 
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Strong CP problem

�2

Strong force invariant under CP 

➔ violates T reversal AND Parity  
➔ CP violating term induces electric dipole moment 
of neutron (EDM):  

EDM:  
• permanent separation of positive and negative charge 
• fundamental property of particles (like magnetic moment, mass, charge) 
• existence of EDM only possible via violation of time reversal T = CP symmetry 
• has nothing to do with electric dipole moments observed in some molecules 
• (e.g. water molecule) 
• close connection to “matter-antimatter” asymmetry 
• axion/ALP field leads to oscillating EDM

Peccei-Quinn symmetry breaking @ T∼ fa  (very early universe,  fa > 109 GeV) 
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Strong CP problem
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Strong force invariant under CP 

➔ violates T reversal AND Parity  
➔ CP violating term induces electric dipole moment 
of neutron (EDM):  

EDM:  
• permanent separation of positive and negative charge 
• fundamental property of particles (like magnetic moment, mass, charge) 
• existence of EDM only possible via violation of time reversal T = CP symmetry 
• has nothing to do with electric dipole moments observed in some molecules 
• (e.g. water molecule) 
• close connection to “matter-antimatter” asymmetry 
• axion/ALP field leads to oscillating EDM

WHY SO SMALL !?!?

Peccei-Quinn symmetry breaking @ T∼ fa  (very early universe,  fa > 109 GeV) 
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Dark matter axion search

• Axion: arises from Strong CP problem via  
Peccei-Quinn mechanism  

• Pseudo Nambu-Goldstone boson 
• Axion can couple to two photons:  

• Axion model:                            (axion-photon coupling) 

• Axion can explain (part of) Cold Dark Matter

�3

LSW / Helioscopes 

cavities
dielectric 
haloscsopes

Haloscopes

ma / ga��
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“Sikivie process” 
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• In an external B-field the axion sources an 
oscillating E-field 

• At surfaces with transition of ϵ1 ≠ ϵ2:  
E-field must be continuous 
➔ Emission of photons 

𝒶 𝛾

B

Dielectric Haloscope

�4

Photon power :

Based on the original idea of: 
D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Redondo and A. Ringwald 
JCAP 1304 (2013) 016 [arXiv:1212.2970]. 
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Dielectric Haloscope 

• Boost the power by coherent interference 
of photons generated on N discs plus 
resonance between discs

�5
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Jaeckel and J. Redondo, Phys. Rev. D 88, 115002, (2013)  [arXiv:1308.1103]
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Dielectric Haloscope 

•          > 104 achievable with  
80 discs of LaAlO3 (ϵ = 24) 

“Quasi-broadband” achieved by:  
• positioning the discs with relative 

spacing of ∼ λ/2 according to 
simulation prediction   

• with precision better than 10 µm

�6

50 MHz 

|�|2

Photon power :
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White paper: MADMAX Collaboration, 
Eur. Phys. J. C 79, 186 (2019), [arXiv:1901.07401]

mailto:erika.garutti@physik.uni-hamburg.de


/ 18 erika.garutti@physik.uni-hamburg.de03-07/06/2019 - PATRAS workshop

Frequency scan concept

• Tuning of sensitive frequency range by adjusting 
disc spacing

�7

• Area law:                    ∼ const. 
• Broad-band scan for search 
• Narrow-band to confirm possible signals     

�2�⌫�
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The experiment

�8

MAgnetized disc and Mirror Axion eXperiment  

9 T dipole 
magnet 

Horn antenna 
(+ receiver) 

Focusing 
 mirror 

80 adjustable 
dielectric discs 
∅ = 1.25 m   

Mirror  

∼ 1 m 
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Time scale 

�9

The European Physical Journal

EPJ C
Recognized by European Physical Society

Particles and Fields

The European Physical Journal C
volume 79 · number 3 · march · 2019

volume 79 · number 3 · march · 2019           

123

179   H. Chakrabarty, A. Abdujabbarov and C. Bambi
Scalar perturbations and quasi-normal modes 
of a nonlinear magnetic-charged black hole 
surrounded by quintessence
Regular Article - Theoretical Physics

180   M. Azarkin et al.
Studying minijets and MPI with rapidity 
correlations
Regular Article - Theoretical Physics

181   R. Islam, M. Kumar and V. Rawoot
KT -factorization approach to the Higgs boson 
production in ZZ* → 4ℓ channel at the LHC
Regular Article - Theoretical Physics

182   B.-L. Du  et al.
Extending the predictive power of perturbative 
QCD
Regular Article - Theoretical Physics

183   G. Bruno  et al.
On the critical energy required for homogeneous 
nucleation in bubble chambers employed in dark 
matter searches
Regular Article - Experimental Physics

184   Z.-G. Wang
Strong decays of the Y(4660) as a vector 
tetraquark state in solid quark-hadron duality
Regular Article - Theoretical Physics

185   S. Boran, S. Desai and E.O. Kahya
Constraints on diff erential Shapiro delay between 
neutrinos and photons from IceCube-170922A
Regular Article - Theoretical Physics

186   P. Brun et al.
MADMAX Collaboration
A new experimental approach to probe QCD axion 
dark matter in the mass range above 40 µ eV
Regular Article - Experimental Physics

187   E. Benedetto et al.
On the general relativistic framework of the 
Sagnac eff ect
Letter

188   L. Fabbri
Polar solutions with tensorial connection of the 
spinor equation
Regular Article - Theoretical Physics

189   J. Bergner and M. Schulze
The top quark charge asymmetry in tt–g 
production at the LHC
Regular Article - Theoretical Physics

190   R. Del Grande et al.
K− multi-nucleon absorption cross sections and 
branching ratios in "p and  #0p fi nal states
Regular Article - Experimental Physics

191   V. Malvimat et al.
Holographic entanglement negativity for disjoint 
intervals in AdS3/C F T2

Regular Article - Theoretical Physics

192   E. Gotsman, E. Levin and I. Potashnikova
A new parton model for the soft interactions 
at high energies
Regular Article - Theoretical Physics

193   P. Goodarzi and H.M. Sadjadi
Reheating in a modifi ed teleparallel model of 
infl ation
Regular Article - Theoretical Physics

194   Y. Ling, Y. Liu and C.-Y. Zhang
Holographic subregion complexity 
in Einstein-Born-Infeld theory
Regular Article - Theoretical Physics

(Continuation on the reverse page)
Projection of sensitivities for DM axions and ALPs on the axion–photon coupling gagg as a function of the axion mass. The lines 

denoted by DFSZ and KSVZ show representative gagg values associated with the corresponding two most popular classes of 
QCD axion models. The MADMAX projected sensitivities are compared to existing limits from ADMX [15, 16], other haloscope 

experiments [13], from HAYSTAC [18] and ORGAN [17]. Also the IAXO [72] sensitivity for solar axions and ALPs is indicated.
From MADMAX Collaboration: A new experimental approach to probe QCD axion dark matter in the mass range above 40μeV.

The European Physical Journal C
  volum

e 79 ∙ num
ber 3 ∙ m

arch ∙ 2019          

Scaling:  Area       1/10    (of final experiment) 
# discs     1/4 
B [T]         1/5

9 T dipole 
magnet 

Horn antenna 
(+ receiver) 

Focusing 
mirror 

80 adjustable 
dielectric discs 
∅ = 1.25 m   

∼ 1 m 

2017 -2019
Design 

2019 -2022
Prototype 

2025 -2035
Data taking @ DESY 

PRC 2019

2022 -2025
Construction 

First physics run @ CERN
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The Magnet

• Magnet design and construction drives the time scale of the project 
• Peak field 9 T, homogeneity < 20%  
• Magnet bore: Length ∼ 1 m, ∅ ∼ 1.5 m

�10

FoM = B2 m2 = 100 T2 m2

First of a kind!

Block design with NbTi as superconductor  
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Discs

• Discs with ∅ = 1.25 m needed for 
• Candidate materials:  

       LaAlO3 (ϵ ≈ 24, tanδ ≈ a few 10-5)  
       Sapphire (ϵ ≈ 9, tanδ ≈ 10-5)  

• LaAlO3 grown in 3” wafers max  
• Tiling necessary 

• Hexagonal tiles cut by laser cutter 
• Glued with Stycast Blue 

• Characterisation  of dielectric  
properties @ 4 K, f = 10 - 15 GHz 
ongoing

�11

First tiled LaAlO3  disc: 
∅ = 30 cm  
d = 1 mm  
Single wafer size 2” 
Scalability to ∅ = 1.25 m being 
investigated

FoM = B2 m2 = 100 T2 m2
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System design studies

• 3D effects (diffraction) 
• Coupling to antenna  

(beam shape) 
• Dielectric loss 
• Inaccuracy (position, 

roughness, tilt, thickness,…) 
• DM velocity dispersion 
• Tiling of discs

�12

Detector feasibility study and design optimisation using simulation of achievable boost factor

➡ ∼10-20% losses  
➡ ∼10-20% losses  

  — 1D model
• 3D total power 

• 3D power coupled 
to antenna 

N = 80  
∅ = 100 cm  
ϵ  = 24
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System design studies

• 3D effects (diffraction) 
• Coupling to antenna  

(beam shape) 
• Dielectric loss 
• Inaccuracy (position, 

roughness, tilt, thickness,…) 
• DM velocity dispersion 
• Tiling of discs
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Detector feasibility study and design optimisation using simulation of achievable boost factor

➡ ∼10-20% losses  
➡ ∼10-20% losses  

➡ small losses for tan𝛿 < 10-4  

N = 20  
∅ = 30 cm  
ϵ  = 24

For MADMAX prototype only 
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System design studies

• 3D effects (diffraction) 
• Coupling to antenna  

(beam shape) 
• Dielectric loss 
• Inaccuracy (position, 

roughness, tilt, thickness,…) 
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• Tiling of discs
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Detector feasibility study and design optimisation using simulation of achievable boost factor

➡ ∼10-20% losses  
➡ ∼10-20% losses  

➡ small losses for tan𝛿 < 10-4  

➡ positioning precision < 10 µm 
roughness < 10 µm 
tilt < 0.1 mrad  
thickness measured to ± 5 µm

N = 20  
∅ = 30 cm  
ϵ  = 24
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System design studies

• 3D effects (diffraction) 
• Coupling to antenna  

(beam shape) 
• Dielectric loss 
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roughness, tilt, thickness,…) 
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• Tiling of discs
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Detector feasibility study and design optimisation using simulation of achievable boost factor

➡ ∼10-20% losses  
➡ ∼10-20% losses  

➡ small losses for tan𝛿 < 10-4  

➡ positioning precision < 10 µm 

➡ no significant loss if  v < 10-2 c

New on arxiv: 1906.02677 
by Jan Schütte-Engel

N = 20  
∅ = 30 cm  
ϵ  = 24
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Proof of principle

• Reflectivity measurements with up to 20 discs 
• Reproducibility of discs positioning few µm 
• Achievable boost factor with 5 discs  

reproducible within few MHz

�16

Proof of principle booster 
N = 20  
∅ = 20 cm 
ϵ ≈ 9 

MPP Munich
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Experimental site

�17

mailto:erika.garutti@physik.uni-hamburg.de


/ 18 erika.garutti@physik.uni-hamburg.de03-07/06/2019 - PATRAS workshop

Sensitivity to QCD dark matter axion

�18

MADMAX 
A     = 1 m² 
B||     = 10 T 
Tsys = 8 K 
β2     = 5 · 104  
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The MADMAX collaboration
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associate members
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SHELL inauguration 08.07.19 @ 11:30
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MADMAX

BRASS

Ex-UHH synchrotron bunker

Renewed thanks to QU funds

Two RF shielded labs


< -50 dBm*,  for f < 10 GHz     

< -100 dBm,  for f >10 GHz     

* dBm = Power in Decibel Milliwatt,  
p = 10log(P/1 mW) [dBm] 
i.e. for P = pW,   p = -90 dBm
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Advanced simulation techniques
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Transparent vs cavity mode

�22

Transparent 
mode

Cavity 
mode

Approximate behaviour of the 
system with a random walk     
à Neff ∼ N2
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Antenna and receiver

�23

The challenges:

18-40 GHz: optimization of receiver-antenna system 

based on simulation results for beam 

shape/size (MPIFR)

50-100 GHz: develop a new concept for receiver 

(MPIFR, NEEL)                                         

Mirror diameter [mm]

W
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