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The strong CP-problem
• CP symmetry appears broken. 

 
matter >> anti-matter


• QCD has a CP-violating term: 
 

,   


• However,   
from the neutron EDM measurement. 
PRL 97 131801 (2006)
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Peccei-Quinn mechanism
• Promote θ into a dynamic field: θ → a(t,x). 


‣ Axion: fluctuation of a field around zero.


‣ Inflation: θ → 0


• Explicit symmetry breaking by QCD at fa:  
Axion acquires mass! 

• Relic Axion:  
compelling candidate for Cold Dark Matter. 

‣ Feeble EM interaction, cold, long lifetime

3

CDMStrong-CP
http://esuhai.com/upload/fck/image/BAN%20BIEN%20TAP/

bang%20tin%20kaizen/ban%20tin%2097/25.jpg
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Our
Universe

? < ma < ~1 meV

Pre-Inflation Our Universe:

PQ symmetry breaking after inflation

ma ~ 100 μeV

Post-Inflation

JCAP 2017, 049–049
PRD 91, 065014 
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pre-inflation

post-inflation

        Cool DM range       



Dielectric haloscope 
Principle
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Primakoff interaction
• Axion couples to a EM field: 




‣ Axion converts into a EM field 
inside a magnetic field


• The product EM wave has  
a frequency: 


‣ CDM: monochromatic

ℒ = gαγa ⃗E ⋅ ⃗B

ℏω = mac2
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• P0 = 10-27 W @ 10T, 
or ~2 photons / hour (@ 25 GHz). Extremely small…


• Add more dielectric disks

Dielectric haloscope

12

1 m2

10 T
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Dielectric haloscope

• more coherent sources + constructive interferences


• Psig ∝ B2
e A β2

13

Mirror Dielectric  Disks Receiver 

Be 

A. J. Millar et al JCAP01(2017)061, Phys. Rev. Lett. 118, 091801 (2017)

boost factor
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• Large single volume


• Approach QCD sensitivity:  
β2 > 20,000 possible


• Frequency tuning: 
Disk spacings control β(f).

14

80 discs
1D LaAlO3

50 MHz
Δω
ω

= 2 × 10−3
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RWTH Aachen, MPI for Radioastronomy, Institut NEEL, DESY,  
Univ. of Hamburg, CPPM, MPI for Physics, CEA-IRFU,  
Eberhard-Karls-Univ. at Tübingen, Univ. of Zaragoza,



Full MADMAX

dielectric haloscope: 80 
Piezo motor + laser interferometer for disk placement
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1.35 m

6 m    

shield

Magnet

17

• European Innovation partners: 
CEA Saclay and Bilfinger Noell


• FoM: B2A = 100 T2m2

9 T ↑

480 MJ!



MADMAX: Intro and status Chang Lee

Jan. 12th, 2020, NDM, Hurghada, Egypt

Site
• Axion experiments in DESY:  

ALPS II, IAXO, BRASS


• MADMAX occupies H1 North hall


‣ Existing infrastructure, H1 magnet yoke


• Strong recommendation from recent 
DESY Physics Review Committee 


‣ “The review committee enthusiastically 
endorses the physics goals of the MADMAX 
proposal… We recommend approval of the 
phase II of the project”, Nov. 2019

18

H1 yoke

H1 North Hall
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FIG. 3. a. Gain profile of the STWPA at magnetic flux �/�0 = 0.2 and pump frequency 6.635GHz. Theoretical gain profile
(dashed black line) is obtained for a pump power Pinput = �70.2 dBm. b. Backward gain measured with �/�0 = 0.1 and pump
frequency 6.9108GHz. Expected gain is plotted for a pump power Pinput = �71.4 dBm c. Noise temperature of the STWPA.
Measured PSD normalised by the system gain when the STWPA pump is off (green solid line) or on (blue solid line, the light
blue area corresponds to error bars). The red dotted line corresponds the standard quantum limit (SQL) of noise. The brown
dashed line refers to the intrinsic noise of the STWPA, which is slightly above the SQL because of internal losses. The black
dashed line is the total system noise temperature. It is higher than the STWPA intrinsic noise temperature because of the
finite STWPA gain. Noise ripples are caused by STWPA gain ripples.

oscillations in TN,syst. Indeed, when the STWPA gain de-
creases, the noise contribution of the following High Elec-
tron Mobility Transistor (HEMT) amplifier increases.
The second one directly affects the STWPA noise temper-
ature since signal is lost while traveling inside the device.
We measured a system noise temperature very close to
the standard quantum limit and in agreement with the
modeling of our device (see Methods). This good agree-
ment shows that our STWPA intrinsic noise (Fig. 3c,
brown dashed line) is just above the standard quantum
limit (red dashed line).

We characterized as well the signal-to-noise ratio
(SNR) improvement and gain compression thanks to the
line calibration mentioned earlier. We observed an im-
provement between 15 dB (gain peak) and 10 dB (gain

dip) in the SNR (see Methods) for an input signal
Psignal = �135 dBm while we measured a 1dB compres-
sion point P1dB = �102 dBm (see Supplementary Mate-
rial).

Response to a flux of the SQUID transmission
line
A useful and new feature of our STWPA is its flux tun-
ability. It allows for the bandgap to be tuned and hence
the pump frequency. In-situ modulation of the charac-
teristic impedance Zc is also an interesting capability to
mitigate the fabrication uncertainties, mainly regarding
L̄. We now report a detailed study of sample B to illus-
trate such feature. A color map of its linear transmission
as a function of frequency and �/�0 is shown in Fig. 4.a.
The photonic gap lies at 7GHz at zero flux and drops

arXiv:1907.10158 

Introduction Ideal System Incl. Inaccuracies Conclusion

Boost Factor in Eigenmodes

Prototype, ∆νβ ∼ 50MHz (benchmark)

1D

What the MADMAX are Eigenmodes... – ...and why should you care? 8/16

Proof-of-principle

Background study

Quantum-limited amplifier

3D simulation  
& beam shape study
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Time line

21

2024      Prototype data taking

2020      Prototype design complete, begin fabrication

2021     CERN Morpurgo magnet available

2023     Full system design complete

2025       Magnet delivered 

2026  Full MADMAX starts 

Axion?

1.6 T @ CERN 9 T @ DESY
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Conclusion
• Post-inflation axion around 

100 μeV is a well-motivated 
dark matter candidate. 


• Dielectric haloscope is a 
promising technology.


• MADMAX experiment is 
developing.

22

JCAP01 (2017) 061 PRL 118, 091801 (2017) EPJC (2019) 79:186 
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Thank you
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Broadband advantages
• “Resonant” setup is possible, but not practical.  

• Broadband benefits include


‣ Easier & less frequent tuning 


‣ Scan multiple channels:  
~3,000 ma channels


‣ “Box-shape” more  
optimized than “Lorentzian”

25
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Broadband advantages
• Broadband boost factor tolerates more


‣ Mechanical precision: .


‣ ambient vibration


‣ ε variation


‣ Loss inside material  
& setup

δd ∝
λ
Q

26
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Boost
• Disks + mirror boosts signal by 

β = E / E0


• Transparent mode:  
δ = n x d x ν = π, 3π, 5π…  
constructive interference. 


• Resonant mode:  
δ = π/2, 3π/2, … 
disks + mirror forms a leaky 
resonator.


• Combined boost from both 
contributions.

27

mirror disk

A. J. Millar et al JCAP01(2017)061
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Scan strategy
• Scan speed


• However, Area Law:  
Psig x Δν is independent of disk 
spacings.


‣ Narrower peak leads to faster 
scan.


• In practice, tuning time is 
significant 
ttot_adj ≈ ttot_scan.

28
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Disk positioning
1. Bring the disks to approximate 

position.


2. Measure the group delay.


3. Compare 2 with the desired 
(simulated) group delay. 


4. Minimization algorithms suggest  
the next moves.


5. Move the disks. Repeat 2-5.


6. Stop if the move is less than 1μm .

30

~10 min, mostly computation

More accurate than independent measurements
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• Technological test platform


• 4 K, 1.6 T field 


• ALP search ~80 μeV (10-12)


• LOI handed in to CERN

31

DESY PRC report October 2019

Tiled disks Disk push-rods 

Support rings 

Motors inside 
rings 

Stiffening structure 

Figure 23: Left) Technical design of the mechanical structure for the prototype booster. Right)
Pre-series production of the mechanical parts assembled for tests in the SHELL
laboratory in Hamburg.

9.1 Prototype booster design

The design of the booster prototype is being investigated. The structure shall support 20
discs of 30 cm diameter, the motors necessary to move them and the system to control the
motors. It shall provide the su�cient rigidity to obtain the required alignment tolerance
of the discs. As discussed in section 8.1, a few design options have been evaluated by the
collaboration together with the company JPE. Two of these are being followed up. The
first design is based on the idea that stationary piezo motors are driving the rods connected
to the individual discs. Each disc is positioned by moving three rods, each driven by an
individual piezo motor. A CAD drawing of this option is shown in Fig. 23 (left).

This structure is being commissioned in the SHELL laboratory in Hamburg. A pre-
series needed to develop the final concept is depicted in Fig. 23 (right). The mechanical
parts for this pre-series booster are being machined and will be assembled this year. A
commissioning period will follow, where the required positioning precision of better then
10 µm will be demonstrated.

The second design, believed to be the most promising by the JPE study, has motors
integrated directly onto the disc holder system. The full implementation of this design is
being worked on and will be available in early 2020.

Final production drawings for the prototype booster will be available mid-2020.

9.2 The cryostat vessel

For the Madmax prototype a cryostat is needed to host the prototype booster as well
as the focusing mirror, and to provide an interface between the antenna and receiver
system. It will have an inner diameter of 750mm allowing for installation of the focusing
mirror. The outer diameter is limited by the constraints of the MORPURGO magnet at
CERN (see section 9.3) and the foreseen place for commissioning of the whole prototype

44

Receiver window

4K cryostat

                            

focusing  
mirror

Dielectric  
Haloscope: 
20 x φ30-cm  
sapphire disks

MADMAX prototype
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Prototype Magnet
• Morpurgo magnet @ CERN


• 1.6 T dipole, 1.6-m warm bore (1.45m usuable)


• Available after SPS winter shutdown from Dec. 2021 to Mar. 2022 
and Dec. 2022 to Mar 2023.

32

< -50dBm below 1 GHz 
< -100dBm above 1GHz
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Disks

33

• High ε, low tanδ 
Current best: LnAlO3 (ε ~ 23.4)


• Single crystals have lowest tanδ, but 
diameter < 3 inches → tiling??


• Discontinuous ε significantly distorts 
the beam shape & boost factor.


• Polycrystalline LnAlO3 has a higher 
tanδ, and can be casted.


• SiO2 will be the default for the  
prototype detector 

LnAlO3

Stycacast: ε ~ 5


