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THE STRONG CP PROBLEM

▸ The QCD Lagrangian contains a CP-violating term: 

▸ Neutron electric dipole moment 

▸ The Standard Model does not provide a reason for why      is so 
tiny, i.e. the strong CP problem. 

▸ The Peccei-Quinn mechanism provides a reason for the value of     
and predicts a light neutral pseudoscalar boson — the axion.
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ℒQCD = . . . +
αs

8π
θ̄ GμνaG̃

μν
a , θ̄ = θQCD + θYukawa ∈ [−π, π] ∼ 𝒪(1)

dN ∼ 10−16 θ̄ e-cm < 3 × 10−26 e-cm ⇒ θ̄ < 3 × 10−10

θ̄

θ̄
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▸ Axion potential               is minimized at

▸  

THE PECCEI-QUINN MECHANISM
▸ Peccei-Quinn introduces a global U(1)PQ symmetry which spontaneously breaks 

at

3

ℒ = . . . + θ̄
αs

8π
GμνaG̃

μν
a +

1
2

∂μa∂μa +
a
fa

αs

8π
GμνaG̃

μν
a

1 GeV < T < fa (PQ symmetry breaking) T < 1 GeV (QCD phase transition)

θ̄ +
a
fa

= 0Va (a /fa)

▸ The axions produced by the “misalignment” 
mechanism are a good CDM candidate

T = fa ≫ ΛQCD

QCD

θ( =
a
fa

)

V(θ)

Measured today
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CONSTRAINTS ON QCD AXION MASS
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∼
Λ2

QCD

fa
∼ 5.70μeV

1012GeV
fa
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CONSTRAINTS ON QCD AXION MASS

5Scenario A: PQ symmetry breaking 
happens before inflation

Scenario B: PQ symmetry breaking 
happens after inflation
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CDM AXION DIRECT-DETECTION
▸ Axion-photon interaction: 

▸ CDM axions behave like a classical wave:   

▸  E.g.   

▸ Axion de Broglie wavelength:  

▸ Axion phase-space occupancy:  

▸ Macroscopic axion-Maxwell equation under external B-field:

a /fa = θ = θ0 cos(mat)

ma ∼ 100 μeV, local galactic axion density ρa = ( fama)2θ2
0 /2 = 0.45 GeV/cm3

λa =
2π

mava
≳ 10 m (va ≈ 10−3c)

𝒩a ∼ naλ3
a = (ρa /ma)λ3

a ∼ 1022

6

ℒaγγ = Caγ
α

2πfa
aFμνF̃μν

gaγ = 2.04(3) × 10−16GeV−1 ma

μeV
Caγ

∇ ⋅ D = ρf − gaγBe ⋅ ∇a

∇ × H − ·D = Jf+gaγBe
·a{

a

�

�

a

~B

�

ga�

1
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AXION HALOSCOPE

▸ Axion induced electric field:

7

Axions Detection Idea R&D Efforts Outlook & Conclusion

Axion - Photon Mixing

x

scaled
field

strength
a
E

MADMAX: MAgnetised Disk-and-Mirror Axion eXperiment 7/21

a = a0 cos(mat)

|Ea | = −
gaγBe

ϵ
a = 1.3 × 10−12 Vm−1 × ( Be

10 T ) ( ρa

300 MeV/cm3 )
1/2

Caγ

ϵ Dielectric constant

Local axion DM density

Homogeneous medium
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CAVITY HALOSCOPE

8

a = θ0 cos(mat)

Axions Detection Idea R&D Efforts Outlook & Conclusion

Axion - Photon Mixing

x

scaled
field

strength
a
E

Resonant Cavity

Psig =
(

B2Q V Cnml

) (

gaγγ
2maρa

)

Q: Quality Factor, Cnml : mode factor

MADMAX: MAgnetised Disk-and-Mirror Axion eXperiment 7/21

Δνa ∼ 10−6ν
Axion linewidth 

Cavity linewidth 

▸ At higher frequencies, cavities are increasingly difficult to build

Psig ∼ 1.9 × 10−22 W ( V
136l ) ( Be

6.8T )
2

( C
0.4 ) (

Caγγ

0.97 )
2

( ρa

0.45 GeV cm−3 ) ( f
650 MHz ) ( Q

50,000 )
Cavity form 
factor

Cavity volume, 
scaled by  f −3

Cavity Quality 
factor
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DIELECTRIC HALOSCOPE (1)

▸ Power emitted at a vacuum-to-perfect-conductor interface:

9

Pγ
sig

A
= 2 . 2 × 10−27 W

m2 ( Be

10 T )
2

C2
aγ

Axions Detection Idea R&D Efforts Outlook & Conclusion

Axion - Photon Mixing

x

scaled
field

strength
a
E

electromag. wave emission

P/A = 2.2× 10−27Wm−2

(

Be

10T

)2

Caγ
2 · f (ϵ1, ϵ2)

MADMAX: MAgnetised Disk-and-Mirror Axion eXperiment 7/21

Eγ
2e−i(ωt−k2x)Eγ

1e−i(ωt+k1x)
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DIELECTRIC HALOSCOPE (2)

▸ Continuity conditions at each boundary 

, where 

, 

, 

 

(Rr+1

Lr+1) = GrPr (Rr
Lr) + E0Sr (1

1)
Gr =

1
2nr + 1 (nr+1 + nr nr+1 − nr

nr+1 − nr nr+1 + nr)
Pr = (eiδr 0

0 e−iδr)
Sr =

Ar+1 − Ar

2 (1 0
0 1)

10

▸ In the  domain 

 ,  

where ,  

 

rth

Er
a = − ArE0

Ar =
1
ϵr

Be,r

Be,max

E0 = gaγBe,maxa0

A. Millar, G. Raffelt. J. Redondo, F. Steffen, JCAP 1701 (2017) no.01, 061

, where  

, 

 , and  

(Rm

Lm) = T (R0
L0) + E0M (1

1)
Tb

a = Ga−1Pa−1Ga−2Pa−2 . . . Gb+1Pb+1GbPb

T = Tm
0

M =
m

∑
s=1

Tm
s Ss−1

Transfer matrix between 
in and out EM waves Axion source terms

"Axion-photon conversion caused by dielectric interfaces: quantum field 
calculation”, A. N. Ioannisian, N. Kazarian, A. J. Millar, G G. Raffelt, DOI: 
10.1088/1475-7516/2017/09/005
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▸ A perfect mirror on the left 

Reflectivity , 

Boost  

▸ Tolerance to disc positioning inaccuracy: 

 

RR =
Rm

Lm R0=0
=

T[1,2]
T[2,2]

β =
Rm

E0
= M[1,1] + M[1,2]

σ ≪ 200μm ( 102

β )
1/2

( 100μeV
ma )

11

DIELECTRIC HALOSCOPE (3)
20 discs, d = 1 mm, n = 5

 [cm]d
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MAgnetized Disc and Mirror Axion eXperiment (MADMAX)

▸ Power enhancement from coherent emission from and resonances between 
interfaces

Pγ
sig

A
= 2.2 × 10−27 W

m2 ( Be

10 T )
2

C2
aγ ⋅ β2 Boost factor  achievableβ2 ≥ 104

L
L ≪ λdeBroglie

11

~m2

Cryogenic 
environment
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MADMAX BOOST FACTOR

13

▸ Frequency tuning possible

Disc positions randomly varied by  σ = 15 μm

Frequency is tuned by changing disc positions

▸ Area law:  

▸ Options for broadband 
and narrowband scans

∫ |β(ν) |2  dν ∝ N

β2
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OTHER DIELECTRIC HALOSCOPES

14

ADMX Orpheus

15-18 GHz

▸ Open cavity with evenly spaced dielectrics 

▸ Dielectric media compresses wavenumber 
and prevent the form factor integral from 
dropping to zero

Infrared to 
ultraviolet

Photon detector

Lens

Dielectric 
layers

Mirror

M. Baryakhtar, J. Huang, R. Lasenby, PRD 98, 035006 (2018)

J. Jaeckel, J. Redondo, DOI:10.1103/PhysRevD.88.115002

δ = λ /2
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▸ More realistic simulations 

▸ Frequency tuning in reality 

▸ RF signal detection 

▸ Other engineering 
challenges

15

xkcd.com

http://xkcd.com
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3D SIMULATION (1)

A. Finite element method (FEM) w/ 
Comsol Multiphysics  and Elmer 

▸ Axion-induced E field is 
implemented as an external 
current density:  

▸ Fewer underlying assumptions 
but time-consuming

®

Ja(t) = gaγBe
·a(t)

16

B. Recursive Fourier propagation 
method 

‣ Assumption: no charge 
accumulation, i.e.  

‣ Plane-wave expansion 

‣

∇ ⋅ E = 0

S. Knirck, J. Schütte-Engel, et. al. 
DOI: 10.1088/1475-7516/2019/08/026
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3D SIMULATION (2)

C. Mode matching 

‣ If the booster mechanics have negligible effects, the booster can be 
regarded as similar to a dielectric waveguide 

‣ Mode mixing can happen due to diffraction, tilted disc, etc. 

‣ Three methods yield consistent results where comparison is possible

17

Eigenmodes w/ different field patterns and propagation constant
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3D SIMULATION (3)

18
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CRITICAL DESIGN PARAMETERS (1)

▸ Disc surface roughness

19

‣ Booster is forgiving to small-scale 
roughness

Correlation length 3 mm

β2
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CRITICAL DESIGN PARAMETERS (2)

▸ Disc thickness variation

20

Correlation length 35 mm

‣ Disc flatness better than  is desirable; 
 is critical 

‣ Effects on boost factor may be mitigated 
through measurement-based tuning

5 μm
10 μm



XIAOYUE LI (MPP) 
MIAPP 
FEB. 18, 2020

CRITICAL DESIGN PARAMETERS (3)

▸ Disc tilting

21

Speckled pattern

‣ For 1-m discs, disc tilting should be 
less than 0.1 mrad ( )100 μm

▸ Non-ideal discs result in irregular beam shapes 

▸ How to efficiently couple such a beam into the 
receiver is under study
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FREQUENCY TUNING

▸ Boost factor cannot be measured experimentally 

▸ It can be inferred from measurements of the electromagnetic response 
such as the reflectivity, as it is strongly correlated with the boost factor

22

▸ Group delay  maps 

out the resonances within the 
booster 
▸ Near frequencies that 

experience a large number 
of internal reflections, the 
phase of the reflected 
radiation changes rapidly.

∂
∂ν

arg (ℛ)

20 discs, 1 mm-thick, ϵ = 25
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PROOF-OF-PRINCIPLE SETUP 

23

J. Egge, S. Knirck, et. al. arXiv:2001.04363

https://arxiv.org/abs/2001.04363
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ANTENNA EFFECTS

24

Mirror Antenna

Mirror-only

FFT

Mirror Antenna

Reflectivity of the antenna-
mirror system in time domain

‣ Antenna-mirror efficiency

Assumption: adding discs 
does not significantly 
alter the beam shape

▸ Impedance mismatch 
between the antenna 
and free space 

▸ Included in simulation

More sophisticated 
antenna model is 
needed
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REFLECTIVITY MEASUREMENT AND FREQUENCY TUNING

25

Proof-of-principle setup with 4 discs

‣ 1D model is used 

‣ Ripples due to the impedance mismatch at 
antenna aperture 

▸ Challenges for frequency tuning 

▸ Absolute disc positions are 
not known 

▸ Key booster parameters such 
as the dielectric constant are 
difficult to measure precisely 

▸ Perfect simulation does not 
exist 

▸ Theses issues can be mitigated 
by a  measurement-based 
tuning procedure



XIAOYUE LI (MPP) 
MIAPP 
FEB. 18, 2020

DISC TUNING PROCEDURE

1. Adjust the disc spacings in the simulation to obtain the desired boost factor 

‣ Calculate the reflectivity, in particular the group delay, with the same configuration 
with calibrated antenna reflections included 

2. Adjust the disc positions in the setup until the measured group delay matches that 
given by the simulation

26

Measurement
Simulation

The movement is 
guided by an algorithm

Move discs in the setup
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DISC TUNING RESULTS

27

Disc spacings are degenerate, 
i.e. different disc spacings can 
result in similar group delays

Disc spacing 
r.m.s.2 discs

5 discs

‣ In order to quantify the disc 
spacing repeatability, repeat 
step 2 with different random 
starting positions ~200 times
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UNCERTAINTY OF THE BOOST FACTOR DUE TO TUNING

28

3 discs

▸ Degenerate disc 
spacings   
uncertainties on 
the boost factor

→
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SYSTEM NOISE TEMPERATURE

▸ ,  where   

▸  depends on receiver noise temperature 
and frequency 

▸ Kirchhoff theorem:  

▸ Emissivity  for perfect electrical 
conductor,  for perfect blackbody 

▸  can be reduced by choosing low  loss 
material for the discs and low loss metal for 
the mirror

SNR =
Psig

kBTsys

tscan

Δν
Tsys = Trec + Tbooster

Trec

Tbooster = ϵ ⋅ Tphysical

ϵ = 0
ϵ = 1

ϵ tan δ

29

10 cm

4 K

30 K

Cold measurement of system 
noise temperature ongoing

“Tools of Radio Astronomy”, T.L. Wilson, K.  Rohlfs, S. Hüttermeister,  Fifth edition

Instrumental baseline ripple
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SYSTEM NOISE TEMPERATURE

▸ ,  where   

▸  depends on receiver noise temperature 
and frequency 

▸ Kirchhoff theorem:  

▸ Emissivity  for perfect electrical 
conductor,  for perfect blackbody 

▸  can be reduced by choosing low  loss 
material for the discs and low loss metal for 
the mirror 

▸ Booster  has frequency dependence 

SNR =
Psig

kBTsys

tscan

Δν
Tsys = Trec + Tbooster

Trec

Tbooster = ϵ ⋅ Tphysical

ϵ = 0
ϵ = 1

ϵ tan δ

ϵ

30

10 cm

4 K

30 K

Cold measurement of system 
noise temperature ongoing
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RECEIVER CHAIN

31

HEMT amplifier from 
Low Noise Factory 

Samplers

LHe bath

Fake axion 
signal injection

Front-end mixers 
& amps

<2% deadtime

                      signal detectable with 
~days of measurement time
1 × 10−22 W

▸ Below 40 GHz linear amplifier most suitable

Trec = 5 − 6 K
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TRAVELING WAVE AMPLIFIER

▸ Quantum limit of coherent detectors: 

, where  

‣ Broadband traveling wave JPA could potentially 
halve system noise temperature for MADMAX 

‣ Josephson junction nonlinear inductance 

‣ GHz bandwidth 

‣ High 1-dB compression point 

‣ No need to tune frequently 

‣ 10-40 GHz possible with the current fabrication 
technology 

‣ Testing of ~12 GHz device this summer

kBTrec = hνNA NA ≥
1
2

32

~2000 SQUIDS

L. Planat, et. al. arXiv:1907.10158
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DIELECTRIC DISC 

▸ Discs are  m in diameter and 1mm in thickness 
▸ Candidate materials:  

▸ LaAlO3 

▸  

▸  

▸ Only grown on 3” wafer; tiling needed for 1 
m2 discs 

▸ Sapphire 

▸  (C-cut) 

▸  
▸ Up to 20’’ 

▸ Other possible candidate materials are being 
explored

1.25

ϵ ≈ 24
tan δ = a few × 10−5

ϵ ≈ 9
tan δ ≈ 10−5

33

First tiled LaAlO3 disc ( 30 cm)ϕ =

June 2019 @ UHH
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DISC CHARACTERIZATION
▸ Literature values for LaAlO3 not available at 

10 to 100 GHz and/or not down to 4 K 

▸ Highly dependent on manufacturing process

34

▸ Tiled disc surface is measured 

▸ Feedback to tiling process

CPPM Marseille
 and  measurements @ UHHϵ tan δ
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MAGNET DESIGN STUDIES

▸                                  magnet has never been built before 

▸ Working with innovation partners and an expert committee 

▸ NbTi coil, 9 T field, 1.25 m2 aperture, ~5% inhomogeneity, 480 MJ stored energy 

▸ Conceptual design available since 2019; the first coil may be delivered by 2021; full 
magnet to be commissioned by 2025

35

B2 ⋅ A ∼ 100 T2m2
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TIMELINE  OF MADMAX

36

2017-2019       
DESIGN

2019-2022  
PROTOTYPING

2022-2025  
DETECTOR CONSTRUCTION

2025-2035 
DATA TAKING @ DESY

Eur. Phys. J. C (2019) 79: 186 

MADMAX white paper

MORPURGO magnet 
@ CERN up to 1.6 T

Full-size detector

RF lab SHELL 
@ UHH

Prototype detector data taking

(with abundant optimism)

https://doi.org/10.1140/epjc/s10052-019-6683-x
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PROTOTYPE 

▸ Aim to construct and commission 
prototype booster by 2022 

▸ 20 LaAlO3 discs with 30cm 
diameter; laser interferometer 
incorporated 

▸ Hammer out the mechanical 
design 

▸ Hidden photon/ALP search 
 

▸ Development and testing of piezo 
motors are ongoing 

▸ 4 K, ~9 T, long travel range, 6 
kg load bearing

∼ 80 μeV

37

Prototype booster mechanics design

4K cryostat
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MADMAX BASELINE DESIGN

38

Focusing mirror

Booster with a mirror and 80 LaAlO3 

disks 1mm-thick, 1m2 in area

9 T superconducting magnet with >1 

m2 aperture, <5% inhomogeneity

Horn antenna

Cryostats

B-field

2m

Mirror Receiver 
chain

Full-scale detector
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DESY SITE
▸ Final MADMAX detector will be located at HERA Hall North 

▸ Make use of DESY infrastructure  

▸ Reuse H1 yoke

39

H1 magnet  
(Will be removed)

H1 yoke

H1 yoke

HERA Hall North

DESY
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MADMAX SENSITIVITY

40

CAST

ALPS-II

IAXO

BR
AS
S

MADMAX

20d
30c
m1
.6T

80d
1.2
m 9

T 8
K

AD
M
X

U
F/
RB
F

H
AY
ST
AC

Cavity
experiments

-6 -5 -4 -3 -2
-16

-15

-14

-13

-12

-11

-10

KSFZ

DSVZ

, 20 MHz bandwidth, 5 yearsTsys = 4 K

, 50 MHz 
bandwidth, 3 years
Tsys = 8 K

Assuming 50% of obtainable 
power from 1D simulation is 
received;  detection level5σ

Prototype detector 
3 months
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SUMMARY AND FUTURE PROSPECT

▸ The MADMAX experiment aims to search for QCD axions in the form of local 
CDM in the well-motivated mass range of  

▸ Microwave signal at  

▸ Novel dielectric haloscope to boost axion signal to a detectable level 

▸ Design R&D and simulation studies are on going 

▸ Aim for data-taking in 2025

40 ∼ 400 μeV

10 ∼ 100 GHz

41
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THE CHALLENGES

▸ Booster physics 

▸ Realistic simulations of axion signal and EM measurements 

▸ System noise temperature 

▸ Coupling of axion signal to receiver via antenna or taper 

▸ Other EM measurements to constrain boost factor? 
▸ Frequency tuning of 80 discs 

▸ Implementation of quantum limited amplifier below ~40 GHz 

▸ Novel detection technology needed above ~40 GHz 

▸ Engineering challenges 

▸ 100 T2m2 dipole magnet 

▸ Disc driving mechanism at 4K, 9 T, ~1 m driving distance, µm precision, 6 kg load 
bearing 

▸ Large dielectric discs with sufficient flatness, high , low ϵ tan δ

42
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                          COLLABORATION

43
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DIELECTRIC LOSS

44
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AXION VELOCITY EFFECT

45
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DM AXION DENSITY

46

Axion decay

Initial m
isalignm

ent 

angle

Cosmic string + 
Domain walls

Re
lic

 a
xi

on
 D

M
 d

en
sit

y 
to

da
y 

[k
eV

/c
m

3 ]
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FROM AXION SEARCHES TO AN AXION TELESCOPE

47

axion DM wind

[A.J.Millar, J.Redondo, F.D.Steffen, JCAP1710, 006, arXiv:1707.04266]

No v sensitivity Directional v effect

Axion search experiment Axion telescope

Axion DM field a(x, t) ≈
2ρa

ma
cos(ωt−p ⋅ x + α)

ω = ma (1 +
v2

2 )
p = mav
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A VISION FOR THE FAR FUTURE: AXION ASTRONOMY

48

Key: axion phase differences across large exp. + rotation of the Earth

L

MADMAX-XXXL in 3 directions = axion telescope

400 disks 
Be=15 T 
A =1 m2

L ∼ λa =
2π

maσv
≃ 12.4 m ( 100 μeV

ma )
▸ measure the daily and annual modulation (and solar velocity) 
▸ measure the anisotropy of the DM halo 

▸ measure a stream (and mini cluster streams)

[S.Knirck, A.J.Millar, C.A.J.O’Hare, J.Redondo, F.D.Steffen, JCAP1811, 051, arXiv:1806.05927]

Axion DM 
wind


