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What is the axion dark matter mass?
➔ Andreas Ringwalds talk

Lawrence Livermore National Laboratory LLNL-PRES-731524 
58 

Where to look in mass? 

For PQ symmetry breaking 
after inflation analytical 
and lattice results point to 
1-100 µeV masses. 
 
 
For PQ symmetry breaking 
before inflation less 
constrained                
(could be << µeV masses) 

Plot from Gray Rybka (UW) 

Gray Rybkas plot
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen. 

>  Exploiting lattice results on topological 
susceptibility of                         :  

>  Axion production efficiency smaller 
than angle-average of ``realignment'' 
mechanism 

§  Simple sum 

   double counts 

§  Energy in domain walls is the energy of field 
misalignment, from values 

   

[Klaer,Moore `17] 

[Klaer,Moore `17] 

[Borsanyi et al. `16] 
“axion from hell”

[Javier Redondo]
SMASH

[Ballesteros et al., PRL’16]

anomalous Josephson junct.
[Beck, PRL’13 & PDU’15]
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What is the axion dark matter mass?

Motivation for high frequency haloscope

ƔBeck result: potential signal of axions at ~26.6 GHz (~10^-4 eV)

ƔHigher frequency than typical haloscopes…or easily accessible

ƔConsidered a spurious result by many

ƔBeck's hypothesis:
Shapiro step-like features in Josephson Junctions could be as a result of axions

ƔDOI:http://dx.doi.org/10.1103/PhysRevLett.111.231801

ƔNo direct test of this candidate signal has been performed – seems like as good a place as any to start 
looking

[Beck, PRL’13 & PDU’15]

Anomalous effect observed in Josephson junctions

 ! warning: highly controversial !
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Without observation: theory uncertainty stays

➔ Andreas Ringwalds talk

Andreas Ringwald  | The quest for the axion, PASCOS 2017, Instituto de Fisica Teorica UAM-CSIC, Madrid, E, 19-23 June 2017 |  Page 19 

>  If Peccei-Quinn symmetry bro-
ken during inflation and not re-
stored afterwards (pre-inflatio-
nary PQ breaking scenario) 
§  Axion CDM density depends on sing-

le initial angle during inflation and 

Axion Cold Dark Matter 

[Saikawa]    
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Axion Cold Dark Matter 

>  If Peccei-Quinn symmetry re-
stored after inflation (post-in-
flationary PQ breaking scena-
rio) 
§  Vacuum realignment contribution 

depends on spatially averaged 
initial misalignment angle and 

§  Upper limit on      from requirement 
that realignment contribution 
should not exceed DM abundance 
gives lower limit on axion mass: 

     

 

[Borsanyi et al. `16] 

[Saikawa]    

Scenario 1 Scenario 2
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FIG. 3. Two examples of the discovery potential (light
and dark blue) of our dielectric haloscope using 80 disks
(✏ = 25, A = 1m2, Be = 10T, ⌘ = 0.8, tR = 1day)
with quantum limited detection in a 3-year campaign. We
also show exclusion limits (gray) and sensitivities (coloured)
of current and planned cavity haloscopes [14, 15, 32–36].
The upper inset shows the initial angle ✓I required in Sce-
nario A [37]. The lower inset depicts the fa value corre-
sponding to a given ma, and the three black lines denote
|Ca� | = 1.92, 1.25, 0.746. Note that Scenario B predicts
50µeV . ma . 200µeV [10, 38].

|Ca� | ⇠ 1. In Scenario A, these masses correspond to
large, but still natural, initial angles 2.4 . ✓

I

. 3.12 [37].
Scenario B, our main goal, would be covered including
the theoretical uncertainty in ma (50–200µeV [10, 38])
for KSVZ-type models with short-lived domain walls
(N = 1). Prime examples include the recent SMASHd,u

models (E = 2/3, 8/3) [38]. Models with N > 1 require
ma & meV [10, 39], beyond our mass range. However,
with some exceptions [40] they generally require a tuned
explicit breaking of the PQ symmetry to avoid a domain-
wall dominated universe [41].

CONCLUSION

In this Letter we have proposed a new method to search
for high-mass (40–400µeV) axions by using a mirror and
multiple dielectric disks contained in a magnetic field – a
dielectric haloscope. The key features are a large trans-
verse area and the flexibility to use both broadband and
narrow-band search strategies. With 80 disks one could
search a large fraction of this high-mass range with sen-
sitivity to the QCD axion.
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where numbers in brackets denote the uncertainty in the last digit. For the axion mass the
first error is from quark mass uncertainties and the second one from higher order corrections.
In expression (2.3c), E is the EM anomaly and N the color anomaly or equivalently domain
wall number. In models where ordinary quarks and leptons do not carry Peccei–Quinn
charges, the axion-photon interaction arises entirely from a-⇡0-⌘ mixing and E/N = 0, the
KSVZ model [22, 23] providing a traditional example. In more general models, E/N is a ratio
of small integers, the DFSZ model [24, 25] with E/N = 8/3 being an often-cited example,
although there exist many other cases [26]. While g

a�

can be either positive or negative via
the model-dependent E/N value, we will see that the detectable power will depend on g2

a�

.
The Euler–Lagrange equations of motion for the axion and photon fields following from

the Lagrangian density (2.1) are
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The first equation is a modification of the laws of Gauss and Ampère in the presence of
axions, which leads to the extra current J⌫
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a on the rhs of
this equation. The laws of Gauss for magnetism and of Faraday derive from a geometric
property of electrodynamics, the Bianchi identity @

µ

eFµ⌫ = 0, which does not get modified
by including the axion. In terms of electric and magnetic fields, one finds [8, 27]

r ·E = ⇢� g
a�

B ·ra , (2.5a)

r⇥B� Ė = J+ g
a�

(B ȧ�E⇥ra) , (2.5b)

r ·B = 0 , (2.5c)

r⇥E+ Ḃ = 0 , (2.5d)

ä�r2a+m2

a

a = g
a�

E ·B . (2.5e)

While axions do not enter the homogeneous equations, we need the latter to derive the EM
boundary conditions for interfaces such as those considered in section 3 below.

2.2 Macroscopic form of Maxwell’s equations

As discussed in the Introduction, dielectric materials will be essential for the proposed new
axion dark matter haloscope. Accordingly, we now reformulate these equations in terms of
macroscopic fields to account for the EM response of the background medium.

The form of the homogeneous equations (2.5c) and (2.5d) does not change. Nevertheless,
the fields E and B are here and henceforth understood to be the macroscopic ones obtained
from the microscopic ones by macroscopic smoothing. This applies, in particular, to the rhs
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r⇥E+ Ḃ = 0 , (2.5d)
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another theory uncertainty

MADMAX

HAYSTAC

“axion from hell”

Scenario 2
average inital misalignment
but computational challenge
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 

>  If confirmed: Mass in reach of conventional microwave cavity technique  
§  However, this assumes axion 100 % of dark matter!  

§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

Scenario 1
accidental inital misalignment

mA > 100 μeV
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Axion Dark Matter Direct Detection Experiments 

>  Upcoming generation of axion dark matter direct detection experiments 
can probe entire mass range:  
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Experimental Projects
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen. 

>  Current experimental bounds vs. prediction:  
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 

>  If confirmed: Mass in reach of conventional microwave cavity technique  
§  However, this assumes axion 100 % of dark matter!  

§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

“axion from hell”

[Klaer, Moore,’17]

CAST

cavity haloscopes

Existing exclusion limits today
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Axion Search Experiments

• Dark Matter Axions

• Solar Axions

• Laboratory Axions
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�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

'DUN 0DWWHU SURSHUWLHV

$[LRQ EDFNJURXQG

:KDW DUH WKH IHDWXUHV RI WKLV HIIHFWLYH ILHOG Ba "
$Q HDUWK�EDVHG ODERUDWRU\ LV PRYLQJ LQ D GDUN PDWWHU �KS� D[LRQV� KDOR�

7KH VR�FDOOHG ȐD[LRQ ZLQGȑ SURYLGHV�
�� β ! 10−3

�� λ = !
maβc

" λH[S

�� Qa ! 2 · 106

7KDW LV�
�� ∇a $= 0

�� FRKHUHQW D[LRQ ILHOG LQWHUDFWLRQ
�� QDWXUDO ILJXUH RI PHULW

� � ��
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Astro-Hints for the Axion: Energy Losses of Stars? 

>  Excessive energy losses of HBs, RG, WDs can be explained at one stro-
ke by production of axion/ALP with coupling to photons and electrons and 
probed by next generation experiments: 

ALPS II 

IAXO 
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>  Excessive energy losses of HBs, RG, WDs can be explained at one stro-
ke by production of axion/ALP with coupling to photons and electrons and 
probed by next generation experiments: 

ALPS II 

IAXO 

CAST, TASTE, miniIAXO, IAXOhelioscopes

light shining through wall

5th force/torsion balance

ALPS, ALPS II

ARIADNE

ADMX, HAYSTAC, ORGAN, 
CULTASK/CAPP, ORPHEUS

CASPEr, QUAX
BRASS
MADMAX

cavity haloscopes

magnetized mirror

spin couplings

dielectric haloscope + LC-circuit
+ ABRACADABRA
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Other projects in the same mass range

• Dark Matter Axions

• Solar Axions

• Laboratory Axions
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Cavity Haloscopes

power & basic principles

Lawrence Livermore National Laboratory LLNL-PRES-731524 
14 

* Dicke, 1946

 Integration time 
limited to ~ 100 sec

System noise temp. 
TS = Tphys + TN

TQuant  ~ 48 mK @ 1 GHz
Gen2: Dilution Fridge + 
Quantum-limited amps

Psig ~  ( B2V  QcavC010 )( g2 ma ρa )  
~  10–23 Watts for ADMX 

Magnet size, 
strength B2V ~ $

The Radiometer equation dictates strategy 

[Slide from Gianpaolo Carosis talk at PASCOS 2017]
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Lawrence Livermore National Laboratory LLNL-PRES-731524 
62 

§  Scaling single cavity to higher frequencies (f) – Volume ~ (f)-3 ! 

§  Quality factor also goes down as frequency increases (QL ~ 105 · (f)-2/3) 

§  Need to move to multi-cavity array’s. 

 

 

 

  

Frequency ~ 540 MHz 
QL – 100,000 
Axion Mass ~ 2 µeV 
Volume – 135 liters 

Frequency ~ 2.4 GHz 
Axion Mass ~ 9 µeV 
QL – 60,000 
Volume ~ 2.6 liters 

Frequency ~ 10 GHz 
Axion Mass ~ 36 µeV 
QL – 25,000 
Volume – 0.025 liters 

16” diameter 5” diameter 

1” diameter 

Challenge of moving to higher axion mass 
(frequency) 

[Slide from Gianpaolo Carosis talk at PASCOS 2017]

Cavity Haloscopes towards higher axion mass values
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Lawrence Livermore National Laboratory LLNL-PRES-731524 
23 

ADMX Science Prospects (2-6 GHz) 

4-cavity array

3σ sensitivity reach 

FNAL initial 
designs 

Lawrence Livermore National Laboratory LLNL-PRES-731524 
22 

ADMX Science Prospects (1-2 GHz) 

4-cavity array

3σ sensitivity reach 

4-cavity 
array 

[Slide from Gianpaolo Carosis talk at PASCOS 2017]

ADMX future - multi-cavity arrays



Dark Matter in Cosmology and at Colliders 13

HAYSTAC (ADMX-HF)

Lawrence Livermore National Laboratory LLNL-PRES-731524 
26 

HAYSTAC recent results 

Results: B.M. Brubaker et al., Phys. Rev. Lett. 118 (2017) 061302. 
Design details: S. Al Kenany et al., Nucl. Instrum. Methods A 854 (2017) 11-24. 

Lawrence Livermore National Laboratory LLNL-PRES-731524 
25 

Other groups: HAYSTAC (formally ADMX-High Frequency)  
9.4 Tesla magnet and 1.5 liter cavity at Yale U. 
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 

>  If confirmed: Mass in reach of conventional microwave cavity technique  
§  However, this assumes axion 100 % of dark matter!  

§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

[Klaer, Moore,’17]

z
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Other Haloscopes coming online 
ORGAN experiment 
Oscillating Resonant Group AxioN Experiment  
(U. of Western Australia) 
 
Exploring new cavity 
geometries and modes with 
sapphire disks. 
 
Initial experiments aimed at 
26-27 GHz. 
 
Runs A→G are the 2018-2025 
runs, with 14 T magnet and 
SQL Amps   
 
Dashed lines rely on success 
of squeezed state amplifiers 
and magnet upgraded to 28 T 

Figures from CAPP Patras 2017 
 

14

ORGAN

Oscillating Resonant Group AxioN Experiment
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cf. [1706.00209]

“axion from hell”
[Javier Redondo]

SMASH
[Ballesteros et al., PRL’16]

anomalous Josephson junct.
[Beck, PRL’13 & PDU’15]
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 

>  If confirmed: Mass in reach of conventional microwave cavity technique  
§  However, this assumes axion 100 % of dark matter!  

§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

[Klaer, Moore,’17]
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• ma = 110 μeV (i.e. 26.531 GHz), 2.5 neV wide

• 14 T/28 T superconducting magnet

• pipe organ-like arrangement of thin long resonant cavities

• Josephson parametric amplifiers -quantum-limited

• 7 T magnet

• HEMT-based amplification

• TM020 mode (i.e., higher order mode)

Mode Form Factor Volume (cm3) Geometry Factor (⌦)
TM010 0.69 1.45 386.5
TM020 0.13 7.78 744.6
TM030 0.053 18.87 1244.3

Table 1: Electromagnetic Form Factor, Volume and Geometry Factor of a haloscope cavity
for the first three axion sensitive modes at a fixed frequency and length.

Figure 2: Two visualizations of the resonance, the first shows transmission through the cavity
in arbitrary units as a function of frequency, whilst the second is a section of the power spectral
density of voltage fluctuations as recorded by the FFT after the signal has been mixed down
as per fig.1

at the room temperature output of the cryogenic readout chain, followed by a
mixer to down convert the cavity spectrum to be centred at ⇠ 8 MHz, where it
was sampled by a commercial vector signal analyser and recorded to an external
computer for analysis. Later stages will employ an FPGA based digitizer with
customized software, in development by another EQuS node.

The experiment collected data for 4 continuous days. The data was then
combined and linearly averaged, before a data analysis process similar to that
undertaken in [28] was performed: the power spectrum was computed with a
bin width of 26.6 kHz, which is the linewidth of the axion signal assuming a

6

• 7y funding secured

ORGAN
cf. [1706.00209]

• Pathfinding Run

• Future Prospects
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CULTASK & CAPP Projected Sensitivity

Lawrence Livermore National Laboratory LLNL-PRES-731524 
27 

Other Haloscopes coming online 
Center for Axion and Precision Physics (CAPP) in South Korea 
 
Bring online multiple experimental efforts over the next few years including 
microwave cavity searches (CULTASK, Toroid & multi-cell cavities) 
 

Prototype copper cavity Toroid cavity 

Multi-cell cavities 

Figures from CAPP Patras 2017 
 

“axion from hell”
[Javier Redondo]

SMASH
[Ballesteros et al., PRL’16]

anomalous Josephson junct.
[Beck, PRL’13 & PDU’15]
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 
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§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

[Klaer, Moore,’17]
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ORPHEUS

Lawrence Livermore National Laboratory LLNL-PRES-731524 
30 

Open resonator design with dipole magnet 
Orpheus Project (UW)

Open resonator would usually not couple to axion 
field (positive and negative E-fields cancel). 
 
Manipulating modes with dielectrics or alternating 
the magnetic field leads to a net axion coupling. 

Phys. Rev. D 91, 011701 (2015). 

University of  Washington, Seattle, USA

Lawrence Livermore National Laboratory LLNL-PRES-731524 
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Open resonator design with dipole magnet 
Orpheus Project (UW)

Open resonator would usually not couple to axion 
field (positive and negative E-fields cancel). 
 
Manipulating modes with dielectrics or alternating 
the magnetic field leads to a net axion coupling. 

Figure 2: A representation of an axion haloscope,
in which a virtual photon realized by a magnetic
field with strength B0 interacts with an ambient
axion in the detector to produce a real photon.
The noise observed in the experiment depends on
the temperature T in the cavity as well as the
noise temperature T

N

of the detector setup.

2 Experimental Technique

The Axion Dark Matter eXperiment (ADMX) has
conducted axion searches sensitive to dark matter
axions between 1 and 40 µeV [5]. However, axions
with masses between 40 µeV and 10 meV have also
been theorized to fit the criteria to be dark matter.
A closed resonant cavity such as that at ADMX
is not optimally adapted to study axions at high
frequencies, as Q and cavity volume decrease with
frequency, decreasing the signal power.

An open resonator design provides a method
to study high frequency axions that avoids these
di�culties [6]. In this setup, which is similar to
that of a Fabry-Pérot resonator, an electric field
with a particular resonant frequency is produced
between two reflectors, one curved and one flat.
In a microwave Fabry-Pérot resonator, the electric
field of the TEM00n mode takes the form of a sine
wave along the axis and a Gaussian radially [7]. In
order to maximize the signal power, the sign of the
applied magnetic field must match that of the elec-

tric field in the resonator. To accomplish this, wire
planes are placed inside the resonator at locations
corresponding to the nodes of the magnetic field
at the approximate axion frequency. The current
though alternating wire planes travels in alternat-
ing directions, causing the magnetic field between
each pair to switch sign.

To
Detector

Figure 3: A schematic diagram of the open res-
onator used in the Orpheus experiment. A series
of current-carrying wireframes causes the mag-
netic field to align with the electric field in the
resonator.

The resonator can be tuned in two ways. First,
the quality factor can be maximized for a given
frequency range by placing the wire planes at the
half-wavelength positions corresponding to the
nodes at the center frequency of that range. Sec-
ond, the resonator can be tuned so that the res-
onance peak occurs at a particular frequency by
adjusting the distance between the two reflectors.

Waveguide Output

Wire Planes

Reflector

Reflector

Figure 4: A CAD model of the open resonator
used in the Orpheus experiment, showing the po-
sitions of the two reflectors and eight wire planes.

2

Workshop on Microwave Cavity Design for Axion Detection - LLNL 2015 - Gray Rybka 11

Orpheus Results 

Many orders of magnitude 
improvement possible with 
improved B-Field, volume, Q, 
noise temperature

Orpheus was operated for two weeks.  Results published in Rybka 
et al. Phys. Rev. D 91, 011701(R) (2015)

Simple benchtop sensitivity 
competitive with large-scale 
national lab laser experiments

Mass Prediction*

*prediction from Visinelli et al. PRL 11, 011802 (2014)[Slide from Gray Rybka]
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MADMAX

Lawrence Livermore National Laboratory LLNL-PRES-731524 
33 

MADMAX sensitivity projections 

Slide from Stefan Knirck: Patras 2017 

Bela Majorovit and Stefan Knirck gave more detailed talks yesterday (July 24th) 
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QUAX

Lawrence Livermore National Laboratory LLNL-PRES-731524 
34 

Alternative strategy for high mass axions 
§  Look for an axion “wind” which acts as an effective RF magnetic 

field on electron spin via electron-axion coupling 

§  This axion induced RF excites magnetic transition in a magnetized 
sample (Larmor frequency) and produces a detectable signal 

§  The QUAX (QUest for AXion) experiment 

 

•  R.	Barbieri	et	al.,	Searching	for	galac.c	axions	
through	magne.zed	media:	The	QUAX	proposal	
Phys.	Dark	Univ.	15,	135	-	141	(2017)	

The	effec*ve	magne*c	field	
associated	with	the	axion	wind	
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Slide from Giuseppe Ruoso 
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Sensitivity to the axion-electron coupling

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

$[LRQ�VSLQ LQWHUDFWLRQ

+RZ WR WXQH WKH UHFHLYHU� (65

)RU DQ D[LRQ PDVV RI ∼ 200µH9�mac2 = !ω ⇒ ω/2π ∼ 48*+]
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2e∇a LV DFWXDOO\ DQ 5) ILHOG�
↓
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6WDWLF ILHOG
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Slide of Nicolo Crescini

DSFZ specific
mA ~ 200 μeV
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Astro-Hints for the Axion: Energy Losses of Stars? 

>  Excessive energy losses of HBs, RG, WDs can be explained at one stro-
ke by production of axion/ALP with coupling to photons and electrons and 
probed by next generation experiments: 

ALPS II 

IAXO 

20

Lawrence Livermore National Laboratory LLNL-PRES-731524 
8 

§  Large toroidal 8-coil magnet L = ~20 m  

§  8 bores: 600 mm diameter each 

§  8 x-ray telescopes + 8 detection systems 

§  Rotating platform with services 

IAXO: the next Helioscope generation 

*slides provided by J. Ruz Armendariz 

*Please see Beljana Lakic’s talk tomorrow in the DM parallel session  

Solar Axions & Laboratory Axions

TASTE

No direct MADMAX competitors
Lawrence Livermore National Laboratory LLNL-PRES-731524 

8 

§  Large toroidal 8-coil magnet L = ~20 m  

§  8 bores: 600 mm diameter each 

§  8 x-ray telescopes + 8 detection systems 

§  Rotating platform with services 

IAXO: the next Helioscope generation 

*slides provided by J. Ruz Armendariz 

*Please see Beljana Lakic’s talk tomorrow in the DM parallel session  
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Astro-Hints for the Axion: Energy Losses of Stars? 

>  Excessive energy losses of HBs, RG, WDs, NS can be explained at one 
stroke by production of axion with coupling to photons, electrons, nuc-
leons, e.g. for DFSZ axion model: 

[Giannotti,Irastorza,Redondo,AR,Saikawa (in preparation)] 

DFSZ 2

IAXO

ARIADNE

ARIADNE

unitarity
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Conclusions

➔ Develop a clever MADMAX search strategy!

• axion dark matter mass search range?  
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Discussion and Conclusions 

>  Most realistic simulations, as far as string tension is concerned, find 
significantly lower dark-matter axion mass in           post-inflationary PQ 
SSB scenario than previously estimated: 

>  Need independent confirmation: 
§  Small distances resolved in effective way  

§  Is there complete decoupling between short distances and long distances? 

>  If confirmed: Mass in reach of conventional microwave cavity technique  
§  However, this assumes axion 100 % of dark matter!  

§  Dark-matter axion mass will move to higher values if axion sub-dominant dark matter 
or if   

[Klaer, Moore,’17]

Has the mA ~ 100 μeV axion from hell gone back home?

• strongly growing exp. efforts to find the axion also towards mA ~ 100 μeV

HAYSTAC, ORGAN, CAPP, ORPHEUS, QUAX, ...

• MADMAX: unique potential with respect to seamless broadband mA scans 

[1611.05865]

3

from a cavity haloscope resonantly excited by axion DM
is [29]:
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where V is the volume, ga� = �↵/(2⇡fa)Ca� , Q is the
loaded quality factor, and  is the ratio of signal power
to total power loss. The form factor G involves the E-
field of the resonant mode, E

cav

(x), calculated by impos-
ing closed boundary conditions as a perturbation of the
closed system.

Dielectric haloscopes are open systems, which are in
general non-resonant. Nevertheless, one can find analo-
gies for the various terms in (6) and so derive a similar
expression as shown in a forthcoming paper [28]

P ' G
d

V

Q

d

ma
⇢ag

2

a�B
2

e

, (7a)

G
d

=

��R
dxE

in

B

e

��2

LB

2

e

R
dx|E

in

|2
, Q

d

=
1

4

R
dx|E

in

|2

E

2

0

/ma
, (7b)

where L is the length of the haloscope and E

in

(x) is the
E-field inside the haloscope induced by shining a wave of
amplitude E

0

from the RHS in Fig. 1. Notice that E
in

(x)
is not generally a physical mode excited by the axion
field, but only a way to encode the boundary conditions
at the interfaces. While G

d

is a true form factor, note
that Q

d

is not strictly speaking a quality factor. The
output coupling is built into our formalism and does not
require an additional factor.

Thus our goal is to maximise P by increasing V and
G
d

using appropriately placed dielectrics. This is similar
to enhancing V and G of a strictly resonant cavity by
either modifying the magnetic field or using dielectrics,
[22] and [23, 30]. However, our dielectric haloscope would
be a poor resonator, compensating a relatively low Q

d

with a huge V . This has completely di↵erent engineering
challenges than an intermediate volume, high-Q cavity.

Large V resonators are typically more complicated me-
chanically, which implies longer tuning times. For high-
Q cavities, as V increases modes tend to clutter [31] and
it becomes increasingly di�cult to identify and tune to
them. Mode crossings become more frequent, with con-
comitant forbidden frequencies. Furthermore, for a large
V resonant cavity the coupling of the output port needs
to increase locally to compensate for a longer time-of-
flight of photons in the cavity, leading to stronger mode
distortions.

In our case, we have the flexibility to compensate
for longer tuning times by using broadband and non-
resonant configurations. Further, we avoid mode cross-
ings by not having modes, rather quasi-modes with very
broad widths. Lastly, by making the system as 1D as
possible with a large A, and extracting the signal ho-
mogeneously across the last dielectric layer, we minimise

FIG. 2. Boost factor �(⌫a) for configurations optimised for
�⌫� = 200, 50 and 1MHz (red, blue and grey) centred on
25GHz using a mirror and 20 dielectric disks (d = 1mm,
✏ = 25).

any distortion caused by a local coupling to the detec-
tor. This allows us to avoid some of the issues of large V
resonators.

PROPERTIES OF THE BOOST FACTOR

Once we choose our dielectrics, fixing ✏ and d, the disk
spacings remain as the only free parameters, giving us
considerable control over the frequency response. Ideally,
we would have two types of configurations, one providing
a flat response so that a single configuration can mea-
sure a large frequency range simultaneously, and another
with a larger � over a narrow band to discard statistical
fluctuations and do precision axion physics in case of a
discovery. We can numerically generate configurations
that approach such responses.
One can predict the general behaviour of � by using

the “Area Law”:
R
�

2

d⌫a is proportional to the sum
over interfaces, which holds exactly when integrating over
0  ⌫a  1, and is a good approximation for frequency
ranges containing the main peak [28]. According to the
Area Law, an increase in the number of dielectrics gives
a linear increase in

R
�

2

d⌫a. For a single set of dielectricsR
�

2

d⌫a is constant; one can trade width for power and
vice versa, but cannot gain in both.
Figure 2 depicts �(⌫a) for a dielectric haloscope

consisting of a mirror and 20 disks (d = 1mm,
✏ = 25). Spacings have been selected to maximise �

min

within�⌫� = 1, 50 and 200MHz centred on 25GHz (our
benchmark frequency corresponding to ma = 103.1µeV).
Figure 2 illustrates the Area Law: as we vary the band-
width, the power changes by roughly the same factor.
While the area is conserved, how e�ciently it is used de-
termines �

min

: flat responses are more e�cient than nar-
row resonances, which are approximately Lorentzian. Us-
ing the Area Law we extrapolate to the 80 disk setup de-

20 disk 
example
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Figure 20. Example of a scan across 300 MHz using six configurations with a bandwidth of 50 MHz
each, using a set of 20 aligned dielectric disks (1 mm thick and refractive index n = 5) with a mirror
on one side.

configuration. As we are increasing the bandwidth by a factor of four, one expects from the
area law that the power should drop by that same factor, so � ! �/2 ⇠ 60. Despite the
�⌫

�

= 200 MHz configuration having a slightly lower
R
�2d⌫, it uses the available area more

e�ciently; i.e it is more rectangular (as shown in figure 23). While this configuration does
not reach our nominal benchmark, if one used ⇠ 50 dielectrics we expect that one could
achieve our benchmark � & 100 across 200 MHz.

While an analytic understanding of the positions required for an optimised setup is
highly non-trivial, we note that configurations with larger�⌫

�

tend to have a wider dispersion
of distances, whereas to increase the boost factor in a narrow range tends to have a smaller
spread to increase the resonant enhancement (see figure 23 bottom). Both of these are centred
around approximately a half wavelength, which suggests that this is a useful starting point
for optimisation.

That the behaviour of the 200 MHz configuration is less resonant is indicated in R: the
middle peak is only very slight, suggesting that this peak does not correspond to strongly
resonant behaviour. Figure 24 shows the E-fields at the maxima and minima indicated in
figure 22. The sharp cut-o↵ on the LHS of the � curve seems to be due a resonant mode
near the mirror, as in the 50 MHz configuration. The interpretation we had of two resonant
regions for our 50 MHz configuration is not quite as clear for the 200 MHz configuration: we
do not see three obviously distinct resonant modes creating the three peak structure (though
the left and right peaks do seem to correspond to resonant structure). Again, due to the
significant spacial variation of the phase, traveling waves are present.

This ability to trade �⌫
�

for � allowed by a dielectric haloscope has immense practical
value for an experimentalist. For example, if a potential signal is detected at an intriguing
(but inconclusive) significance, one could realign the haloscope so as to give a much higher
boost factor focused narrowly on the potential signal, allowing one to quickly confirm a
detection. As shown in figure 17, configurations exist that lead to a hundredfold gain in the
signal over our benchmark � = 100 (if one is only focused on a single frequency). Note that
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➔ Watch out for experimental news!

➔ Watch out for theory news!
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STAY TUNED! 


