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The following questions immediately arise: Why is the CMB so homogeneous? And, more

importantly, why are the observed CMB fluctuations correlated on large scales and not just

random noise?

The horizon problem is solved if the early universe experienced a sustained period of accel-

erated expansion (= inflation), a00 > 0. In that case, the integral in (6.1) is dominated by early

times and the particle horizon diverges in the past. Signals were therefore able to travel a much

larger distance than suggested by the naive extrapolation of the standard FRW expansion (see

Fig. 18).
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Figure 18. Illustration of the inflationary solution to the horizon problem in comoving coordinates (using
conformal time on the vertical axis). The spacelike singularity of the standard Big Bang is replaced by
the reheating surface, i.e. rather than marking the beginning of time it now simply corresponds to the
transition from the end of inflation to the standard Big Bang evolution. All points in the CMB have
overlapping past light cones and therefore originated from a causally connected region of space.

Exercise.—A special case of accelerated expansion is the quasi-de Sitter limit, which is characterized
by a nearly constant expansion rate, H = a0/a ⇡ const., so that a(t) = eH(t�t0), where t0 is some
fiducial time at which a(t0) ⌘ 1. Show that

a(⌧) = � 1

H⌧
, (6.3)

for ⌧ < 0. Notice that the initial singularity has been pushed to ⌧ = �1 (cf. Fig. 18).

Exercise.—Show that a00 > 0 is equivalent to a slow variation of the Hubble parameter

" ⌘ �H 0

H2
< 1 . (6.4)
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Figure 6

CASPEr setup. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . In
CASPEr-Wind the nuclear spins precess around the local velocity of the dark matter, ~v, while in
CASPEr-Electric the nuclear EDM causes the spins to precess around an e↵ective electric field in
the crystal ~E⇤, perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.

The CASPEr-Wind experiment is in fact a search for any light particle that couples to

nuclear spin (a generic coupling), not just the axion. For example, any pseudo-Goldstone

boson is expected to possess a coupling that would be detectable in the CASPEr-Wind

experiment. It can also detect other types of dark matter, for example hidden photon dark

matter (87, 26) is detectable through a nuclear dipole moment coupling.

Existing experiments may already be able to set limits on axion-like particles. Data

from experiments searching for nuclear EDMs or looking at nucleon spin precession in a

low background environment may be reanalyzed to search for a time-varying signal, a sign

of the axion. While not ultimately as sensitive as CASPEr where the signal is resonantly

enhanced, such searches may be able to probe beyond the current astrophysical limits in

Figures 7 and 8.

CASPEr is a novel and highly sensitive search for a broad class of dark matter candidates

in two new parameter spaces, the ‘axion wind’ and nuclear EDM, of which the QCD axion is

the most well-known example. In particular, CASPEr has the sensitivity to detect the QCD

axion over a wide range of masses from ⇠ 10�9 eV to 10�12 eV which are well-motivated

by fundamental physics (24) and where no other experiment can detect it.

Construction is just beginning on the CASPEr experiment. Work on CASPEr is cur-

rently being carried out in several places including Stanford, Berkeley, and Mainz.

70), and is also well-motivated theoretically (24).
3Note that the Wind coupling leads to a spin-dependent force which could be probed using NMR

techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).
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Axion vitals
Mass: sub-eV 

Spin: 0 
Parity: odd 
Charge: 0 

Field value: angular
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“axion decay constant”  
or 

“Peccei-Quinn (PQ) scale”

(dimensionless)

Yoni Kahn 1



Who ordered that?

Strong  
CP problem 

of QCD

LQCD � ✓

32⇡2
Tr Gµ⌫

eGµ⌫ dn ⇡ 3.6⇥ 10�16✓ e cmMoore’s Law for Neutron EDM Searches

6

Why so small?
✓ . 10�10

Solution: axion dynamically cancels

LQCD �
✓
✓ � a

fa

◆
1

32⇡2
Tr Gµ⌫

eGµ⌫

✓

[B. Filippone; Peccei & Quinn, Phys. Rev. Lett. 1977]Yoni Kahn 2



Axion DM: here and now
a(x, t) =

p
2⇢DM

ma
cos(mat+O(vDM)x)
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amplitude set by 
local DM density

oscillates at frequency  
set by DM mass

Local DM velocity Spatial coherence Temporal coherence

�vDM ⇠ vDM ⇠ 10�3 �dB =
�Comp

vDM

Experiments can exploit enhanced coherence time

e.g. ma = 10�9 eV

�Comp ⇠ km

⌧Comp ⇠ µs

⌧coh =
⌧Comp

v2DM
<latexit sha1_base64="HtK6xYTjMALYBp/hCGvmMhCiMm4="></latexit><latexit sha1_base64="HtK6xYTjMALYBp/hCGvmMhCiMm4="></latexit><latexit sha1_base64="HtK6xYTjMALYBp/hCGvmMhCiMm4="></latexit><latexit sha1_base64="HtK6xYTjMALYBp/hCGvmMhCiMm4="></latexit>

[Graham and Rajendran, Phys. Rev. D88 (2013)]Yoni Kahn 3



Perspective #0: 
Everything I’m going to  

say has caveats.  
(c.f. WIMP does not mean  

mSUGRA neutralino) 

Yoni Kahn 4



Perspective #1: 
Axions can teach us a lot 

about cosmology  
and astrophysics

Yoni Kahn 5



Yoni Kahn

Two scenarios for PQ breaking

The following questions immediately arise: Why is the CMB so homogeneous? And, more

importantly, why are the observed CMB fluctuations correlated on large scales and not just

random noise?

The horizon problem is solved if the early universe experienced a sustained period of accel-

erated expansion (= inflation), a00 > 0. In that case, the integral in (6.1) is dominated by early

times and the particle horizon diverges in the past. Signals were therefore able to travel a much

larger distance than suggested by the naive extrapolation of the standard FRW expansion (see

Fig. 18).

recombination

end of inflation

causal
contact

singularity

INFLATION

BIG BANG

Figure 18. Illustration of the inflationary solution to the horizon problem in comoving coordinates (using
conformal time on the vertical axis). The spacelike singularity of the standard Big Bang is replaced by
the reheating surface, i.e. rather than marking the beginning of time it now simply corresponds to the
transition from the end of inflation to the standard Big Bang evolution. All points in the CMB have
overlapping past light cones and therefore originated from a causally connected region of space.

Exercise.—A special case of accelerated expansion is the quasi-de Sitter limit, which is characterized
by a nearly constant expansion rate, H = a0/a ⇡ const., so that a(t) = eH(t�t0), where t0 is some
fiducial time at which a(t0) ⌘ 1. Show that

a(⌧) = � 1

H⌧
, (6.3)

for ⌧ < 0. Notice that the initial singularity has been pushed to ⌧ = �1 (cf. Fig. 18).

Exercise.—Show that a00 > 0 is equivalent to a slow variation of the Hubble parameter

" ⌘ �H 0

H2
< 1 . (6.4)

37

[Baumann, 1807.03098] 6
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Yoni Kahn

Two scenarios for PQ breaking

The following questions immediately arise: Why is the CMB so homogeneous? And, more

importantly, why are the observed CMB fluctuations correlated on large scales and not just

random noise?

The horizon problem is solved if the early universe experienced a sustained period of accel-

erated expansion (= inflation), a00 > 0. In that case, the integral in (6.1) is dominated by early

times and the particle horizon diverges in the past. Signals were therefore able to travel a much

larger distance than suggested by the naive extrapolation of the standard FRW expansion (see

Fig. 18).

recombination

end of inflation

causal
contact

singularity

INFLATION

BIG BANG

Figure 18. Illustration of the inflationary solution to the horizon problem in comoving coordinates (using
conformal time on the vertical axis). The spacelike singularity of the standard Big Bang is replaced by
the reheating surface, i.e. rather than marking the beginning of time it now simply corresponds to the
transition from the end of inflation to the standard Big Bang evolution. All points in the CMB have
overlapping past light cones and therefore originated from a causally connected region of space.

Exercise.—A special case of accelerated expansion is the quasi-de Sitter limit, which is characterized
by a nearly constant expansion rate, H = a0/a ⇡ const., so that a(t) = eH(t�t0), where t0 is some
fiducial time at which a(t0) ⌘ 1. Show that

a(⌧) = � 1

H⌧
, (6.3)

for ⌧ < 0. Notice that the initial singularity has been pushed to ⌧ = �1 (cf. Fig. 18).

Exercise.—Show that a00 > 0 is equivalent to a slow variation of the Hubble parameter

" ⌘ �H 0

H2
< 1 . (6.4)

37

: post-inflation, one free param. for relic density
[Baumann, 1807.03098]
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Axions and inflation

[Cortona et al., JHEP 1601 (2016)]

Pre-inflation

Post-inflation

Axion DM discovery implies low/high inflation scale!
9



Yoni Kahn

Dark matter substructure
Milky Way halo is not smooth!

[Necib, Lisanti, Belokurov, arXiv:1807.02519; Bellazzini and Ibata, arXiv:1809.01102]
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Figure 8. (Left) Posterior speed distribution for the halo (dashed red) and substructure (dotted blue) components. The solid
black line represents the total contribution. These results are based on fits to the SDSS-Gaia DR2 data within heliocentric
distances of d� < 4 kpc and |z| > 2.5 kpc. For comparison, we show the Standard Halo Model (dashed gray), defined in (6). The
empirical distribution does not include contributions from DM accreted from non-luminous satellites or di↵usely. (Right) The
95% background-free C.L. limits on the DM-nucleon scattering cross section, ���n, for spin-independent interactions as a
function of DM mass, m�, assuming a xenon target with an exposure of 1 kton⇥year exposure and a 4.9 keVnr energy threshold.
These limits are illustrative and do not account for experimental energy e�ciencies near threshold (Aprile et al. 2018).

The right panel of Fig. 8 shows the corresponding lim-
its on the DM mass and DM-nucleon scattering cross
section, ���n, assuming the simplest spin-independent
operator. For this example, we assume a xenon tar-
get, energy threshold of 4.9 keVnr, and exposure of
1 kton⇥year. The 95% one-sided Poisson C.L. limit (3
events) obtained using the velocity distribution inferred
from SDSS-Gaia DR2 is shown in solid black, and com-
pared to the SHM in dashed grey. The substructure
component drives the sensitivity at all masses, while
the halo contribution is subdominant, but becomes more
important at lower masses. In both cases, the exclusion
is significantly weakened for m� . 30 GeV relative to
that obtained using the SHM. For m� & 100 GeV, the
black and gray-dashed lines approach each other because
vmin ! 0 in (9).
The overall e↵ect of the empirical velocity distribu-

tion on the scattering limit depends on the details of the
nuclear target, experimental threshold, and DM mass—
all parameters that feed into the minimum scattering
speed defined in (7). A more model- and experiment-
independent way of understanding these e↵ects is to
study the dependence of the time-averaged inverse-
speed, hg(vmin)i, as a function of the minimum speed, as
this term captures the dependence of the scattering rate
on the DM velocities. The left panel of Fig. 9 plots this
quantity for the empirical speed distribution obtained
in this work (solid black) and the SHM (dashed gray).
The scattering rate for the empirical distribution is re-
duced relative to that for the SHM at vmin & 300 km/s;

it is enhanced for lower minimum speeds. The scatter-
ing rate is completely suppressed for vmin & 550 km/s,
whereas the SHM continues to contribute events above
this point.
To better understand the implications of these re-

sults, let us consider the concrete example of a 10 GeV
DM particle interacting in several detectors. Such a
DM particle needs a minimum speed of ⇠ 570 km/s
to scatter a xenon nucleus at an energy of ⇠ 5 keVnr

in Xenon1T (Aprile et al. 2018). As seen from the left
panel of Fig. 9, this is highly suppressed relative to the
SHM expectation.6 In contrast, the DarkSide-50 low-
mass analysis (Agnes et al. 2018) can detect argon re-
coils down to 0.6 keVnr in energy. A 10 GeV DM particle
only needs speeds of ⇠ 130 km/s to create such a recoil
and these speeds are well-supported by the empirical
distribution.
The empirical velocity distribution also impacts the

time-dependence of a signal. The DM scattering rate
should modulate annually due to the Earth’s motion
around the Sun (Drukier et al. 1986).
The right panel of Fig. 9 compares the modulation

amplitude assuming the newly derived velocity distri-
bution, as compared to the SHM. To obtain the ampli-
tude, we transform the velocities from the Galactic to
the heliocentric frame, taking into account the Earth’s
time-dependent velocity as defined in Lee et al. (2013).

6 In actuality, Xenon1T has non-zero e�ciency below
⇠ 5 keVnr, which improves its sensitivity in this range.

M. Bellazzini & R. Ibata: Sailing the Sgr Stream: NGC 5634

Fig. 11. Density map of Gaia DR2 RR Lyrae lying within ±20.0� from the orbital plane of Sagittarius. In the vertical axis, the
intensity-averaged and extinction-corrected mean G magnitude is a proxy for distance. In the window around the position of the
cluster (RA = 217.4�) the Sgr Stream is divided in three branches, that crosses aorund RA ⇠ 170� and are well separated once again
around RA ⇠ 170�. The three Stream wraps encountered along the los of NGC 5634 (as well as the Galactic bulge and the main
body of Sgr dSph) are indicated and labelled.

Fig. 12. Smoothed histogram of the intensity-averaged and
extinction-corrected mean G magnitude of RR Lyrae in a win-
dow around the cluster. Only RR Lyrae within ±20.0� from the
orbital plane of Sgr dSph are considered. The peaks correspond-
ing to the three Stream wraps encountered along this los are la-
belled. The sample consists of 583 RR Lyrae.

In Fig. 13 we show the PM distribution of the RR Lyrae trac-
ing the three wraps encountered along the los of NGC 5634.
The three subsamples are selected in the same RA window as
Fig. 1214 according to their position in hGi0 (i.e., distance along

14 Note that the result is not sensitive to the details of the chosen
RA window, e.g., it remains unchanged adopting 205.0� < RA <
230.0�. The mean motion of the SgrFar sample was obtained with a
Maximum Likelihood procedure taking into account all the covariances
in the astrometric measurements, and is very similar to the approxi-

Fig. 13. Proper motions of RR Lyrae selected from Fig. 11 in
the window 210.0� < RA < 225.0�, around the cluster position.
The stars in the nearest Sgr Stream wrap along this los (14.5 <
hGi0 < 16.3) are plotted as black dots, those in the farthest wrap
(18.5 < hGi0 < 19.5, related to the SgrFar sample) as green dots,
and those in the middle wrap (16.7 < hGi0 < 18.2, related to the
SgrNear sample) as red dots. The white square marks the mean
motion of the NGC 5634 cluster, the yellow triangle marks the
mean motion of the SgrFar sample.

the los). While the PM distribution of the stars in the nearest
wrap is quite broad, those in the middle (red) and distant (green)
wraps produce compact clumps in the considered plane, similar
to those seen in Fig. 3.The key point here is that the PM of the
cluster falls straight at the center of the PM distribution of the
Stream wrap in which it is embedded, i.e. the middle wrap from
which the the SgrNear sample is drawn.

RR Lyrae allowed us to identify the Stream wrap associated

to the cluster also as an overdensity in proper motion space.
This was not possible when dealing with normal (non-variable)

mate value we adopted in Sect 2, (hpmrai,hpmdeci) = (�1.027 ± 0.003,
�0.549 ± 0.003) mas/yr, statistic errors only.
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substructure has smaller dispersion

If DM follows stream stars, 
could have very narrow dispersion
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Axion “halometry”
a(t) =

p
2⇢DM

ma

Z
d3v g(v) cos(!v(t� v · x))

!v = ma(1 +
1

2
v2 +O(v4))

Much easier to identify structure in g(v) for axions than WIMPS
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FIG. 8: Simulated power spectra observed over a 10 year pe-
riod for a halo model consisting of a smooth population of
axion dark matter with an additional component from a net-
work of tidal streams stripped from orbiting miniclusters. The
abundance is based on the calculation of Ref. [75]. The sig-
nal from minicluster streams appears as short-lived enhance-
ments which are modulated in frequency due to the orbit of
the Earth. The power spectra are displayed as a function of
time from Jan 2016 to Jan 2021 and frequency shifted by the
axion mass.

explore the prospects for their detection. Our exam-
ple here shows that even if miniclusters comprise only
a very small contribution to the local axion density, they
appear much more prominently in a high resolution ex-
periment. In principle one could make use of the meth-
ods described in Secs. V and VI to extract information
about individual streams such as their radius, age and
Galactic frame velocity as well as place constraints on the
minicluster population such as their mass spectrum and
abundance. This would require isolating the signal from
miniclusters from both the noise and the background ax-
ion power spectrum. A possible strategy could be to use
the observations during periods without any minicluster
enhancement to make accurate measurements of the un-
derlying parameters (as in Sec. V) to then subtract the
background spectrum thus isolating the stream crossing
events.

A further complication that we have not discussed in
this work is the presence of any short-lived environmental
peaks which may appear in real resonant cavity exper-
iments and could mimic a positive axion signal. These
would usually be dealt with by performing a repeat ex-
periment in the frequency range at which the peak was
observed. However in the case of minicluster streams
which are themselves short-lived this check would not
necessarily be successful if the timescales for the environ-
mental peak and the stream crossing were comparable.
However a careful treatment of the frequency modulation
of the peak over time may in some cases be enough to

distinguish a Galactic signal from a lab-based one. We
leave a more detailed study of axion minicluster streams
and implications for experiments to a future work.

VIII. SUMMARY

We have performed a simulation of a hypothetical high
resolution ADMX-like experiment following a successful
detection of an axion dark matter signal. Our focus
here has been on extracting astrophysical information
and performing axion astronomy. Our main conclusions
are as follows:

• The measurement of the axion-photon conversion
power spectrum enables the accurate reconstruc-
tion of both axion particle parameters in conjunc-
tion with the underlying astrophysical parameters.

• With the use of the annual modulation signal one
can make accurate measurements of the compo-
nents of the Solar peculiar velocity. With an exper-
imental duration longer than a year the accuracy
can reach below 1 km s�1, which would improve
upon the measurement from local astronomical ob-
servations.

• Substructure such as tidal streams appearing in
simulations of Milky Way-like halos show up promi-
nently in the resolved axion power spectrum and
can hence be measured to levels of sensitivity not
possible in the direct detection of WIMPs. The
annual modulation signal plays an important role
here too as the precise shape of the modulating
stream allows the reconstruction of its properties:
the Galactic frame velocity, density and dispersion.
This in principle would allow axion haloscopes to
trace the formation and accretion history of the
Milky Way.

• We have simulated an approximation to the ex-
pected signal from a population of streams from
disrupted axion miniclusters. We have extrapo-
lated a result for the calculation of the expected
number of stream crossings from Ref. [75]. In an
experiment that resolves the axion spectrum the
signal from minicluster streams would appear much
more prominently in the data and could be iso-
lated to place constraints on their mass spectrum
or abundance.

The issues we have discussed here are relatively un-
studied in the context of axion detection. Hence there
are a number of areas in which this study might be ex-
tended. We have shown that measuring the axion power
spectrum allows accurate reconstruction of underlying
parameters and although we have only considered sim-
ple models here, in principle the same should be true
of other models for the dark matter velocity distribu-
tion such as those containing anisotropy parameters or

[O’Hare and Green, Phys. Rev. D95 (2017); Foster, Rodd, Safdi, Phys. Rev. D97 (2018)]
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Figure 8. The axion contribution to the PSD as a function of frequency in the presence of DM substructure. (Left) We show
the e↵ect of a Sagittarius-like stream that makes up ⇠5% of the local DM density at two di↵erent times of year, corresponding
to the dates of maximum TS (June 5) and minimum TS (November 23), where all dates are for 2017. Annual modulation
plays an important role for cold substructure because the Earth’s orbital velocity may be larger than the substructure velocity
dispersion. (Right) As in the left panel, but for a dark disk that makes up ⇠20% of the local DM density. The dark-disk is
co-rotating with the baryonic disk, with a lag speed ⇠50 km/s, and so the contribution to the PSD is at lower speeds compared
to the stream case. Gravitational focusing also plays an important role for the disk since the solar-frame velocities are relatively
low. In this case the maximum and minimum TS occur on November 18 and June 5 respectively. For both of these panels,
the signal is generated using ma = 1 MHz, A set to the value for the threshold for detection of the SHM, and �B set to the
minimum SQUID noise.

small velocity dispersion.
Another possible source of DM substructure that has

low velocity dispersion is a dark disk. Co-rotating thick
dark disks are found to form in certain N -body simu-
lations with baryons [101–104] due to the disruption of
merging satellites galaxies that are pulled into the disk.
In the simulations, the dark disks are found to be co-
rotating with lag speeds and velocity dispersions both
⇠50 km/s. They may even dominate the local DM den-
sity [101, 103]; however, as we will see, even if the dark
disk is only a small fraction of the local DM density, it
can still leave a significant signature in the direct detec-
tion data due to the small velocity dispersion and lag
speed.

To develop some intuition for how important substruc-

ture could be, let us take the oversimplified scenario
in which the substructure of interest makes up a frac-
tion x of the local DM distribution and also follows the
Maxwellian distribution with the same vobs as in the
SHM, but with a much smaller dispersion parameter vstr

0
.

Then we can write

f(v) =(1 � x)fSHM(v|v0, vobs)

+xfSHM(v|vstr
0

, vobs) .
(94)

Using this we can explicitly calculate the expected test
statistic (in favor of the model of the SHM plus the
stream over the null hypothesis of no DM) of a signal
with a frequency independent background as:
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In Fig. 7 we show this TS plotted as a function of the
fraction of the DM in the stream x for various values of

vstr
0

, normalized to the TS when no stream is present.
The figure makes it clear that if the detector is within an

Broadband-type (e.g. ABRACADABRA) Resonant-type (e.g. ADMX)

Yoni Kahn 11
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Axions and reheating
If reheat temperature is too high,  

axions thermalize and  
contribute to Neff: 
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Figure 1. Contribution of a single thermally-decoupled Goldstone boson to the e↵ective number of
neutrinos, �Ne↵ , as a function of the freeze-out temperature TF . Shown are also the current 2� sensitivity
of the Planck satellite [1] and an (optimistic) estimate of the sensitivity of a future CMB-S4 mission [3].

particles to be more weakly coupled than neutrinos. Given the Moore’s law-like improvements

in CMB detector sensitivity [19, 20], cosmology will push the sensitivity to new light particles

beyond the strength of weak scale interactions and has the potential to explore a fundamentally

new territory of physics beyond the SM.

The total energy density in relativistic species is often defined as

⇢r =

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
⇢� , (1.2)

where ⇢� is the energy density of photons and the parameter Ne↵ is often called the e↵ective

number of neutrinos, although there may be contributions to Ne↵ that have nothing to do with

neutrinos (see e.g. [21]). The SM predicts Ne↵ = 3.046 from neutrinos [22] and the current

constraint from the Planck satellite is Ne↵ = 3.04±0.18 [1]. Figure 1 shows the extra contribution

to the radiation density of a thermally-decoupled Goldstone boson as a function of its freeze-out

temperature TF . We see that particles that decoupled after the QCD phase transition are ruled

out (or at least are highly constrained) by the observations of the Planck satellite [17]. On the

other hand, the e↵ect of particles that decoupled before the QCD phase transition is suppressed

by an order of magnitude, 0.05 � �Ne↵ � 0.027. Although Planck is blind to these particles,

this regime is within reach of future experiments. In particular, the planned CMB Stage IV

(CMB-S4) experiments have the potential to constrain (or detect) extra relativistic species at the

level of �(Ne↵) ⇠ 0.01 [3, 19, 20].

The fact that the minimal thermal contribution may be detectable has interesting conse-

quences. First, the level �Ne↵ = 0.027 provides a natural observational target (see e.g. [17, 23–25]

2

[Baumann, Green, Wallisch, JCAP 1808 (2018)]

Axion discovery + null CMB-S4 implies upper bound on TR!
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Figure 3. Comparison between current constraints on the axion-gluon coupling and the sensitivity of a
future CMB-S4 mission (figure adapted from [54, 55]). The dotted lines are the projected sensitivities of
the NMR experiment CASPEr [56]. We note that CASPEr, the static EDM [54] and BBN constraints [55]
assume that the axion is all of the dark matter, while SN 1987A [15] and the future CMB constraint do
not have this restriction.

�GG̃ is [23]

�g ' 0.41
T

3

⇤2
g

, (2.9)

where ⇤g ⌘ ⇤/c3. As before, we have dropped a weakly temperature-dependent prefactor, but

account for it in Appendix A. The bound (2.4) then implies

⇤g > 5.4 ⇥ 1013 GeV

✓
TR

1010 GeV

◆1/2

. (2.10)

Laboratory constraints on the axion-gluon coupling are usually phrased in terms of the induced

electric dipole moment (EDM) of nucleons: dn = gd�0, where �0 is the value of the local axion

field. The coupling gd is given for the QCD axion with an uncertainty of about 40% by [54, 57]

gd ⇡
2⇡

↵s
⇥

3.8 ⇥ 10�3 GeV�1

⇤g
< 1.3 ⇥ 10�14 GeV�2

✓
TR

1010 GeV

◆�1/2

. (2.11)

Constraints on gd (and hence ⇤g) are shown in Fig. 3. We see that future CMB-S4 observations

will improve over existing constraints on ⇤g by up to six orders of magnitude if TR = O(1010 GeV).

Even if the reheating temperature is as low as 104 GeV, the future CMB constraints will be tighter

by three orders of magnitude. In Fig. 3, we also show the projected sensitivities of the proposed

EDM experiment CASPEr [56]. We see that CASPEr and CMB-S4 probe complementary ranges

of axion masses. It should be noted that CASPEr is only sensitive to axion dark matter, while

the CMB constrains a separate thermal population of axions which does not require assumptions

about the dark matter.

7

decays to gluons
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Perspective #2: 
We will reach the QCD  

target for the axion-photon  
coupling in 20-30 years

Yoni Kahn 13



In presence of static background EM fields,  
induces oscillating response fields:

gradients suppressed by vDM ⇠ 10�3

r ·Er = �ga��B0 ·ra
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Axion DM modifies Maxwell
Generic coupling to E+M:

[Sikivie, Phys. Rev. Lett. (1983)]Yoni Kahn 14



Axion-photon searches
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ADMX: resonant cavity detection

Figure 2

Schematic of the microwave cavity search for dark matter axions. Axions resonantly convert to a
quasi-monochromatic microwave signal in a high-Q cavity in a strong magnetic field; the signal is
extracted from the cavity by an antenna, amplified, mixed down to the audio range, and the
power spectrum calculated by a FFT. Possible fine structure on top of the thermalized axion
spectrum would reveal important information about the formation of our galaxy.

Within experimental control are the magnetic field strength B0, and the volume of the

cavity V , as well as the mode-dependent form-factor C, and loaded quality factor of the

cavity QL, i.e. the quality factor with power coupled out to the receiver. ⌘ is the fraction

of power coupled out by the antenna probe, generally adjusted to be at or near critical

coupling, ⌘ = 1/2. The resonant conversion condition is that the frequency of the cavity

must equal the mass of the axion, h⌫ = mac
2
⇥
1 + 1

2
O(�2)

⇤
, where � ⇡ 10�3 is the galactic

virial velocity. The signal is thus monochromatic to 10�6. The search is performed by

tuning the cavity in small overlapping steps (Figure 2).

The expected signal power is extraordinarily tiny, of order 10�22 W for the current

experiment. Actual detection of the axion is the consummate signal-processing problem,

governed by the Dicke radiometer equation (42)

S

N
=

PSIG

kTSYS

r
t

�⌫
, (19)

where S/N is the signal to noise ratio, and the total system noise temperature TSYS = T+TN

is the sum of the physical temperature T and the intrinsic amplifier noise temperature TN ,

with k the Boltzmann constant. The integration time is t, and the bandwidth of the axion

signal is �⌫, where it is assumed that the resolution of the spectral receiver is much better

than the width of the axion signal.

One especially important feature about the microwave cavity search for axions that

strongly di↵erentiates it from WIMP searches, is that it is a total energy detector, i.e. the

signal represents the instantaneous (mass + kinetic) energy of the axion. While the majority

8 Peter W. Graham, Igor G. Irastorza, Steven K. Lamoreaux, Axel Lindner, and Karl A. van Bibber
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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Quasistatic regime: ABRACADABRA
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Radiation regime: MADMAX

Mirror Dielectric  Disks Receiver 

Be 

Figure 1. A dielectric haloscope consisting of one mirror and several dielectric disks placed in an
external magnetic field Be and one receiver in the field-free region. The setup produces discontinuities
in the axion-induced electric field Ea at the various interfaces between empty space and either mirror
or dielectric disk. To satisfy the usual continuity requirements of the total electric and magnetic
fields in the directions parallel to the interfaces, Ek and Hk, microwaves emerge in the perpendicular
directions away from each interface with a frequency ⌫a = ma/2⇡ given by the axion mass. These
microwaves are illustrated by the horizontal blue arrows. The signal strength depends on the thickness
of the disks and the spacings between them, which have to be varied to scan over the axions mass ma.

for a substantial signal boost over a sizeable search frequency range �⌫. Moreover, by re-
adjusting the disk placement, one will be able to continuously shift �⌫ with the signal boost
and thereby to scan a sizeable range of possible ma values in a realistic total measurement
time. Indeed, with dielectric haloscopes, a realistic galactic axion-dark matter search in the
high-mass region of ma = 40–400µeV seems to become feasible [22].

One key advantage of our dielectric haloscope approach is that the frequency dependent
microwave emissivity can be adjusted in a flexible and varied way. This is because the total
power generated over a frequency range increases linearly with the number of dielectric disks
N , a finding which we call the Area Law. For example, one can achieve a very large value of
the signal boost in a narrow range of frequencies, similar to a single resonator. Alternatively
one can adjust the spacings to achieve a relatively uniform large signal boost over a broader
range of frequencies. This freedom is very important for a practical search for axions.

The challenge of every axion search experiment is to scan over a broad range of fre-
quencies. Once the axion mass has been found, measuring the signal in detail will be easy.
In search mode, however, one needs to take data for a long enough time in a given search
frequency range �⌫ for a possible signal to become significant relative to background fluctu-
ations and, even more critically, to avoid missing a true signal by a downward background
fluctuation. The background itself arises from ambient thermal emission and from electronic
noise of the microwave amplifiers. Therefore, the figure of merit is not the signal power P

itself but P 2. As we will show, it is possible to adjust the search frequency range �⌫ with the
large signal boost by controlling the disk spacing. However, the Area Law implies that P �⌫

is roughly conserved. As the search rate per channel �⌫/�t scales with P
2, the overall search

time required to cover the mass range �ma given by (�ma/�⌫)�t decreases linearly with
�⌫, so working on a narrow search frequency range would seem to be most advantageous.

– 4 –

=)r⇥Br = ✏
@Er

@t
+ ga��B0

@a

@t
Dr(t) = ✏Er(t) = �ga��B0 a(t)

E+M boundary condition at interfaces forces 
radiation to cancel axion-induced D

 g H1 

 g E1 

E1  a 

k1 

Region 1 
e1 = 4 

Be 
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e2 = 1 

k2 

 g E2 

E2  a 

Be 

x 

y 

z 

 g H2 

Figure 2. Interface between two regions 1 and 2 with equal Be and chosen material properties
µ1 = µ2 = 1, ✏1 = 4 and ✏2 = 1, implying n1 =

p
✏1 = 2 and n2 = 1 so that k1 = 2! and k2 = !. The

EM waves propagating away from both sides of the interface ensure continuity of Hk and Ek, here
implying H

�
1 = H

�
2 = 1/2, Ea

1 = E
�
1 = �1/4, Ea

2 = �1 and E
�
2 = 1/2, where all fields are given in

units of E0 = |ga�Bea0|.

One consequence of these boundary conditions is that Be, assumed to be parallel to the
interface, must jump if the static (DC) permeability µDC is di↵erent between the two media.
Recall that in our equations, usually the symbols µ and ✏ represent the material properties
at angular frequency ! = ma, not the DC quantities, although in practice, the frequency
dependence may be small. In our conceptual discussion here we will mostly ignore a possible
Be discontinuity at the interface caused by a jump of µDC because we are primarily concerned
with such dielectric media that have only a negligible magnetic response. This issue is one
of many small e↵ects to be studied in a realistic experimental design.

Turning to propagating waves, equation (2.15b) without the source term on the rhs
and using H = B/µ implies the usual condition k ⇥ H� + !✏E� = 0, where the subscript
� indicates that these are the fields of a propagating EM wave. With the wave number
satisfying k = n! (refractive index n) one finds H� = ±(✏/n)E� . Notice that n =

p
✏µ so

that ✏/n =
p
✏/µ. However, because the medium is described by two material constants µ

and ✏ we prefer to use instead the pair of parameters n and ✏ which avoids the appearance
of many square-root symbols. In most practical cases, µ ⇡ 1 so that n becomes essentially
a notation for

p
✏. For the EM waves, H� is perpendicular to E� which itself is collinear

with Ea and thus with Be. Therefore, the continuity of Hk does not involve Be and implies4

H�
1 = H�

2 . Because k1 and k2 point in opposite directions, also E�
1 and E�

2 must be oriented
in opposite directions as shown in figure 2. Moreover, the continuity of Ek must involve the

4
We put the symbols a and � as subscripts or superscripts depending on typographical convenience.
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Best of both worlds: large volume and high Q
O(�Comp)

{
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Axion-photon coupling: the future
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Perspective #3: 
The QCD target is  

not the end of the game!
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Line vs. band

L � a

fa
Gµ⌫

eGµ⌫ =) dQCD
n ⇡ 2.4⇥ 10�16 a

fa
e · cm

<latexit sha1_base64="9mRVa2+mSimdhO/gpOqLoLAWeoc="></latexit><latexit sha1_base64="9mRVa2+mSimdhO/gpOqLoLAWeoc="></latexit><latexit sha1_base64="9mRVa2+mSimdhO/gpOqLoLAWeoc="></latexit><latexit sha1_base64="9mRVa2+mSimdhO/gpOqLoLAWeoc="></latexit>

no 
wiggle 
room!

But photon coupling depends on UV completion

EM anomaly, color anomaly: integers
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For the “canonical” QCD axion:

Range of possible values depending on PQ charges
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Living off the band (photons)

[Agrawal et al., JHEP 1802 (2018); Farina, Pappadopulo, Rompineve, Tesi, JHEP 1701 (2017)]

unlucky: E/C = 2
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Two UV axions 
plus hidden 

confining gauge group
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 E,Ec  D,Dc

⇡0 ⇡1 ⇡M ⇡N⇡N�1

Figure 3: A schematic representation of our construction. Each site represents a scalar field and each
link represents the nearest-neighbor structure of the ⇡ mass terms in Eq. (19). At sites N and M we
couple the vector-like fermions which are responsible for the generation of the color and electromagnetic
anomaly.

is allowed by their U(1)CW charges. Upon the field redefinition in (28), the original variables �j

can be expressed as

�j / v exp

✓
i a

qjf

◆
, n = 0, ..., N. (33)

This makes manifest that the field range for a is�a = 2⇡qNf . When colored vector-like fermions
are on the j-th site (in general j  N) as in Eq. (32), the e↵ective coupling of the axion to
gluons obtained integrating out the colored fermions is as in Eq. (3) with

fa =
qjf

2T ( r)
, (34)

where with T ( r) we refer to the index of the SU(3)c representation of the fermion  . Therefore
the DW number of the theory, or alternatively the number of zero energy minima in the axion
field range is

NDW =
qNf

fa
=

2T ( r)qNf

qjf
= qN�j 2T ( r). (35)

In order to have NDW = 1 we need j = N and just one pair of vector-like fermions in the
fundamental of SU(3)c. In order to make this colored fermion unstable we consider the case
where  r has the same quantum numbers of the left-handed SM quarks U or D, we define it
as  U,D (and  Uc,Dc their vector-like partners). Away from the limit j = N , the DW number
grows generically as NDW ⇡ qN . If there is more than one site with colored fermions, the above
formula needs to be corrected.

In order to generate an exponentially large coupling of a to photons we introduce, for sim-
plicity, a single set of color neutral vector-like fermions coupled at site M , M < N

yM �M E Ec , (36)

where the fermions have hypercharge Y ( E) = �Y ( Ec) = 1 and no SU(2) charge. This choice
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Living above the line (nEDM)…

[Hook, Phys. Rev. Lett (2018); Hook and Huang, JHEP 1806 (2018)]

N copies of QCD: L =
X

k

✓
a

fa
+

2⇡k

N
+ ✓

◆
Gk

eGk
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=) ma(N)

ma(N = 1)
⇠ 4

2N/2
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…or below the line (nEDM)

[Agrawal and Howe, arXiv:1710.04213] 24
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+ ⇤4
2 cos(a2/f2 � ✓̄2)

<latexit sha1_base64="5E3Km4BWe3yIDgu0FgCcJjEYB/0="></latexit><latexit sha1_base64="5E3Km4BWe3yIDgu0FgCcJjEYB/0="></latexit><latexit sha1_base64="5E3Km4BWe3yIDgu0FgCcJjEYB/0="></latexit><latexit sha1_base64="5E3Km4BWe3yIDgu0FgCcJjEYB/0="></latexit>

Instanton effects can make 

=)
<latexit sha1_base64="DgfMpnRiUsFjdL3FfZ3+XWk39qE=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4KkkMbb0VvXisYD+gDWWz3bRLN5u4uxFK6J/w4kERr/4db/4bN20FFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWt3qaUD/CI8FCRrA2UrfPIrOFqkGpbFcu6lXXqyK7Yts1x3Vy4ta8cw85RslRhiWag9J7fxiTNKJCE46V6jl2ov0MS80Ip7NiP1U0wWSCR7RnqMARVX42v3eGTo0yRGEsTQmN5ur3iQxHSk2jwHRGWI/Vby8X//J6qQ7rfsZEkmoqyGJRmHKkY5Q/j4ZMUqL51BBMJDO3IjLGEhNtIiqaEL4+Rf+TtltxDL/xyo3LZRwFOIYTOAMHatCAa2hCCwhweIAneLburEfrxXpdtK5Yy5kj+AHr7ROiPJBb</latexit><latexit sha1_base64="DgfMpnRiUsFjdL3FfZ3+XWk39qE=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4KkkMbb0VvXisYD+gDWWz3bRLN5u4uxFK6J/w4kERr/4db/4bN20FFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWt3qaUD/CI8FCRrA2UrfPIrOFqkGpbFcu6lXXqyK7Yts1x3Vy4ta8cw85RslRhiWag9J7fxiTNKJCE46V6jl2ov0MS80Ip7NiP1U0wWSCR7RnqMARVX42v3eGTo0yRGEsTQmN5ur3iQxHSk2jwHRGWI/Vby8X//J6qQ7rfsZEkmoqyGJRmHKkY5Q/j4ZMUqL51BBMJDO3IjLGEhNtIiqaEL4+Rf+TtltxDL/xyo3LZRwFOIYTOAMHatCAa2hCCwhweIAneLburEfrxXpdtK5Yy5kj+AHr7ROiPJBb</latexit><latexit sha1_base64="DgfMpnRiUsFjdL3FfZ3+XWk39qE=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4KkkMbb0VvXisYD+gDWWz3bRLN5u4uxFK6J/w4kERr/4db/4bN20FFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWt3qaUD/CI8FCRrA2UrfPIrOFqkGpbFcu6lXXqyK7Yts1x3Vy4ta8cw85RslRhiWag9J7fxiTNKJCE46V6jl2ov0MS80Ip7NiP1U0wWSCR7RnqMARVX42v3eGTo0yRGEsTQmN5ur3iQxHSk2jwHRGWI/Vby8X//J6qQ7rfsZEkmoqyGJRmHKkY5Q/j4ZMUqL51BBMJDO3IjLGEhNtIiqaEL4+Rf+TtltxDL/xyo3LZRwFOIYTOAMHatCAa2hCCwhweIAneLburEfrxXpdtK5Yy5kj+AHr7ROiPJBb</latexit><latexit sha1_base64="DgfMpnRiUsFjdL3FfZ3+XWk39qE=">AAAB73icdVBNS8NAEJ34WetX1aOXxSJ4KkkMbb0VvXisYD+gDWWz3bRLN5u4uxFK6J/w4kERr/4db/4bN20FFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWt3qaUD/CI8FCRrA2UrfPIrOFqkGpbFcu6lXXqyK7Yts1x3Vy4ta8cw85RslRhiWag9J7fxiTNKJCE46V6jl2ov0MS80Ip7NiP1U0wWSCR7RnqMARVX42v3eGTo0yRGEsTQmN5ur3iQxHSk2jwHRGWI/Vby8X//J6qQ7rfsZEkmoqyGJRmHKkY5Q/j4ZMUqL51BBMJDO3IjLGEhNtIiqaEL4+Rf+TtltxDL/xyo3LZRwFOIYTOAMHatCAa2hCCwhweIAneLburEfrxXpdtK5Yy5kj+AHr7ROiPJBb</latexit>

heavy axion

⇤1,⇤2 � ⇤QCD
<latexit sha1_base64="hRdgKImr/Sv8ZQHkGEtSgjyve9M=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGS0Q9DjcB48eNjAvcBaSpqmW1jSliQVRtl38OJX8eJBEa9evPltzLYquvmHwC//53lInr+fMCqVZX0ahaXlldW14nppY3Nre8fc3WvLOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/WJ/XOHRGSxtGtGiXE5agf0ZBipLTlmSfOjW4OkGefwm+sQqff/7lljuCwWb8ae2bZqlhTwUWwcyiDXA3P/HCCGKecRAozJGXPthLlZkgoihkZl5xUkgThIeqTnsYIcSLdbLrTGB5pJ4BhLPSJFJy6vycyxKUccV93cqQGcr42Mf+r9VIVXrgZjZJUkQjPHgpTBlUMJwHBgAqCFRtpQFhQ/VeIB0ggrHSMJR2CPb/yIrSrFVtz86xcu8zjKIIDcAiOgQ3OQQ1cgwZoAQzuwSN4Bi/Gg/FkvBpvs9aCkc/sgz8y3r8ASJ6chw==</latexit><latexit sha1_base64="hRdgKImr/Sv8ZQHkGEtSgjyve9M=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGS0Q9DjcB48eNjAvcBaSpqmW1jSliQVRtl38OJX8eJBEa9evPltzLYquvmHwC//53lInr+fMCqVZX0ahaXlldW14nppY3Nre8fc3WvLOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/WJ/XOHRGSxtGtGiXE5agf0ZBipLTlmSfOjW4OkGefwm+sQqff/7lljuCwWb8ae2bZqlhTwUWwcyiDXA3P/HCCGKecRAozJGXPthLlZkgoihkZl5xUkgThIeqTnsYIcSLdbLrTGB5pJ4BhLPSJFJy6vycyxKUccV93cqQGcr42Mf+r9VIVXrgZjZJUkQjPHgpTBlUMJwHBgAqCFRtpQFhQ/VeIB0ggrHSMJR2CPb/yIrSrFVtz86xcu8zjKIIDcAiOgQ3OQQ1cgwZoAQzuwSN4Bi/Gg/FkvBpvs9aCkc/sgz8y3r8ASJ6chw==</latexit><latexit sha1_base64="hRdgKImr/Sv8ZQHkGEtSgjyve9M=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGS0Q9DjcB48eNjAvcBaSpqmW1jSliQVRtl38OJX8eJBEa9evPltzLYquvmHwC//53lInr+fMCqVZX0ahaXlldW14nppY3Nre8fc3WvLOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/WJ/XOHRGSxtGtGiXE5agf0ZBipLTlmSfOjW4OkGefwm+sQqff/7lljuCwWb8ae2bZqlhTwUWwcyiDXA3P/HCCGKecRAozJGXPthLlZkgoihkZl5xUkgThIeqTnsYIcSLdbLrTGB5pJ4BhLPSJFJy6vycyxKUccV93cqQGcr42Mf+r9VIVXrgZjZJUkQjPHgpTBlUMJwHBgAqCFRtpQFhQ/VeIB0ggrHSMJR2CPb/yIrSrFVtz86xcu8zjKIIDcAiOgQ3OQQ1cgwZoAQzuwSN4Bi/Gg/FkvBpvs9aCkc/sgz8y3r8ASJ6chw==</latexit><latexit sha1_base64="hRdgKImr/Sv8ZQHkGEtSgjyve9M=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRGS0Q9DjcB48eNjAvcBaSpqmW1jSliQVRtl38OJX8eJBEa9evPltzLYquvmHwC//53lInr+fMCqVZX0ahaXlldW14nppY3Nre8fc3WvLOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/WJ/XOHRGSxtGtGiXE5agf0ZBipLTlmSfOjW4OkGefwm+sQqff/7lljuCwWb8ae2bZqlhTwUWwcyiDXA3P/HCCGKecRAozJGXPthLlZkgoihkZl5xUkgThIeqTnsYIcSLdbLrTGB5pJ4BhLPSJFJy6vycyxKUccV93cqQGcr42Mf+r9VIVXrgZjZJUkQjPHgpTBlUMJwHBgAqCFRtpQFhQ/VeIB0ggrHSMJR2CPb/yIrSrFVtz86xcu8zjKIIDcAiOgQ3OQQ1cgwZoAQzuwSN4Bi/Gg/FkvBpvs9aCkc/sgz8y3r8ASJ6chw==</latexit>



Perspective #4: 
Looking for the nEDM 

coupling for axion dark matter  
is really hard

Yoni Kahn 25



Yoni Kahn

Comparing EM response
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magnetization/polarization  
tensor

NR limit in medium: P = nnp✏Sd(t)
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The NMR loophole
Previous argument based on Maxwell only…  
but Dirac told us how spins couple to EM fields

27[Budker et al., Phys. Rev. X (2014)]
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FIG. 1: Geometry of the experiment. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤

⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T2
. Thus we take tshot =

10
8
s

min(106,
mac2T2

⇡~ )

. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µBext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1

2
the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].

H = ✏Sdn(t) ·E⇤ $ µN ·B?(t)
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Larmor oscillations:

!L = 2µNBext
<latexit sha1_base64="B9wK9bX9e12rD/e/vcKDuEuyr8k=">AAACB3icbZDLSsNAFIYn9VbrrepSkMEiuCpJEXQjlLpxIVLBXqAJYTI9aYfOJGFmIpbQnRtfxY0LRdz6Cu58G6eXhbb+MPDxn3M4c/4g4Uxp2/62ckvLK6tr+fXCxubW9k5xd6+p4lRSaNCYx7IdEAWcRdDQTHNoJxKICDi0gsHluN66B6lYHN3pYQKeIL2IhYwSbSy/eOjGAnrEv8YXuIJdkfo3uOZnrhQYHvTIL5bssj0RXgRnBiU0U90vfrndmKYCIk05Uarj2In2MiI1oxxGBTdVkBA6ID3oGIyIAOVlkztG+Ng4XRzG0rxI44n7eyIjQqmhCEynILqv5mtj879aJ9XhuZexKEk1RHS6KEw51jEeh4K7TALVfGiAUMnMXzHtE0moNtEVTAjO/MmL0KyUHcO3p6VqbRZHHh2gI3SCHHSGqugK1VEDUfSIntErerOerBfr3fqYtuas2cw++iPr8wfZxZgG</latexit><latexit sha1_base64="B9wK9bX9e12rD/e/vcKDuEuyr8k=">AAACB3icbZDLSsNAFIYn9VbrrepSkMEiuCpJEXQjlLpxIVLBXqAJYTI9aYfOJGFmIpbQnRtfxY0LRdz6Cu58G6eXhbb+MPDxn3M4c/4g4Uxp2/62ckvLK6tr+fXCxubW9k5xd6+p4lRSaNCYx7IdEAWcRdDQTHNoJxKICDi0gsHluN66B6lYHN3pYQKeIL2IhYwSbSy/eOjGAnrEv8YXuIJdkfo3uOZnrhQYHvTIL5bssj0RXgRnBiU0U90vfrndmKYCIk05Uarj2In2MiI1oxxGBTdVkBA6ID3oGIyIAOVlkztG+Ng4XRzG0rxI44n7eyIjQqmhCEynILqv5mtj879aJ9XhuZexKEk1RHS6KEw51jEeh4K7TALVfGiAUMnMXzHtE0moNtEVTAjO/MmL0KyUHcO3p6VqbRZHHh2gI3SCHHSGqugK1VEDUfSIntErerOerBfr3fqYtuas2cw++iPr8wfZxZgG</latexit><latexit sha1_base64="B9wK9bX9e12rD/e/vcKDuEuyr8k=">AAACB3icbZDLSsNAFIYn9VbrrepSkMEiuCpJEXQjlLpxIVLBXqAJYTI9aYfOJGFmIpbQnRtfxY0LRdz6Cu58G6eXhbb+MPDxn3M4c/4g4Uxp2/62ckvLK6tr+fXCxubW9k5xd6+p4lRSaNCYx7IdEAWcRdDQTHNoJxKICDi0gsHluN66B6lYHN3pYQKeIL2IhYwSbSy/eOjGAnrEv8YXuIJdkfo3uOZnrhQYHvTIL5bssj0RXgRnBiU0U90vfrndmKYCIk05Uarj2In2MiI1oxxGBTdVkBA6ID3oGIyIAOVlkztG+Ng4XRzG0rxI44n7eyIjQqmhCEynILqv5mtj879aJ9XhuZexKEk1RHS6KEw51jEeh4K7TALVfGiAUMnMXzHtE0moNtEVTAjO/MmL0KyUHcO3p6VqbRZHHh2gI3SCHHSGqugK1VEDUfSIntErerOerBfr3fqYtuas2cw++iPr8wfZxZgG</latexit><latexit sha1_base64="B9wK9bX9e12rD/e/vcKDuEuyr8k=">AAACB3icbZDLSsNAFIYn9VbrrepSkMEiuCpJEXQjlLpxIVLBXqAJYTI9aYfOJGFmIpbQnRtfxY0LRdz6Cu58G6eXhbb+MPDxn3M4c/4g4Uxp2/62ckvLK6tr+fXCxubW9k5xd6+p4lRSaNCYx7IdEAWcRdDQTHNoJxKICDi0gsHluN66B6lYHN3pYQKeIL2IhYwSbSy/eOjGAnrEv8YXuIJdkfo3uOZnrhQYHvTIL5bssj0RXgRnBiU0U90vfrndmKYCIk05Uarj2In2MiI1oxxGBTdVkBA6ID3oGIyIAOVlkztG+Ng4XRzG0rxI44n7eyIjQqmhCEynILqv5mtj879aJ9XhuZexKEk1RHS6KEw51jEeh4K7TALVfGiAUMnMXzHtE0moNtEVTAjO/MmL0KyUHcO3p6VqbRZHHh2gI3SCHHSGqugK1VEDUfSIntErerOerBfr3fqYtuas2cw++iPr8wfZxZgG</latexit>

ferroelectric crystal

Spins precess around B  
and E, resonance in  

transverse magnetization when
2µNBext = ma
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Figure 24: Left: limits on ga�n and prospects for CASPEr-Electric. Right: Limits on gaN and prospects
of CASPEr “wind” experiments. From [600].

crucial di↵erences due to the fact that the electron mass is much smaller than a nucleon’s. For one,
the Larmor frequencies are larger by a factor of mN/me ⇠ 2000 and therefore much larger ALP masses
are accessible. Indeed, QUAX focuses on the ma ⇠ 200µeV (ma/2⇡ ⇠ 48 GHz) range where Be ⇠ 1.7
T. Second, electron spin precession has much shorter coherence times because electrons emit dipole
radiation very e�ciently. In order to overcome this di�cultly, QUAX proposes to build a resonant MW
cavity around the sample in the strongly coupled regime to inhibit damping. As a consequence, the
detection scheme greatly changes. The spin-preccesion resonance hybridises with the electromagnetic
mode of the cavity and the e↵ect of ALP DM is to excite this hybrid mode. The signal is picked up
with an electromagnetic antenna, dominated by amplifier and thermal noise familiar from the haloscope
techniques. In order to reach QCD axion sensitivity with CAe ⇠ O(1) like for DFSZ models, they require
sensitivity below the standard quantum noise, i.e. a single photon counter and ultralow temperatures
⇠ 100 mK are required [599]. Such a photon counter could be extremely interesting not only for QUAX
but for every other experiment searching for axion/ALP DM coupled to photons in the multi GHz range
like MADMAX, ORPHEUS and ORGAN. Moreover, it would also allow a considerale improvement of
a LSW experiment along the lines of the proposed STAX [438].

7.5 Atomic transitions

DM axions can produce atomic excitations in a target material to levels with an energy di↵erence equal
to the axion mass. This can happen via the axion couplings to the spin of electrons or the spin of the
nucleus. The use of the Zeeman e↵ect has been proposed [604] to split the ground state of atoms to
e↵ectively create atomic transition of energy levels that are tunable to the axion mass, by changing the
external magnetic field. The excited state is then e�ciently brought to a higher energy level (at visible
or NIR energies) by a properly tuned pump laser that is permanently shining on the target. The photon
produced in the deexcitation of this state is then detected by conventional means.

According to preliminary estimates [604], obtaining relevant count rates requires one to instrument
target materials of ⇠kg mass cooled down to mK temperatures, reaching sensitivity to axion models

82

Need new
ideas here!

Bmax = 30 T

[Irastorza and Redondo, Prog. Part. Nucl. Phys. 2018]



Closing thoughts
• There is a clear parameter space target for the QCD 

axion, at least as well-motivated (in a Bayesian 
sense) as the canonical SUSY WIMP 

• An exclusion of all or part of this parameter space 
would be great - but it wouldn’t rule out axions! 

• If we are lucky enough to discover axion DM, the 
prospects for learning more about inflation, DM halo, 
and the thermal history of our universe are even 
better than for the WIMP 

• Many more experiments in the coming years!
Yoni Kahn 29
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Full-scale reach:
ABRA-10cm prototype:

Data being analyzed now -  
stay tuned!

ABRACADABRA reach

QCD axion

QS breaks 
down 

(detailed sim. 
needed)

[YK, Safdi, Thaler, Phys. Rev. Lett. 2016; Winslow, YK, et al., ABRACADABRA collab.]Yoni Kahn backup
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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 [16, 17, 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
50 µeV . ma . 200 µeV [12, 38].

In Fig. 3 we show the discovery potential of an 80 disk
experiment with a run time of three years, by extrapo-
lating from our 25 GHz solutions using the Area Law.
We have used A = 1m2, ✏ = 25, and Be = 10T. We
assume 80% detection e�ciency, quantum limited detec-
tion (Tsys ⇠ ma) and a conservative tR = 1day. We
give two examples, reaching |Ca� | = 1 and 0.75 in light
blue and dark blue, respectively. Similar results can
be achieved by using a two stage process. A five year
run with commercially available HEMT amplifiers with
Tsys = 8K would cover the low-mass range, for exam-
ple ma . 120µeV with |Ca� | = 1. The high-mass range
ma . 230µeV shown in Fig. 3 would require another
two years with a quantum limited detector. Adding disks
and extending the run time could expand the search to
ma . 400µeV.

Our haloscope would cover a large fraction of the high-
mass QCD axion parameter space with sensitivity to
|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 (50–200 µeV [12, 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 & 1 meV [12, 39], beyond our search range. However,
with some exceptions [40] these models 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 (40–400 µeV) 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.

ACKNOWLEDGMENTS

We acknowledge partial support by the Deutsche
Forschungsgemeinschaft through Grant No. EXC 153
(Excellence Cluster “Universe”), the Alexander von
Humboldt Foundation, as well as the European Com-
mission under ERC Advanced Grant 339169 and under
the Innovative Training Network “Elusives” Grant No.
H2020-MSCA-ITN-2015/674896. J.R. is supported by
the Ramon y Cajal Fellowship 2012-10597 and FPA2015-
65745-P (MINECO/FEDER). Part of this work was per-
formed at the Bethe Forum “Axions” (7–18 March 2016),
Bethe Center for Theoretical Physics, University of Bonn,
Germany.

[1] R. D. Peccei, The strong CP problem and axions, Lect.
Notes Phys. 741 3 (2008) [arXiv:0607268].

[2] J. E. Kim and G. Carosi, Axions and the strong CP prob-
lem, Rev. Mod. Phys. 82, 557 (2010) [arXiv:0807.3125].

[3] K. A. Olive et al. (Particle Data Group Collaboration),
Review of particle physics, Chin. Phys. C 38, 090001
(2014).

[4] C. A. Baker et al., An improved experimental limit on
the electric dipole moment of the neutron, Phys. Rev.
Lett. 97, 131801 (2006) [arXiv:0602020].

[5] J. Preskill, M. B. Wise and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. B 120, 127 (1983).

[6] L. F. Abbott and P. Sikivie, A cosmological bound on
the invisible axion, Phys. Lett. B 120, 133 (1983).

[7] M. Dine and W. Fischler, The not so harmless axion,
Phys. Lett. B 120, 137 (1983).

[8] P. Sikivie, Dark matter axions, Int. J. Mod. Phys. A 25,
554 (2010) [arXiv:0909.0949].

[9] M. Kawasaki and K. Nakayama, Axions: theory and cos-
mological role, Ann. Rev. Nucl. Part. Sci. 63, 69 (2013)
[arXiv:1301.1123].

Broadband and resonant 
modes possible:

4

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

low, reaching �min ⇠ 275 across 50 MHz. The achievable
�min changes with the optical thickness of a disk—in the
example shown � ⇠ 0.8⇡, neither transparent nor fully
reflective. Note that for a given d, there are frequency
bands around ⌫a = 1, 3, 5, ... ⇥ ⇡/(

p
✏d) for which the

disks are transparent and � is limited to the sum of the
EM waves �min  2N + 1, where N is the number of
disks. Further, at ⌫a = 2, 4, 6, ... ⇥ ⇡/

p
✏d the disks do

not emit any radiation. Thus when large � or flexibil-
ity is required one must avoid these frequencies with a
di↵erent set of disks.

SETUP

Dielectrics with large ✏ enhance emission and resonance
e↵ects, leading to a higher �. A good candidate could be
LaAlO3 (✏ ⇠ 25, µ ⇠ 1), which has a very small loss
tangent ⇠ 10�5 at temperatures below ⇠ 80 K. The
transverse area is limited by the feasibility and cost of
an intense magnet: apertures larger than one square me-
ter are extremely challenging. Dielectric disks of that
area would be made by tiling smaller pieces and could
be repositioned using precision motors. The precision
required can be estimated by studying the analytically
tractable cases—the single cavity and the �a/2 symmet-
ric case [26]. We find that the positioning errors have
to be kept below ⇠ 200 µm

p
102/� (100 µeV/ma). For

example, for � ⇠ 103, � ⌧ 60 µm would be needed for
ma = 100 µeV, though the exact sensitivity depends on
the configuration. Thus it will probably be more prac-
tical to use a broadband search technique, scanning a
larger mass range in each longer measurement. We are in-
vestigating this requirement with a prototype setup using
20 cm diameter Al2O3 disks. Comparisons of the simu-
lated and measured transmissivity and reflectivity (which
are correlated with �) indicate that few µm precision

could be achieved. Di↵raction appears to be negligible
for the setup, but full numerical studies are required.
Thermal emission of the disks and mirror contributes

to the noise of the experiment, but is suppressed when
compared to a black body by both small dielectric losses
and a good reflectivity, respectively. However, the halo-
scope will reflect thermal emission from the detector into
itself. This e↵ect can be reduced by cooling the detec-
tor to cryogenic temperatures. As detector, we would
use a broadband corrugated horn coupled to a linear am-
plifier like state-of-the-art high-electron-mobility transis-
tor (HEMT) for its broadband capabilities (operable up
to 40 GHz) and/or quantum limited amplifiers. Using
a HEMT detector at room temperature we measured a
10�21 W signal at 17 GHz at 6� in a one week run—we
expect 100 times better performance at cryogenic tem-
peratures. With � ⇠ 400 we would be sensitive to QCD
axions.

DISCOVERY POTENTIAL

For a practical experiment one must scan across ma.
The procedure consists of arranging the disks to achieve
a roughly constant � in a region�⌫� , measuring for some
time �t, and readjusting the distances to measure an ad-
jacent frequency range. The required � for a reasonably
short �t is given by Dicke’s radiometer equation for the
desired signal to noise ratio, S/N = (P/Tsys)

p
�t/�⌫a,

where the system noise temperature is Tsys and the ax-
ion line width �⌫a ⇠ 10�6⌫a. Collecting the signal with
e�ciency ⌘, we get

�t

1.3 days
⇠

✓
S/N

5

◆2 ✓400

�

◆4 ✓1m2

A

◆2 ✓
ma

100 µeV

◆

⇥
✓
Tsys

8K

◆2 ✓10T

Be

◆4 ✓0.8

⌘

◆2

C�4
a� . (9)

In a single measurement we simultaneously search
�⌫�/�⌫a possible axion “channels”. Thus the time to
scan a given frequency range scales inversely to �4�⌫� .
As the Area Law implies that �2�⌫� is approximately
conserved, it appears that narrow resonant peaks are op-
timal, as with conventional cavity haloscopes.
However, both the required placement precision and

the time tR needed to reposition the disks limit �. With
80 disks to be adjusted, tR will be non-negligible—for
an optimal scanning rate the measurement and readjust-
ment times must be similar. The value of � required
to reach |Ca� | ⇠ 1 increases with ma, so the dielectric
haloscope could be adjusted to scan a wider mass range
simultaneously at low masses and increase � decreasing
the bandwidth as the scan proceeds to higher ma. If a
potential signal is found, the dielectric haloscope could
be reconfigured to enhance � at that frequency, quickly
confirming or rejecting it at high significance.

=1 if  
QCD axion

3-year runtime:

P / g2a��⇢DMB2
0A�2

Excellent prospects 
in high-frequency regime

Z
�(⌫a)

2 d⌫a = Ndisks ⇥ const.

[Millar et al. JCAP 1701 (2017), MADMAX working group Phys. Rev. Lett. 2017]Yoni Kahn backup
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Photophobic ALP
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Left-right symmetry:

Note: NOT  
the QCD axion!  

No coupling to gluons

backup

L � a
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IR coupling to photons 
only at two loops and/or 

suppressed by axion mass


