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The Strong CP problem
Standard model symmetry group is SU(3)⇥ SU(2)⇥ U(1)
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Evidence for CP conservation in the SU(3) strong interactions 
from multiple measurements of neutron and nuclear electric 
dipole moments. For example, neutron EDM < 10-26 e-cm.

Even simple dimensional arguments 
show that this is unexpected. Why do 
the intricate SU(3) QCD interactions  
conserve CP when the less intricate 
SU(2) QED interactions do not? This is 
the strong CP problem.

10�13 cm

�2e

3

+e

3

+e

3

NEUTRON

LCPV =
(⇥ + arg detM)

32⇡2
~EQCD · ~BQCD



13

violation and a non-zero neutron electric dipole moment. Below fPQ, φ   has a non-

zero VEV, and θ  is constrained to lie in the minimum of the potential. So far, the

symmetry breaking scheme is similar to the Higgs mechanism. However, the vacuum

expectation value of the field also has contributions from the θ vacuum which break

the rotational symmetry of V φ( )   about the origin. Peccei and Quinn showed that if at

least one of the fermions acquires its mass by coupling to φ , then the absolute

minimum in V φ( )  is at θ = 0 . Thus the spontaneous breaking of the PQ symmetry

forces the CP violating term in the QCD Lagrangian to vanish.
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Figure 2.3  The classical QCD potential of the complex field φ

introduced by Peccei and Quinn in the case where there is 1 quark flavor.

Figure 2.3 shows the classical potential including the perturbation due to the θ vacuum

for the simplest case where there is only 1 quark flavor. In this case, the instanton

perturbation causes a 'tipping' of the classical QCD potential towards θ = 0 .

In 1978 Weinberg [4] and Wilczek [5] showed that the spontaneous breaking of the

PQ symmetry implies the existence of a new pseudoscalar particle which was named

the axion. Because the rotational symmetry of V φ( )  about the origin is broken, the

axion has a non-zero mass ma which is related to fPQ by:

LCPV = ⇥E.B

⇥ = 0

The Peccei Quinn Mechanism Axions and ALPs

About Minimum: small curvature (hence small mass) with 
respect to                   large curvature (hence large mass)
with respect to

✓̄ = arg(�)
Re(�)

Axion DOF
ALP DOF

fPQ



Axion Phenomenology
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The axion is a pseudoscalar; has the 
same quantum numbers as the    , 
and the same interactions, but with  
strengths scaled to the axion mass
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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Resonant Cavity Detectors - ADMX

QUANTITY	IN	
BRACKETS	IS	

ADMX
• Large Scale Experiment 

running 1995-present.
• Excluded KSVZ axions with 

mass 1.9-3.6 μeV (460-860 
MHz).

• Uses DC SQUID amplifiers.
• Currently commissioning 

dilution refrigerator 
upgrade.  

• Present search region is 
3.6-10 μeV.
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Y1 – 5–

Ax
io

n 
Co

up
lin

g 
|G

Aγ
γ |

 (G
eV

-1
)

Axion Mass mA (eV)

10-16

10-14

10-12

10-10

10-8

10-6

10-10 10-8 10-6 10-4 10-2 100

LSW
(OSQAR)

Helioscopes
(CAST)

Haloscopes
(ADMX)

Te
le

sc
op

es

Horizontal Branch Stars

KSVZ

DFSZ

VMB
(PVLAS)

SN 1987A HESS

Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs

February 8, 2016 19:55

Lawrence Livermore National Laboratory LLNL-PRES-677763 
14 

Cavity 
top plate

1K plate

LHe 
reservoir

1K pot

Mixing 
chamber

Still

ADMX 
Dilution Fridge 

at Janis

Dilution Refrigerator: 800 µW cool at 100 mK Lawrence Livermore National Laboratory LLNL-PRES-677763 
11 

SQUIDs
(at lower frequencies)

“JPAs”
(at higher frequencies)

Insert assembly 
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Quantum Amplifiers 
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ADMX Gen 2 Science Prospects: Year 5 (8 – 10 GHz) 
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Photonic bandgap cavities (1st half of 2019)

Y1: 1 cavity, 2 
tuning rods 
Y2: 1 cavity, more 
rods 
Y3: 4 cavity array 
Y4/5: novel 
cavity designs 

Y1 Y2
Y3 Y4/5
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FIG. 3. Our exclusion limit at 90% confidence. The light green shaded region is a 1� error band. The large notch around 5.704
GHz is the result of cutting spectra around a previously unidentified TE mode. The narrow notches correspond to frequencies
where synthetic axion signals were injected in one of the scans. The inset shows this work (green) together with previous cavity
limits from ADMX (magenta, [9]) and early experiments at Brookhaven (RBF, blue, [20]) and the University of Florida (UF,
cyan, [21]). The axion model band [14] is shown in yellow.

and subtracting 1 we obtain a set of Gaussian white
noise spectra representing excess power which we call the
“processed spectra.” In the absence of axion conversion
each bin in each processed spectrum is a sample drawn
from the same Gaussian distribution, with µ = 0 and
� = 1/

p
�⌫b ⌧ = 3.3⇥ 10�3.

In the presence of axion conversion, we expect the
mean power to be nonzero (but still ⌧ �) in ' 50 con-
secutive bins in each of the processed spectra in which
the frequency corresponding to the axion mass appears.
We construct a combined spectrum whose value in each
RF frequency bin is given by a sum of the corresponding
bins across all processed spectra, weighted according to
their di↵erent sensitivities. More precisely, the weights
are chosen to yield the maximum likelihood estimate for
the mean power in each combined spectrum bin, and we
normalize each bin to the maximum-likelihood weighted
quadrature sum of sample standard deviations from the
contributing processed spectra. The probability distri-
bution function (PDF) of the combined spectrum at 100
Hz resolution is Gaussian with µ = 0 and � = 1, as we
expect.

We then sum non-overlapping 10-bin segments of the
combined spectrum to reduce the resolution to 1 kHz, and
construct a “grand spectrum” whose ith bin is a weighted
sum of the ith through (i+4)th 1 kHz bins. The weights
are chosen to yield the maximum likelihood mean power
in each grand spectrum bin assuming a Maxwellian axion

lineshape with velocity dispersion
⌦
v2
↵1/2

= 270 km/s;
each bin is normalized to its expected standard devia-

tion as above. Thus, we expect a Gaussian PDF for the
grand spectrum with µ = 0 and � = 1. The actual dis-
tribution is histogrammed in Fig. 2(a): it is Gaussian
with the correct mean but � = 0.93. We have demon-
strated via simulation that the reduction of � is due to
the finite stopband attenuation of the SG filter, which
leads to small negative correlations between nearby 100
Hz bins. Because we understand the origin of these cor-
relations, we can correct for their e↵ects on the statistics
of the grand spectrum.

In each grand spectrum bin the SNR at any constant
coupling |g� | can be computed as a quadrature sum of
terms with the form of Eq. (2), weighted according to
the axion lineshape. We must also insert signal attenu-
ation factors that do not appear in Eq. (2). The SG fit
will attenuate any real axion signal for the same reason
that it reduces � on 5 kHz scales; the results of a simu-
lation to quantify this fit-induced power loss are plotted
in Fig. 2(b). We also consider loss due to misalignment
of the axion signal relative to the grand spectrum bin-
ning and loss before the microwave switch, to which the
noise calibration is not sensitive: the product of all three
loss factors is ⌘ = 0.76. We then adjust the coupling in
each bin to obtain a constant target SNR; the resulting
frequency-dependent coupling |g�(⌫)| is the final value
used to set an exclusion limit.

We chose an SNR target of 5.1�, corresponding to a
candidate threshold of 3.455� at 95% confidence. There
were 28 grand spectrum bins exceeding this threshold,
consistent with the candidate yield from simulated Gaus-

X3 - Yale
(formerly 
ADMX-HF)

ADMX-HF

• Probes the 5-25 GHz 
(20-100 meV) axion 
mass region.

• Uses a 25 mK dilution 
refrigerator. 

• Uses a highly uniform 
9 T magnet.

• Uses Josephson 
Parametric Amplifiers 
(JPAs)
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Dish reflector searches

spherical reflecting dish

Dish antenna experiment?
The Ea-field excites surface electrons coherently
EM radiation from a reflecting surface

P ⇠ |Ea|2Adish ⇠ 10�26

✓
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◆2 Adish

1m2
Watt

Horns 2012

From talk by Javier Redondo, Bela Majorovits, 
Warsaw Workshop on Non-Standard Dark Matter, June 2016

Disc reflector idea employed by proposed MADMAX, FUNKY



Nuclear EDM Searches
CASPER is a search for axion to nucleon coupling generating an 

oscillating EDM in a sample. Sensitive to KSVZ axions,

because of the generic theoretical expectation that the
symmetry-breaking scale fa should be close to other
fundamental scales in particle physics, such as the grand
unified (∼1016 GeV) and Planck (∼1019 GeV) scales [35].
The axion field induces a time-varying nucleon electric

dipole moment (EDM) dn ∼ 10−16ða0 cos ðmatÞ=faÞ e cm
[17,36]. Here, a0 is the local amplitude of the axion dark-
matter field. See Ref. [17] for detailed formulas and
derivations of these results. This EDM is generated from
the defining coupling ða=faÞtrG ~G of the axion to QCD
[8–13], caused by the same QCD dynamics that leads to
physical effects for the operator θQCD trG ~G (e.g., nucleon
EDMs dn ∼ 10−16θQCD e cm) [37], resulting in the strong
CP problem and its resolution, the axion. Essentially, the
dark-matter axion can be thought of as an oscillating value
of θQCD.
All EDM experiments to date have searched for static

EDMs and have greatly reduced sensitivity to the oscillat-
ing nuclear EDM induced by an axion. But in fact, the
oscillation of the EDM should, in many ways, make
searches easier. Even though the axion is generated by
physics at high energies (fa ≫ 1011 GeV), its ultralight
mass lies at frequencies accessible in the laboratory. A
signal that naturally oscillates at a frequency set by
fundamental physics, independent of the details of any
particular experiment, should ameliorate many of the
systematic errors that often limit the sensitivity of EDM
searches.
It was pointed out in Ref. [36] that axion dark matter

could be detected in future molecular interferometers using
this oscillating EDM. Here, we argue that such an oscillat-
ing EDM can be observed through solid-state NMR-based
experiments using presently available technology. We
further exploit the oscillatory nature of the signal by
designing a resonant detector that enhances the signal,
potentially allowing detection of the QCD axion. The
nucleon EDM naturally induced by an axion is the primary
focus of this paper. However, such interactions may also
exist for ALPs, and our techniques will also search for
them [17].

II. EXPERIMENTAL CONCEPT

“Solid-state EDM” experiments [40–44] have been
proposed as promising ways to search for static EDMs
of electrons and nucleons, and an experimental limit on the
electron EDM has been set using these methods [48]. This
result was not competitive with the current best limit on the
electron EDM, due to the systematic effect of sample
heating caused by electric-field reversal in a dissipative
ferroelectric material. We propose an experiment that uses
the solid-state approach, together with magnetic-resonance
techniques, to search for axion or ALP dark matter.
Crucially, since the nucleon EDM is intrinsically time
varying, unlike in static EDM searches, it can be detected

without electric-field reversals. This eliminates systematics
that plagued the solid-state EDM experiments.
Nuclear spins in a solid insulating material are prepo-

larized and placed in an external magnetic field ~Bext, with
an electric field (~E#) applied perpendicular to ~Bext, as in
Fig. 1. In the rotating frame, in which ~Bext is eliminated, if
there is a nucleon EDM, the nuclear spins precess around
the electric field. This results (as seen in the laboratory
frame) in a magnetization at an angle to ~Bext, which
precesses around this field with Larmor frequency. This
transverse magnetization can be measured with a magne-
tometer such as a SQUID with a pickup loop oriented as
shown in Fig. 1. For a static EDM, the transverse
magnetization will not build up in time since its direction
relative to the electric field continually oscillates. Likewise,
when the ALP-induced EDM oscillation frequency is
different from the Larmor frequency, no measurable trans-
verse magnetization ensues. However, when the two
frequencies coincide, a resonance akin to that in the usual
NMR occurs. The magnitude of the external magnetic field
(Bext) is swept to search for this resonance. At time t ¼ 0,
the spins are prepared along ~Bext; at subsequent times, the
magnitude of the transverse magnetization is given by

MðtÞ ≈ npμE#ϵSdn
sin½ð2μBext−mac2

ℏ Þt&
2μBext−mac2

ℏ

sin ð2μBexttÞ; (1)

where n is the number density of nuclear spins, p is the
polarization, μ is the nuclear magnetic dipole moment, and
we assume a spin-1=2 nucleus. Technically, by Schiff’s
theorem, there can be no net electric field at the nucleus, so
the effect of the EDM is actually zero. Instead, the signal
actually arises from the Schiff moment. Following standard
convention, we parametrize this effect as ϵS, the Schiff
suppression factor [51], times dn, the magnitude of the
ALP-induced nuclear EDM. Thus, ϵSd acts as the effective
EDM of the nucleus in the material and dnϵsE# is the
energy shift produced between spin-up and spin-down

SQUID
pickup
loop

FIG. 1. Geometry of the experiment. The applied magnetic field
~Bext is colinear with the sample magnetization ~M. The effective
electric field in the crystal ~E# is perpendicular to ~Bext. The
SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.
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PQ axion gs and gp are directly correlated to the axion
mass as they are fixed by the axion decay constant fa:

6⇥ 10�27
⇣

109 GeV
fa

⌘
<⇠ gs <⇠ 10�21

⇣
109 GeV

fa

⌘
, (4)

gp = Cfmf

fa
= Cf10�9

� mf

1 GeV

� ⇣
109 GeV

fa

⌘
, and (5)

ma = 6⇥ 10�3eV 109 GeV
fa

. (6)

The scalar coupling of the PQ axion is indirectly con-
strained by EDM searches and the lower bound is set by
the amount of CP violation in the Standard Model [14].
There are large uncertainties in the QCDmatrix elements
involved in the calculations of this coupling and further
study is required through lattice simulations. In the PQ
axion coupling to spin, Cf is a model dependent constant
typically expected to be O(1) [15] and in what follows we
assume Cf = 1 for simplicity. The axion decay constant
is constrained to be 109 GeV <⇠ fa <⇠ 1017 GeV. Both
these bounds on fa are set by astrophysics; the lower
bound comes from red giant cooling and SN1987a, while
the lesser known upper bound on fa arises because the
wavelength of a large fa PQ axion is of order the size of
stellar mass black holes. If such an axion existed it would
have caused these black holes to spin down through the
superradiance e↵ect [2, 16]. They are thus excluded by
the observation of several near extremal black holes.

Eq. 3 shows that the axion generated potential by an
unpolarized or polarized mass acts on a nearby fermion
just like an e↵ective magnetic field of size and direction

given by ~Be↵ = 2~rVa(r)
h̄�f

, where �f is the fermion gyro-

magnetic ratio. This field is di↵erent from an ordinary
EM field – it couples to the spin of the particle, is inde-
pendent of the fermion’s magnetic moment, and di↵erent
for nucleons and electrons. It also does not couple to or-
dinary angular momentum. Therefore, it crucially is not
screened by magnetic shielding.

Experimental Setup. Our proposed setup is schemati-
cally drawn in Fig. 1. A quartz vessel containing hyper-
polarized 3He gas is placed next to a segmented cylinder
that acts as a source mass. The cylinder consists of either
high density unpolarized material (e.g. tungsten) or ma-
terial with a net electron or nuclear spin polarization, and
is rotated around its axis of symmetry with a frequency
!rot. To screen background electromagnetic fields, a su-
perconducting niobium cylindrical shell is placed between
the cylinder and 3He sample. The use of superconduc-
tors eliminates the magnetic field noise associated with
Johnson noise near the surface of conducting materials
[17]. An axion with a Compton wavelength smaller than
R will generate a potential a distance r from the surface
of the cylinder given by Vas(r) = h̄2 gsgpN

2mN
�2
anNe�

r
�a , if

the axion has a monopole coupling to nucleons, where
mN and nN are the nucleon mass and density of the ma-
terial, respectively. If the axion has a dipole coupling
to nucleons or to electrons and the polarization of the

FIG. 1: A source mass consisting of a segmented cylinder
with n sections is rotated around its axis of symmetry at a
fixed frequency !

rot

, which results in a resonance between
the frequency ! = n!

rot

at which the segments pass near the
sample and the resonant frequency 2~µN · ~Bext/h̄ of the NMR
sample. The NMR sample has an oblate spheroidal geometry
to minimize magnetic gradients while allowing close proximity
to the mass. Superconducting cylinders screen the setup from
the environment and the NMR sample from the source mass.

source mass is perpendicular to the axis of rotation, then
Vap(r) = h̄3c

gpf gpN
4mfmN

�anse
� r

�a . Here ns is the polarized

spin density in the material.
A spin polarized nucleus near this rotating segmented

cylinder will feel an e↵ective magnetic field Be↵ =
1

h̄�N
rVa(r)(1+ cos(n!rott)), where �N is the nuclear gy-

romagnetic ratio and n is the number of segments. Here
we assume the NMR sample thickness is of order the ax-
ion Compton wavelength. This e↵ective magnetic field is
parallel to the radius of the cylinder. An NMR sample
with net polarization parallel to the axis of the cylinder
and a Larmor frequency 2~µN · ~Bext/h̄ = ! determined by
an axial field Bext will develop a magnetization perpen-
dicular to its polarization of magnitude:

M(t) ⇡ h̄

2
nspµN�NBe↵t cos(!t), (7)

where p is the polarization fraction and µN is the nuclear
magnetic moment. This polarization grows linearly with
time until t ⇠ T2 where T2 is the transverse relaxation
time of the sample. M(t) can be detected by a SQUID
magnetometer with its pickup coil axis oriented radially.
The main fundamental limitation comes from trans-

verse projection noise in the sample itself
p

M2
N =q

h̄�nµ3HeT2

2V and the minimum transverse magnetic reso-
nant field this setup is sensitive to is given by:

Bmin ⇡ p�1

s
2h̄

nsµ3He�V T2
= 10�20 Tp

Hz
⇥ (8)

✓
1

p

◆✓
1 cm3

V

◆1/2 ✓
1021 cm�3

ns

◆1/2 ✓
1000 sec

T2

◆1/2

.

Here V is the sample volume, � is the gyromagnetic ratio
for 3He = (2⇡) ⇥ 32.4 MHz/T, and µ3He = �2.12 ⇥ µn

ARIADNE is a search for short-range axion mediated forces 
between a source mass and an NMR sample. 

ma  10�9 eV



IAXO
 See Talk by Igor Irastorza TODAY (Tuesday), Elisa Ruiz-Choliz on Thursday

 A proposed large scale axion haloscope, with a greatly  
increased axion conversion volume, new electronics, and 
a very large high-field magnet. Projected sensitivity to  
DFSZ/KSVZ axions above 0.01eV.
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs

February 8, 2016 19:55
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invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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Conclusions
ADMX2 running imminent.

Other cavity searches ramping up.

‘Mirror’ searches promising.

Real prospects for axion discovery as
rate of coverage of mass range ramps up.

NMR / spin precession methods developing

IAXO greatly increase reach of haloscopes into 
axion territory.

X3 first results available (preliminary).


