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What are axions?

Simple solution to a simple problem

Only one or two parameters

Can naturally be Dark Matter

Cla
ssi

ca
l

Simple solution to a subtle problem

Quantum



(Wrong) Classical Strong CP Problem

Neutron contains an up quark and two down quarks

Draw a neutron
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Neutron contains an up quark and two down quarks

(Wrong) Classical Strong CP Problem



Calculate electric dipole moment
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An Improved Experimental Limit on the Electric-Dipole Moment of the Neutron

C.A. Baker,1 D.D. Doyle,2 P. Geltenbort,3 K. Green,1, 2 M.G.D. van der Grinten,1, 2 P.G. Harris,2 P.
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(Dated: February 7, 2008)

An experimental search for an electric-dipole moment (EDM) of the neutron has been carried out
at the Institut Laue-Langevin (ILL), Grenoble. Spurious signals from magnetic-field fluctuations
were reduced to insignificance by the use of a cohabiting atomic-mercury magnetometer. Systematic
uncertainties, including geometric-phase-induced false EDMs, have been carefully studied. Two
independent approaches to the analysis have been adopted. The overall results may be interpreted
as an upper limit on the absolute value of the neutron EDM of |dn| < 2.9 × 10−26

e cm (90% CL).

PACS numbers: 13.40.Em, 07.55.Ge, 11.30.Er, 14.20.Dh

I. INTRODUCTION

Measurements of particle electric-dipole moments
(EDMs) [1, 2, 3] are of significant interest because they
provide some of the tightest constraints on extensions to
the Standard Model, such as supersymmetry, that at-
tempt to explain the mechanisms underlying CP viola-
tion [4, 5, 6, 7, 8, 9, 10, 11].

This neutron-EDM experiment, and the performance
of its cohabiting mercury magnetometer, have been dis-
cussed in earlier publications [1, 12]. The final result pre-
sented in this Letter incorporates a comprehensive analy-
sis of systematic errors, some of which were undiscovered
at the time of the earlier measurements.

II. EDM MEASUREMENT TECHNIQUE

The measurement was made with ultracold neutrons
(UCNs) stored in a trap permeated by uniform E- and B-
fields. This adds terms −µn ·B and −dn ·E to the Hamil-
tonian determining the states of the neutron. Given par-
allel E and B fields, the Larmor frequency ν↑↑ with which
the neutron spin polarization precesses about the field di-
rection is

hν↑↑ = |2µnB + 2dnE|. (1)

For antiparallel fields, hν↑↓ = |2µnB − 2dnE|. Thus the
experiment aimed to measure any shift in the transition
frequency ν as an applied E field alternated between be-
ing parallel and then antiparallel to B.

A schematic of the apparatus is shown in Figure 1.
The UCNs were prepared in a spin-polarized state by
transmission through a thin, magnetized iron foil, and

∗On leave from Institute of Nuclear Research and Nuclear Energy,
Sofia, Bulgaria
†On leave from Petersburg Nuclear Physics Institute, Russia

entered a cylindrical 21-liter trap within a 1 µT uniform
vertical magnetic field B0.

Approximately 20 s were needed to fill the trap with
neutrons, after which the entrance door was closed pneu-
matically. The electric field, of approximately 10 kV/cm,
was generated by applying high voltage to the electrode
that constituted the roof of the trap, while keeping the
floor electrode grounded. The electrodes were made of
diamond-like-carbon coated Al, and the side wall was
SiO2.

The transition frequency ν of the neutrons was mea-
sured using the Ramsey separated oscillatory field mag-
netic resonance method. During the storage period, the
neutrons interacted coherently with two 2 s intervals of
oscillating magnetic field having a chosen frequency close
to the Larmor frequency. The two intervals were sepa-
rated by a period T = 130 s of free precession. The last
step was to count the number of neutrons N↑ and N↓

that finished in each of the two polarization states. This
was achieved by opening the entrance door to the trap
and allowing the neutrons to fall down onto the polariz-
ing foil, which then acted as a spin analyzer. Only those
in the initial spin state could pass through to the detec-
tor, which was a proportional counter in which neutrons
were detected via the reaction n+3He →3H+p. During
one half of the counting period, an r.f. magnetic field
was applied in the region above the polarizing foil; this
flipped the spins of the neutrons, thereby also allowing
those in the opposite spin state to be counted. Each
batch cycle yielded about 14,000 UCN counts. Within a
run the data-taking operations were cycled continuously
for 1-2 days. Periodically, after a preset number (nor-
mally 16) of batches, the direction of E was reversed.
All other settings were held constant during a run. Ev-
ery 10-20 runs, B0 was reversed so that half of the full
data set was taken with B0 upwards and half with B0

downwards. We adopt a system as in [13] where the k̂
vector of our z axis follows the direction of B0. Hence, B0

is always positive, while the gravitational displacement of
the UCNs changes sign.
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Measure number of spin up versus spin 
down neutrons for parallel and anti-
parallel electric and magnetic fields
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4D Quantum Strong CP problem

Theory of QCD

Use Chiral Perturbation theory to calculate neutron eDM
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4D Quantum Strong CP problem

QFT formulation of the Strong CP problem
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Simple Solutions

Four simple solutions to this simple problem

1. Universe is Left-Right symmetric
2. Universe is Time reversal invariant
3. Massless up quark
4. Axions
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Parity is Under-Rated

Before diving into Axions

The simplest parity based solutions to the strong 
CP problem are as simple as the QCD axion

Gets very messy very quickly though

S. M. Barr, D. Chang, and G. Senjanovic, Phys.Rev.Lett. 67, 2765 (1991)



(Wrong) Classical Axion

CO O

CO2 also has a zero dipole moment
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Why is the dipole moment zero?
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Angle relaxes itself to zero!

(Wrong) Classical Axion
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Plausible that if angle were dynamical maybe 
it would relax itself to a symmetric state

(Wrong) Classical Axion
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Introduce a field whose sole purpose is to 
make the angle dynamical
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Axion dynamically sets 
the neutron EDM to 0
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The Axion

Problem

Why does everyone draw the neutron wrong?
Why is the neutron electric dipole moment small?

Simple solution

Make angle dynamical



The Axion

Such a simple theory, what is there to do theory-wise?

1. Axion theory has a weakness - Quality problem
2. Expand the parameter space of the invisible axion
3. Axion DM abundance
4. Axion Strings
5. Axion probes of quantization of electric charge



Quality Problem

In order to solve the Strong CP problem axion 
needs to ONLY modulate ϑ.  Anything else 

changes the location of the minimum

There is NO symmetry that can force the axion 
to just modulate ϑ and do nothing else

Anomalous symmetries such as U(1)PQ 
are not symmetries



Quality Problem

Broadly speaking there are 3 classes of solutions



Quality Problem

Broadly speaking there are 3 classes of solutions

1. U(1)PQ is an accidental symmetry much like baryon 
number in the SM
A. Composite Axions
B. ZN symmetry



Quality Problem

Broadly speaking there are 3 classes of solutions

2. Increase the size of the axion potential
A. Heavy axion - discrete symmetries/UV instantons
B. Multiple axions



Quality Problem

Broadly speaking there are 3 classes of solutions

3. Extra Dimensions
A. U(1)PQ is made into a gauge symmetry - takes the 

log of the problem
B. Extra dimensional instantons



Extending the parameter space
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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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KSVZ : Simplest 1 parameter axion model
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Lots of parameter space off of the QCD axion line



Span all of parameter space

Extend model of the axion so that you can cover 
all of the parameter space 

Two approaches : change mass of the axion and 
change the coupling of the axion
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More Strongly coupled

Large charge
Clockwork

Mass mixing with ALPS
Kinetic mixing with ALPS

Photon/Spin Couplings
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coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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More weakly coupled

% level accidental 
cancelation for GUTs

Photon/Spin Couplings

Fine-Tuning

Opportunity for anyone 
with good ideas!
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Heavier axions

Mirror worlds
Discrete symmetries

UV instantons
Multiple Axions

Mass
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Lighter axions

Discrete symmetries

Mass

Another opportunity for 
anyone with good ideas!



Span all of parameter space

Many models make the QCD axion more strongly 
coupled and heavier

Only 1-2 models make the QCD axion more 
weakly coupled and lighter

Great opportunity



Axion DM

Axion DM can easily be all of DM

1. Misalignment
A. Multiple axions, Magnetic fields, Affleck-Dine, Inflation, Time 

dependent potentials, …

2. Topological Defects
3. Thermal production
4. Dark photons
5. … m >> µeV : Oversaturated

m << µeV : Only misalignment
Great opportunity



Axion Strings

Axion Strings are woefully under explored theoretically

1. Superconducting
2. Large cross section with gluons/photons in the 

early universe
3. Scaling behavior/Emission of axions (Numerical)
4. Interesting GW/CMB/Polarization signals
5. …?

Lots of opportunities!



Quantization of electric charge

Axion couplings are connected to the quantization 
of electric charge

Unique opportunity to prove that E+M is U(1) not R
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1 Introduction

The ultraviolet structure of the standard model is one of the most fundamental questions in particle
physics. In general, it is a daunting task to unearth high-energy properties of the theory from low-
energy observations. However, there is a unique type of interaction that contains universal information
about the fundamental theory unpolluted by intervening physics. This special type of interaction is a
topological interaction [1]. In this paper, we consider the topological coupling of a compact pseudo-
scalar—an axion—with photons,

L =
A↵em

4⇡

a

f
F eF (1.1)

where 2⇡f is the periodicity of the axion a, ↵em is the fine structure constant, and A is the anomaly
coe�cient for the mixed anomaly between electromagnetism and the continuous shift symmetry of
the axion. Anomaly matching fixes the form of the interaction at any scale [2], such that the rational
number A is not renormalized and intervening physics between the high energy scale and the low

– 1 –

Axion periodicity

Fine structure constant



Quantization of electric charge

Value of the anomaly informs us about the 
quantization of electric charge
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A = Ze2min
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Would be extremely interesting if something could 
be done with this fact



Conclusion

Axions are a simple solution to a simple problem

Theoretical progress in a few directions

Quality problem
Smaller masses

Expanding parameter space

Axion DM abundance Axion strings

Quantization of charge

Weaker couplings 

Needs more exploration

Very Light Axions


