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Lecture plan
• This two-part lecture is intended to provide a gentle introduction to axion 

physics, for senior graduate students and postdocs who are new to the 
topic


• On the theory side we will cover:


1. Theoretical motivations for the axion


2. Properties of axions


3. Cosmological aspects of axion physics


• On the experimental side we will cover:


4. Direct detection mechanisms


5. Astrophysical and cosmological signatures


6. Current experimental status



• Some personal introduction:


• PhD King’s College London, 2015


• Postdoc at the ITP-CAS, Beijing, then Peking University


• Junior faculty at Beijing University of Technology 2019, 
teaching in the BDIC with University College Dublin


• My research is mostly into axion physics, dark matter 
and related topics



Axion theory



• QCD is a very successful and elegant theory: 


�  


• With only a few parameters we can find excellent agreement between 
theory and experiment


• However, we there is another Lagrangian term we can’t avoid


�  


• Although �  is a total derivative it has non-zero effect in the 
presence of topologically non-trivial field (e.g. instanton) configurations. 
We can think of it as the 'topological charge density’


• As it violates CP symmetry this term contributes to the neutron electron 
dipole moment � . Since experimentally �  is unobserved, we know that 
� . Why does �  appear to be so unnaturally small? 


• This is the so-called Strong CP problem
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in this category, removing this pre-average would not change the final result within the quoted
uncertainty.
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

9.4.3 Deep-inelastic scattering and global PDF fits:

Studies of DIS final states have led to a number of precise determinations of –s: a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q

2, provides combined values of –s at di�erent energy scales Q, as shown
in Fig. 9.3, and quotes a combined result of –s(M2

Z
) = 0.1198 ± 0.0032. A more recent study

of multijet production [373], based on improved reconstruction and data calibration, confirms the
general picture, albeit with a somewhat smaller value of –s(M2

Z
) = 0.1165±0.0039, still at NLO. An
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The Peccei-Quinn mechanism
• In QCD the vacuum energy is minimised when � . So, if �  can be replaced by a field then it should 

dynamically relax to zero, solving the Strong CP problem!


• To enable this, we require a field �  with a shift symmetry � , which is anomalous under 
QCD due to instanton contributions


• A symmetry is anomalous if it is violated in the full quantum theory, but present in the �  
(classical) limit


• In the low energy Lagrangian, expect all possible terms compatible with the symmetries of the theory 


• This now includes terms proportional to the (anomalous) divergence of the corresponding Noether 
current: �  


�  


• The axion field will dynamically cancel �  as required!
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“CP Conservation in the Presence of Instantons” R. Peccei and H. Quinn, PRL. 38 (1977) 1440.



The Peccei-Quinn mechanism
• To engineer this, we add an axial ‘Peccei-Quinn’ symmetry, which is spontaneously 

broken around some high energy scale �  


• The axion is the (pseudo) Nambu-Goldstone boson associated to this symmetry, which 
gives the desired shift symmetry, and an interaction Lagrangian


�  


• Only a ‘true’ NG boson is massless, however the axion can still be naturally light, 
since the symmetry is approximate. From chiral perturbation theory we can calculate: 


� ,     �  


• Many specific models exist: 'DFSZ' and ‘KSVZ’ are common benchmarks. For low 
energy physics they mainly differ in their specific charge assignments, which enter into 
� , and the anomaly coefficients �  and �
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• From couplings to SM fermions, an effective coupling to EM is induced:


                                     


                                 �        


• This interaction leads to the Primakoff effect: probably the most  
important mechanism for axion discovery


• Why? Generally we’re pretty good at detecting/creating photons, also magnetic fields 
are pretty abundant in the universe, and can be easily made in the laboratory


• Decays to 2 photons are also possible:
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Are there other solutions to the strong CP problem?

• If the lightest quark is massless, then �  is unobservable. Actually, 
we only require �   at �  


• Nonetheless, not compatible with  
lattice gauge theory


• Could CP be fundamentally exact? 
In this scenario the ‘bare’ value of �  is  
zero, and spontaneous breaking generates  
the observed EW CP


• Barr-Nelson models give a concrete realisation of this, but seem to 
require more tuning than the original Strong CP problem. 
Supersymmetry or new strong dynamics would help, but they have 
yet to be found…
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E. Nelson “Naturally Weak CP Violation”, S. M. Barr “Solving the Strong CP Problem without the Peccei-Quinn Symmetry” PRL 1984
Figure courtesy of FLAG working group
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Figure 3: The distribution of Hodge numbers h1,1 and h1,2 for the known Calabi-Yau
manifolds in the Kreuzer-Skarke [54] list. Note that the frequency (=number of occurrences)
color scale is logarithmic. There is a huge peak in the distribution at h1,1 ⇡ h1,2 ⇡ 30,
which implies that a compactification picked at random from this list is most likely to
contain of the order of 30 axions.

four-dimensional limit [5]. This scenario has come to be known as the string axiverse [17].6

Let’s flesh out the discussion above with some simple examples and observations. I will
use notation for forms, which can be found in e.g. Ref. [55].

A (p + 1)-form field strength Fp+1 appears in the action as:
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where D is the number of spacetime dimensions, and gD is the D-dimensional metric deter-
minant. The equation of motion is dF = 0, implying Fp+1 can be written as Fp+1 = dAp,
since d2 = 0 (this is just like the EM field strength and the usual vector potential). A
general solution which is homogeneous and isotropic in the large dimensions is found by
decomposing the potential A into the basis of harmonic p-forms, !p,i, on the compact
manifold:
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ai(x)!p,i(y) ) ai =

Z
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where Cp,i are p-cycles in the compact space, x are co-ordinates in the large 3 + 1 dimen-
sions, y are co-ordinates in the compact space, and for symmetry under CP , ai(x) is a
pseudoscalar.

The sum in Eq. (29) runs over the number of harmonic forms, and expresses the topo-
logically distinct ways that F can be “wrapped” on the compact space. The number of
basis p-forms is determined by the number of homologically non-equivalent p-cycles, i.e. by
the pth Betty number, bp. For example, taking the decomposition Eq. (29) for the two-form
B mentioned above, we would count the number of two-cycles, and for the C4 four-form of

6Of course, there are many subtleties, and not all the axions present in the spectrum may survive to low
energies. I defer to the references for discussion of this topic.
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String compactifications
• In fact, the strong CP problem is a compelling 

motivation for axions, but it’s not the only one


• String theory requires extra dimensions which must 
be compactified. Typically, for appropriate 
phenomenology (some unbroken SUSY and chiral 
matter), this manifold should be Calabi-Yau (more 
details in Prof. Antoniadis’ lectures)


• When we compactify, the Kaluza–Klein (KK) zero 
modes of antisymmetric tensor fields generically 
give low-energy fields with axion-like properties 


• Studies of known Calabi-Yau manifolds suggest 
large numbers of such axions are typical (� ?)


• This scenario is known as the ‘String Axiverse’

𝒪(30)

“String axiverse” A. Arvanitaki et al, PRD 2010, 0905.4720
Figure courtesy of ‘Axion Cosmology’, D. J. E. Marsh, 1510.07633, using data from Kreuzer-Skarke, math/0001106 



Terminology: ALPs
• In general, axions which solve the strong CP problem are ‘QCD axions’ 


• Axions which may or may not solve the strong CP problem are ‘Axion Like 
Particles’, although generally people use ‘axion’ flexibly to refer to both QCD 
axions and ALPs


• Take-home point: QCD axions are well-described by just a single 
quantity, since �  and �  are related: � 


• More general (ALPs) are well-described by just two quantities, since the 
energy scale of their couplings is set by � 


• Exceptions exist (e.g. photophobic, leptophilic ALPs), but they are rare


• This is a great advantage for theorists and experimentalists working with 
axions: the parameter space is low-dimensional

ma f ma ≃ 6 μeV (1012 GeV/f)

f



Axions/ALPs as a topic in theoretical physics
``CP Conservation in the Presence of Instantons,’' R. Peccei and H. Quinn, PRL 38 (1977) 1440.

Recent trend is  
fairly obvious

Figure courtesy of Inspire



• Not long after the first axion papers, people  
realised that this wonderful new particle could  
be dangerous….


• When the PQ symmetry breaking phase transition occurs in the early universe, causality 
dictates that the field value in each Hubble patch is independent


• In models (like DFSZ) that have multiple degenerate vacua, this creates domain walls 
and cosmic strings:


Axion cosmology

�a /f = π/4�a /f = 0 �a /f = π/2
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Cosmological aspects of a very weakly interacting axion are discussed. A solution to the problem of domain walls dis- 
cussed by Sikivie is mentioned. Demanding that axions do not dominate the present energy density of the universe is shown 
to give an upper bound on the axion decay constant of at most 1012 GeV. 

It has been suggested that the strong CP problem 
may be solved by extending the Peccei-Quinn idea 
[1] to grand unified theories [ 2 - 4 ] .  In other words, 
one should require of  a grand unified theory that it 
possesses a U(1) symmetry broken explicitly only by 
anomalies. Moreover, this symmetry should be broken 
spontaneously at the unification scale. In such a theory, 
the CP violating angle, 0, becomes dynamical; it is the 
would-be Goldstone boson (axion) of  this spontaneous- 
ly broken symmetry. QCD gives rise to a potential for 
this angle with a minimum very near the origin. The 
axion itself receives a tiny mass as a result of  this sym- 
metry-violating potential. Its interactions are extreme- 
ly weak, having a strength inversely proportional to 
)cA, the axion decay constant. In particular, this ax- 
ion would not appear in experiments nor would it 
play any role in astrophysical environments such as 
stars. 

However, this lack of  interaction raises concerns 
of  a cosmological nature. For temperatures much 
higher than QCD scales, we expect 0-dependent ef- 
fects to fall as some large power o f T  [5]. Thus, at the 
grand-unified scale, the Peceei-Quinn symmetry will 
be an essentially exact symmetry. At temperatures 
above fA,  this symmetry will be unbroken; as the tem- 
perature is lowered, spontaneous symmetry breaking 

will occur, and 0 will take some random value on the 
interval [0, 2n] (actually, on a somewhat smaller inter- 
val; see below). 

At temperatures well below the QCD scale, we can 
calculate the axion potential using current algebra ar- 
guments. For definiteness, we focus on the model of 
ref. [2],  in which the Peccei-Quinn symmetry is 
broken by the expectation value of  a singlet field (with 
Peccei-Quinn charge 1) 

(~0) = 2 -1 /2 fA e i° . 

Following ref. [6],  it is natural to work with the 
anomaly-free, partially conserved current (specializing 
for simplicity to the case of  two light quarks; inclusion 
of  the strange quark is straightforward) 

7** -]u- "PQ -- [N/(1 +Z) ]  (fiVu75 u +ZdTuVsd) ,  

where Z = mu/m d. We must also include the current 
of axial isospin, 

].3 1 - 
u A = ~ (UTuYs u -- a Yu 3'5 d) 

Following a method discussed by Sikivie, we write the 
expectation values of  fermion bilinears as 

(fiLUR) = ](fiLUR)I exp{i{a + IN/(1 + Z)]  0}} , 

(dLd R) = I(CtLdR)I exp {i{---a + [NZ/(1 +Z)]  0}} . 
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Axion cosmology
• We can use inflation to get rid of domain walls/cosmic strings, or possibly enable 

them to decay, but a more serious issue remains


• In an FRW Universe, our equation of motion is � . When 
�  the field is overdamped, and so �  is fixed. However, once the Universe 
expands sufficiently that � , the field will begin to roll


�  

• An overdamped (pseudo)scalar field gives a constant energy density: a 
cosmological constant! This can be quite useful, if we wish to explain dark energy, 
or inflation (See the inflation lecture on Friday, next week’s String Inflation plenary)


• But what about an oscillating field?
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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Figure courtesy of ‘Axion Cosmology’, D. J. E. Marsh, 1510.07633



The misalignment mechanism     

• Once the axion begins to oscillate, �  


• Inserting into the EOM gives � , and so � 


• At the top of the potential we have (the equation of state parameter) �  (dark energy), at the 
bottom �  (free scalar field). Therefore � 


• This like just like ordinary non-relativistic matter: the coherent oscillations of the axion field 
function as a natural cold dark matter candidate 

• The energy density in the misalignment population is fixed by the initial field displacement and the mass 
alone. For QCD axions, with an initial misalignment angle �  we have an approximate relic density:


� 


• Of course, we should realise that with large numbers of axions we may overproduce dark matter in this 
way, for example in the string axiverse scenario. We can reduce the dark matter abundance via axion 
decays, but then their decays products may unacceptably modify the thermal history of our Universe 


• This is known as the cosmological moduli problem

ϕ ≃ ϕ0 cos(mat + φ)

ϕ0 ∝ a−3/2 ρa ∝ |ϕ0 |2 ∝ a−3

ωa = − 1
ωa = 1 ⟨ωa⟩ = 0

θa,i

the limit of the anthropic boundary for DM-like axions with ma = 10�24 eV. This is visible
in Fig. 5, and from the fa scaling of Eq. (63). We find fa  4 ⇥ 1017 GeV: ULA DM is
natural for comfortably sub-Planckian values of the decay constant.

4.3.2 The QCD Axion

QCD non-perturbative e↵ects switch on at T ⇠ ⇤QCD ⇠ 200 MeV, precisely when the QCD
axion with intermediate fa begins oscillations. The temperature dependence of the axion
mass in QCD is given by:

m2

a
(T )f2

a
= �top.(T ) , (64)

where �top.(T ) is the QCD topological susceptibility, which must be calculated. The original
calculation is due to Ref. [41] and is reviewed in e.g. Ref. [134], while a modern calculation
in the ‘interacting instanton liquid model’ (IILM) is given in Ref. [113]. A simple power-law
dependence of the axion mass on temperature applies at high temperatures, T > 1 GeV:

m2

a
(T ) = ↵a

⇤3

QCD
mu

f2
a

✓
T

⇤QCD

◆�n

. (65)

This should be matched to the zero temperature value, Eq. (5), at low T . ⇤QCD.
The standard [41] value for the power-law from the dilute instanton gas model (DIGM)

is n = 7+nf/3+· · · ⇡ 8 (where nf is the number of fermions active at a given temperature).
The fits of Ref. [113] from the IILM give n = 6.68 and ↵a = 1.68 ⇥ 10�7 (which also agrees
with Ref. [135]). The temperature dependence can also be computed non-perturbatively
on the lattice in the pure Yang-Mills limit (e.g. Refs. [136, 137, 138, 139]), and at low
temperatures from chiral perturbation theory (for a recent calculation, see Ref. [140] and
references therein). The lattice calculations of Ref. [136] find n = 5.64 (compare to the
pure Yang-Mills, nf = 0, DIGM). Ref. [140] consider a range between n = 2 and n = 8
from lattice and instanton calculations respectively.

The temperature of the Universe in the radiation dominated era is determined by the
Friedmann equation in the form

3H2M2

pl
=

⇡2

30
g?T

4 . (66)

Taking the standard n = 8 result, using that g? = 61.75 for tempertaures just above the
QCD phase transition, and defining 3H(Tosc) = ma, the QCD axion with fa < 2⇥1015 GeV
begins oscillating when T > 1 GeV [134]. From this point on, axion energy density scales
as a�3 independently of the behaviour of ma(T ). The relic density can thus be reliably
computed from the high-temperature power-law behaviour of ma(T ), scaled as a�3 from
Tosc. The relic density is fixed by the initial misalignment angle and fa. For fa < 2 ⇥
1015 GeV it is given by [134]

⌦ah2 ⇠ 2 ⇥ 104

✓
fa

1016 GeV

◆7/6

h✓2

a,i
i . (67)

For fa & 2 ⇥ 1017 GeV oscillations begin when T < ⇤QCD, such that the mass has reached
its zero-temperature value. In this case the relic density is

⌦ah2 ⇡ 5 ⇥ 103

✓
fa

1016 GeV

◆3/2

h✓2

a,i
i . (68)

Note that there is not an overlapping region of validity for Eqs. (67) and (68). For
2 ⇥ 1015 GeV . fa . 2 ⇥ 1017 GeV oscillations begin during the QCD epoch, the dilute
instanton gas approximation breaks down and the relic density calculation is more compli-
cated (see e.g. Refs. [134, 113, 141]). However, it is argued in Ref. [134] that Eq. (67) is a

30
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Strong CP problem Compactifications

(Planck 2015)

(2df redshift survey)

Theory summary: Axions are light (sub-eV) 
pseudo-Goldstone bosons, characterised 
broadly by just their mass and decay constant

They arise both as a minimal extension of the 
Standard Model, to solve the Strong CP 
problem, whilst also being a generic prediction 
of the exotic physics of string and M theory



Axion experiments 
and observations



• As we have already seen


• Axions can convert directly to photons via the Primakoff effect 


• They are naturally light, and provide a good candidate for dark matter


• Axions which solve the Strong CP problem should also couple to 
Standard Model particles in a predictable way


• This leads to a lot of observational constraints and possible detection 
mechanisms


• Indeed, much of the present-day research into axions is about exploring 
new methods to detect these elusive particles


• This is well summarised in “New experimental approaches in the search 
for axion-like particles” by I. Irastorza and J. Redondo, arxiv:1801.08127



Experiments are both planned and ongoing worldwide to discover the axion 
3

(Figure courtesy of W. Bonivento, apologies to any experiments not shown!)



• We can’t discuss every possible experiment, but we can identify a few general principles.


• For a general counting experiment with �  signal and �  background events, the statistical 
significance of some excess is (assuming background domination):


�  


• How to increase � (Axion flux)� (Detector area)� (Observation time)� (Interaction probability) ?


• Choose a good source of axions


• Bigger ‘exposure’: more observing time with a bigger detector


• Increase the interaction probability: � 


• How to decrease � ? 


• Reduce intrinsic noise (decrease detector noise temperature)


• Increase shielding to sources of background (cosmic rays, radioactive decays etc)

Ns Nb

S = 2 ( Ns + Nb − Nb) ≃ Ns / Nb

NS ∼ × × ×

Γi→f =
2π
ℏ

⟨ f |H′�| i⟩
2

ρ(Ef )

Nb
Matrix element

Density of states



What is the current 
experimental status of the 

axion?
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Figure is courtesy of C. O’Hare’s excellent AxionLimits code (doi.org/10.5281/zenodo.3932430)

https://doi.org/10.5281/zenodo.3932430
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Figure is courtesy of C. O’Hare’s excellent AxionLimits code (doi.org/10.5281/zenodo.3932430)

In the remainder of the talk,  
our goal will be to deconstruct this plot!

https://doi.org/10.5281/zenodo.3932430
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In the remainder of the talk,  
our goal will be to deconstruct this plot!
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Helioscope searches
• Our sun is expected to be a good source of axions, via a variety of channels


� 


• This leads to a characteristic flux at Earth (left is Primakoff only, right is from couplings 
to electrons)


�
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Figure 9: Solar axion flux spectra at Earth by di↵erent production mechanisms. On the left, the most
generic situation in which only the Primako↵ conversion of plasma photons into axions is assumed.
On the right the spectrum originating from processes involving electrons, bremsstrahlung, Compton
and axio-recombination [323, 395]. The illustrative values of the coupling constants chosen are ga� =
10�12 GeV�1 and gae = 10�13. Plots from [480].

(where !p is the plasma frequency of the gas, !2

p
= 4⇡↵ne/me, being ne and me the electron density and

the electron mass respectively). If the axion mass matches the photon mass, q = 0 and the coherence is
restored. By changing the pressure of the gas inside the pipe in a controlled manner, the photon mass
can be systematically increased and the sensitivity of the experiment can be extended to higher axion
masses. In this configuration, in the event of a positive detection, helioscopes can determine the value
of ma. Even in vacuum, ma can be determined from the spectral distortion produced by the onset of
ALP-photon oscillation in the helioscope of the low energy part of the spectrum, something that can
be detectable for masses down to 10�3 eV, depending of the intensity of the signal [484].

The basic layout of an axion helioscope thus requires a powerful magnet coupled to one or more
X-ray detectors. In modern incarnations of the concept, as shown in figure 10, an additional focusing
stage is added at the end of the magnet to concentrate the signal photons and increase signal-to-noise
ratio. When the magnet is aligned with the Sun, an excess of X-rays at the detector is expected, over
the background measured at non-alignment periods. This detection concept was first experimentally
realised at Brookhaven National Laboratory (BNL) in 1992. A stationary dipole magnet with a field of
B = 2.2 T and a length of L = 1.8 m was oriented towards the setting Sun [38]. The experiment derived
the upper limit ga� < 3.6 ⇥ 10�9 GeV�1 for ma < 0.03 eV at 99% C.L. At the University of Tokyo, a
second-generation experiment was built: the SUMICO axion heliscope. Not only did this experiment
implement a dynamic tracking of the Sun but it also used a more powerful magnet (B = 4 T, L = 2.3 m)
than the BNL predecessor. The bore, located between the two coils of the magnet, was evacuated and
higher-performance detectors were installed [46,485,486]. This new setup resulted in an improved upper
limit in the mass range up to 0.03 eV given by ga� < 6.0⇥10�10 GeV�1 (95% C.L.). Later experimental
improvements included the additional use of a bu↵er gas to enhance sensitivity to higher-mass axions.

A third-generation experiment, the CERN Axion Solar Telescope (CAST), began data collection in
2003. The experiment uses a LHC dipole prototype magnet with a magnetic field of up to 9 T over a
length of 9.3 m [488]. The magnet is able to track the Sun for several hours per day using a elevation
and azimuth drive (see Fig. 11). This CERN experiment has been the first helioscope to employ X-

54

Figure taken from Irastorza et al., “The International Axion Observatory IAXO. Letter of Intent…” 



Helioscope searches
• Integrating over energy leads to a characteristic (Primakoff) flux at Earth


� ,     � 


• Helioscope experiments (such as CAST, SUMICO and the planned IAXO) use the Primakoff 
effect to convert these axions back into x-ray photons


� 


�

ϕa ≃ 1011 (
Gaγγ

10−10GeV−1 )
2

cm−2s−1 (ϕsolar ν ≃ 1011cm−2s−1)

2

FIG. 1. Sketch of the CAST helioscope at CERN to search for solar axions. These hypothetical low-mass bosons are produced
in the Sun by Primako↵ scattering on charged particles and converted back to x-rays in the B-field of an LHC test magnet.
The two straight conversion pipes have a cross section of 14.5 cm2 each. The magnet can move by ±8� vertically and ±40�

horizontally, enough to follow the Sun for about 1.5 h at dawn and dusk with opposite ends. Separate detection systems can
search for axions at sunrise and sunset, respectively. The sunrise system is equipped with an x-ray telescope (XRT) to focus the
signal on a small detector area, strongly increasing signal-to-noise. Our new results were achieved thanks to an XRT specifically
built for CAST and improved low-noise x-ray detectors.

INTRODUCTION

Advancing the low-energy frontier is a key endeavor
in the world-wide quest for particle physics beyond the
standard model and in the e↵ort to identify dark matter
[1, 2]. Nearly massless pseudoscalar bosons, often gener-
ically called axions, are particularly promising because
they appear in many extensions of the standard model.
They can be dark matter in the form of classical field os-
cillations that were excited in the early universe, notably
by the re-alignment mechanism [3]. One particularly well
motivated case is the QCD axion, the eponym for all such
particles, which appears as a consequence of the Peccei-
Quinn mechanism to explain the absence of CP-violating
e↵ects in QCD [3].

Axions were often termed “invisible” because of their
extremely feeble interactions, yet they are the target of a
fast-growing international landscape of experiments. Nu-
merous existing and foreseen projects assume that axions
are the galactic dark matter and use a variety of tech-
niques that are sensitive to di↵erent interaction channels
and optimal in di↵erent mass ranges [4, 5]. Indepen-
dently of the dark matter assumption, one can search for
new forces mediated by these low-mass bosons [6] or the
back-reaction on spinning black holes (superradiance) [7].
Stellar energy-loss arguments provide restrictive limits
that can guide experimental e↵orts and in some cases
may even suggest new loss channels [3, 8, 9].

The least model-dependent search strategies use the
production and detection of axions and similar particles
by their generic two-photon coupling. It is given by the
vertex La� = � 1

4
ga�Fµ⌫ eFµ⌫a = ga�E ·B a, where a is

the axion field, F the electromagnetic field-strength ten-
sor, and ga� a coupling constant of dimension (energy)�1.
Notice that we use natural units with ~ = c = kB = 1.
This vertex enables the decay a ! ��, the Primako↵ pro-

duction in stars, i.e., the � ! a scattering in the Coulomb
fields of charged particles in the stellar plasma, and the
coherent conversion a $ � in laboratory or astrophysical
B-fields [10, 11].
The helioscope concept, in particular, uses a dipole

magnet directed at the Sun to convert axions to x-rays
(see Fig. 1 for a sketch). Solar axions emerge from many
thermal processes, depending on their model-dependent
interaction channels. We specifically consider axion pro-
duction by Primako↵ scattering of thermal photons deep
in the Sun, a process that depends on the same coupling
constant ga� which is also used for detection.
Since 2003, the CERN Axion Solar Telescope (CAST)

has explored the ma–ga� parameter space with this ap-
proach, more details to be given below. The black solid
line in Fig. 2 is the envelope of all previous CAST results.
The low-mass part ma .0.02 eV corresponds to the first
phase 2003–2004 using evacuated magnet bores [12, 13].
The a ! � conversion probability in a homogeneous B
field over a distance L is

Pa!� =

✓
ga�B

sin(qL/2)

q

◆2

, (1)

where q = m2

a/2E is the a–� momentum transfer in vac-
uum. For L = 9.26 m and energies of a few keV, co-
herence is lost for ma & 0.02 eV, explaining the loss of
sensitivity for larger ma.
Later, CAST has explored this higher-mass range by

filling the conversion pipes with 4He [14, 15] and 3He
[16, 17] at variable pressure settings to provide photons
with a refractive mass and in this way match the a and
� momenta. The sensitivity is smaller because at each
pressure setting, data were typically taken for a few hours
only. Despite this limitation, CAST has reached realistic
QCD axion models and has superseded previous solar ax-
ion searches using the helioscope [18] and Bragg scatter-

Figure taken from Irastorza et al., “Towards a new generation axion helioscope” arxiv:1103.5334

�  is 

momentum transfer

q = m2
a /2E



10�
12

10�
11

10�
10

10�
9

10�
8

10�
7

10�
6

10�
5

10�
4

10�
3

10�
2

10�
1

100
101

102
103

104
105

106
107

ma [eV]

10�19

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6
|g

ag
|[

G
eV

�
1 ]

KSVZ

DFSZ II

CAST



• Alternatively, we can try to create our own axions in the lab. Photon regeneration (or ‘light shining through a 
wall’) experiments like ALPS use lasers to create a beam of axions, which can pass through a solid barrier 
and then reconvert into photons


 � 


• As before, we want a large � . More laser photons also helps, since this creates more axions.


• However, the Fabry Perot cavities here are also crucial: the first increases the amount of time laser photons 
spend inside the magnetic field, increasing the conversion probability. What about the second? Recall the 

interaction probability: � 


• By tuning the two cavities onto resonance with each other we concentrate the density of states at exactly 
the energy of the emitted axions


• For optical photons this typically enhances the conversion probability by min(�

B × L × t

Γi→f =
2π
ℏ

⟨ f |H′�| i⟩
2

ρ(Ef )

Q1, Q2) ∼ 10,000

Photon regeneration

Figure courtesy of the ALPs collaboration
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Haloscope searches

• If axions are the primary component of DM, then our galactic halo should provide 
an excellent laboratory source . As before, we need a large �  and 
sensitive photodetectors


� 


• As DM axions are presumably cold, � , we can again enhance our 
sensitivity by increasing the density of states, using a resonant cavity tuned to � 


�

B × V × t

ωa ∼ ma
ma



In the remainder of the talk,  
our goal will be to deconstruct this plot!
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Observational effect: anomalous cooling

• As light, weakly coupled particles 
axions are expected to free-
stream, carrying energy away 
from astrophysical objects (stars, 
neutron stars, white dwarfs etc)


• By inferring the temperatures of 
populations of these objects, we 
can bound any anomalous 
energy loss


• Most famously, the duration of 
the SN1987A neutrino burst also 
provided strong constraints on 
axion/nucleon bremsstrahlung 

120 Chapter 4

Fig. 4.1. Feynman graph for nucleon-nucleon axion bremsstrahlung. There
is a total of eight amplitudes, four with the axion attached to each nucleon
line, and an exchange graph each with N3 ↔ N4.

Raffelt and Seckel (1995) showed that including mπ causes less than
a 30% reduction of typical neutrino or axion rates for T > 20MeV. Be-
cause this will be a minor error relative to the dominant uncertainties
the term in square brackets is approximated as [3−(k̂ · l̂)2].

The remaining (k̂ · l̂)2 term is inconvenient without yielding any
significant insights. In a degenerate medium it averages to zero in
expressions such as the axion emission rate while in a nondegenerate
medium it can be as large as about 1.31 (Raffelt and Seckel 1995),
leading to an almost 50% reduction of the emissivity. Still, for the
present discussion I will neglect this term and use

∑

spins

|M|2 = 16 (4π)3α2
παam

−2
N . (4.3)

While this may seem somewhat arbitrary, it must be stressed that us-
ing an OPE potential to model the nucleon interactions in a nuclear
medium is in itself an approximation of uncertain precision. For the
present discussion a factor of order unity will not change any of the
conclusions.

4.2.2 Energy-Loss Rate

The axionic volume energy-loss rate of a medium is the usual phase-
space integral,

Qa =
∫ d3ka

2ωa (2π)3
ωa

∫ 4∏

i=1

d3pi

2Ei (2π)3
f1 f2 (1−f3)(1−f4)

×(2π)4 δ4(P1 + P2 −P3 −P4 −Ka)
1
4

∑

spins

|M|2, (4.4)

where P1,2 are the four-momenta of the initial-state nucleons, P3,4 are
for the final states, and Ka is for the axion. The factor 1

4 is a statistics

Anomalous Stellar Energy Losses Bounded by Observations 45

Fig. 2.10. Observed WD luminosity function as in Tab. 2.1. The dot-
ted line represents Mestel’s cooling law with a constant WD birthrate of
B = 10−3 pc−3Gyr−1. The dashed line is from the numerical cooling curve
of a 0.6M⊙ WD (Koester and Schönberner 1986), including neutrino losses
and assuming the same constant birthrate.

2.2.2 Cooling Theory

AWD has no nuclear energy sources and so it shines on its residual ther-
mal energy: the evolution of a WD must be viewed as a cooling process
(Mestel 1952). Because electron conduction is an efficient mechanism
of energy transfer the interior can be viewed, to a first approximation,
as an isothermal heat bath with a total amount of thermal energy U .
Because the nondegenerate surface layers have a large “thermal resis-
tance,” they insulate the hot interior from the cold surrounding space,
throttling the energy loss Lγ by photon radiation. Of course, WDs can
also lose energy by neutrino volume emission Lν , and by novel particle
emission Lx. Hence, WD cooling is governed by the equation

dU/dt = −(Lγ + Lν + Lx). (2.4)

This simple picture ignores the possibility of residual hydrogen burn-
ing near the surface, a possibly important luminosity source for young
WDs (e.g. Castellani, Degl’Innocenti, and Romaniello 1994; Iben and
Tutukov 1984). I will get back to this problem below.

Observed white dwarf luminosity function, courtesy “Stars as 
Laboratories for Fundamental Physics”, G. Raffelt
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Observational effect: anomalous transparency, spectral oscillations

• Energetic photons from distant 
sources travel Megaparsec 
distances through intergalactic 
magnetic fields to reach Earth


• If conversion to axions is 
possible, their propagation 
distance is enhanced


• As the conversion probability 
is energy-dependent this also 
leads to a characteristic 
modulation of the observed 
gamma and x-ray spectrum

“Constraints on axion-like particles with H.E.S.S. from observations of PKS 2155-304”, P. Brun et al, 
“Search for Spectral Irregularities due to Photon–Axionlike-Particle Oscillations with the Fermi Large Area Telescope”, M. Ajello et al 
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Cosmological axion decays
• In general, our standard 6 

parameter � CDM model does a 
very good job of matching to 
observations


• However, when heavy axions decay 
to 2 photons in the early Universe 
they can alter primordial 
nucleosynthesis and CMB formation 
simply by injecting too much energy


• For late time decays, we can 
directly search for this anomalous 
gamma or x-ray background via 
telescope

Λ

Figure taken from Planck 2015 data release
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What will this exclusion plot 
look like in the future?



10�
12

10�
11

10�
10

10�
9

10�
8

10�
7

10�
6

10�
5

10�
4

10�
3

10�
2

10�
1

100
101

102
103

104
105

106
107

ma [eV]

10�19

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6
|g

ag
|[

G
eV

�
1 ]

KSVZ

DFSZ II

THESEUS

X-rays
EBL

Ionisation
fraction

BBN
+N

eff
SN

1987A

Solar n

Horizontal branch

ADMX

R
B

F+U
F

ABRACADABRA
C

A
PP

ORGAN

Plasma haloscope
MADMAX

K
LA

SH
TOORAD

BR
ASS

ADBC

DANCE

aLIGO

CAST

IA
XO

PVLASALPS-I
OSQAR

CROWS

Fermi-SNe
DSNALP

Hydra

M87
HESS

Mrk 421

Fermi

M
U

SE

V
IM

O
S

Star

clu
ste

rs

Ferm
i SN

Neutron stars
B

la
ck

ho
le

sp
in

s
SHAFT

ABRA
10 cm

A
LP

S-
II



Notable mention: direct detection

• Conventional dark matter 
detectors can also be used to 
search for solar and keV-mass DM 
axions via their coupling to 
electrons


• In fact, last year Xenon1T reported 
a ~ 3�  excess which could be 
interpreted in terms of solar axions


• Admittedly, the axion parameters 
required are in tension with other 
constraints, particularly those from 
anomalous stellar cooling. 
Nonetheless, something to watch.

σ

Figure taken from Aprile et al., “Excess Electronic Recoil Events in XENON1T ” arxiv:2006.09721

13

FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

B. Solar Axion Results

We search for ABC, 57Fe, and Primako↵ axions simul-
taneously. Under this signal model, B0 is rejected at
3.4�, a value determined using toy Monte Carlo meth-
ods to account for the three parameters of interest in
the alternative hypothesis. A comparison of the best fits
under the alternative hypothesis (B0 + axion) and null
hypothesis (B0) can be found in Fig. 7 (b).

A three-dimensional confidence volume (90% C.L.) was
calculated in the space of gae vs. gaega� vs. gaege↵an . This
volume is inscribed in the cuboid given by

gae < 3.8⇥ 10�12

gaeg
e↵
an < 4.8⇥ 10�18

gaega� < 7.7⇥ 10�22 GeV�1
.

While easy to visualize, this cuboid is more conservative
(it displays over-coverage) than the three-dimensional
confidence volume it encloses and does not describe
the correlations between the parameters. The correla-

tion information can be found in Fig. 8, which shows
the two-dimensional projections of the surface. For the
ABC–Primako↵ and ABC–57Fe projections (Fig. 8 top
and middle, respectively), gae can be easily factored out
of the y-axis to plot ga� vs gae (top) and g

e↵
an vs gae

(middle). This is not as straightforward for the 57Fe-
Primako↵ projection (Fig. 8 bottom). Also shown in
Fig. 8 are constraints from other axion searches [84, 85,
112–116] as well as predicted values from the benchmark
QCD models DFSZ and KSVZ.

Fig. 8 (top) is extracted from the projection onto the
ABC–Primako↵ plane. Since the ABC and Primako↵
components are both low-energy signals, the 90% con-
fidence region is anti-correlated in this space and—due
to the presence of the low-energy excess— suggests ei-
ther a non-zero ABC component or non-zero Primako↵
component. Since our result gives no absolute lower
bound on gae, the limit on the product gaega� cannot
be converted into a limit on ga� on its own; i.e., with
gaega�=7.6 ⇥ 10�22 GeV�1, ga� ! 1 as gae ! 0, as
shown in Fig. 8 (top).
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Strong CP problem Compactifications

(Planck 2015)

(2df redshift survey)

Observation summary: dedicated 
experiments are looking for the axion, 
while we also search for their signatures 
in dark matter, dark energy, early 
Universe cosmology, big bang 
nucleosynthesis, CMB formation, stellar 
evolution, large scale structure…

Theory summary: Axions are light (sub-eV) 
pseudo-Goldstone bosons, characterised 
broadly by just their mass and decay constant

They arise both as a minimal extension of the 
Standard Model, to solve the Strong CP 
problem, whilst also being a generic prediction 
of the exotic physics of string and M theory



What have we learned?

• Axions are a particularly well-motivated aspect of BSM 
physics, thanks to the strong CP problem, and string 
axiverse scenario


• They connect to a wide variety of physical contexts; from the 
beginning of our Universe to the present day, from UV to IR, 
and yet present an easily characterisable theoretical target 


• Experimental efforts are ongoing worldwide


• If you would like to learn more, please join us in the ‘Axion 
physics and Experiments’ parallel sessions next week!


• Thank you all for your attention



Useful references

• “The Strong CP Problem and Axions”, R. Peccei, arxiv: 
0607268 


• “Axions and the Strong CP Problem”, J. Kim and G. Carosi, 
arxiv: 0807.3125


• “New experimental approaches in the search for axion-like 
particles” I. Irastorza and J. Redondo, arxiv:1801.08127


• “Axion cosmology” D. J. E. Marsh, arxiv: 1510.07633


