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Abstract. This proceedings’ contribution explores the rationale behind the axion as a
resolution to the strong CP puzzle. It outlines various benchmark axion models and
examines their implications, focusing on two key aspects: (i) the axion’s interactions with
the Standard Model particles, and (ii) its potential role as dark matter. Additionally, it
provides an overview of the discovery prospects associated with ongoing and future axion
experiments. These efforts span from laboratory-based endeavors aimed at directly
producing and detecting axions to searches for solar axions, and finally, to the direct
detection of axion dark matter.

1 The Axion

1.1 The strong CP puzzle
The axion emerges within extensions of the Standard Model (SM) that elegantly address two
fundamental questions simultaneously: i) the enigma of dark matter (DM), and ii) the remarkable
precision of time reversal (T ) and parity (P ) invariance in strong interactions. Notably, experimental
measurements of the most sensitive observable of T and P violation in flavor-conserving interactions –
the electric dipole moment of the neutron (nEDM) – have thus far only yielded an upper bound:
|dn| < 1.8× 10−26 e cm [1]. In contrast, from dimensional analysis, one expects an nEDM of order1

dn ∼ e/mn ∼ 10−13 e cm, if strong interactions violate T and P . Intriguingly, soon after the proposition
of Quantum Chromo-Dynamics (QCD) as the fundamental theory of strong interactions, it was revealed
that its most general Lagrangian encompasses a term which violates both T and P , and thus CP ,
where C denotes charge conjugation: the θ-term,

LQCD ⊃ θ
αs

8π
Gb

µνG̃
b,µν . (1)

Here, αs = g2s/(4π) is the strong fine-structure constant in terms of the strong coupling gs, G
b
µν (G̃b,µν)

is the (dual) gluonic field strength tensor, and θ ∈ [−π, π] is an angular parameter, which serves as a
measure of the strength of T and P violation in QCD. It induces an nEDM [2] approximately of the
order dn ∼ θ̄ em∗/m

2
n ∼ 10−16 θ̄ e cm, where m∗ = mumd/(mu +md) denotes the reduced mass of the

u and d quarks. Consequently, the experimental upper bound imposes a stringent constraint on the
θ-parameter: |θ| . 10−10. The unnatural small value of this quantitiy constitutes the strong CP puzzle.

1Here, e is the unit of electric charge, and mn is the mass of the neutron.
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Figure 9: LC circuit haloscope concept [66] (left) and picture of the solenoidal magnet for WISPLC at
the University of Hamburg (right).

generation is currently commencing with projects like WISPLC [66] (see Fig. 9 (right)) and
DMRadio [67]. The overarching objective of the DMRadio collaboration is to investigate axion dark
matter within the neV to micro-eV range, aiming for DFSZ sensitivity, as depicted in Fig. 2.
Additionally, a variant of the lumped-element haloscope utilizing a high-voltage capacitor instead of a
magnetic field may also explore the gam coupling of the monopole-philic axion [68, 69].

4.2 NMR Experiments
Lastly, we highlight an axion dark matter experiment that does not rely on the electromagnetic
coupling but instead leverages the axion’s least model-dependent coupling: its interaction with the
nucleon electric dipole moment (NEDM) operator. This coupling is described by

LaNγ = − i

2
gaNγ aψNσµνγ5ψNF

µν ,

where ganγ = −gapγ ≈ 6× 10−19
(

ma

neV

)

1
GeV2 . The oscillating axion field in the halo dark matter induces

oscillations in NEDMs, expressed as dN (t) = gaNγ

√
2ρa cos(ma t)/ma [70]. These induce precession of

nuclear spins in a sample polarized with nucleon spins in the presence of an electric field. The resulting
transverse magnetization can be detected by employing nuclear magnetic resonance (NMR) techniques,
which are most sensitive at low oscillation frequencies corresponding to sub-neV axion masses, as
indicated by the violet band in Fig. 5. CASPEr-electric [71] in Boston is developing such an NMR axion
search experiment [72]. Its ultimate aim is to probe axion dark matter with neV masses, corresponding
to a Peccei-Quinn (PQ) scale of approximately 1016 GeV, as predicted in Grand Unified models (see,
e.g., Refs. [73, 74, 75]).

5 Conclusions
In conclusion, there is a significant global effort underway in the search for axions, utilizing a variety of
experimental techniques and exploring diverse couplings. The development of numerous novel
experimental methods underscores the dynamic nature of this field, often stemming from close
collaborations between theorists focused on phenomenological aspects and experimentalists driven by
theoretical interest. As advancements continue to unfold, we encourage staying engaged and keeping
abreast of the latest developments in this exciting area of research. Stay tuned for further updates!
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[75] P. Fileviez Pérez et al., JHEP 11 (2019), 093 [arXiv:1908.01772 [hep-ph]].


