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1 Introduction

1.1 Overview

The strong CP problem is notable among the fine-tuning problems in the standard model,

which include the gauge hierarchy problem, the cosmological constant problem, and the strong

CP problem itself. This problem not only involves the quantum chromodynamics (QCD) sector

but also connects with the flavor sector through the parameter θ̄ ≡ θQCD + arg detMuMd,

where θQCD is the bare CP-violating parameter in the QCD Lagrangian, and Mu, d are the

quark mass matrices. Furthermore, the strong CP problem is closely related to low-energy

dynamics concerning the QCD axion solution. One approach to addressing this problem

is to promote the θ̄ parameter to a dynamical field that transforms under a global U(1)

symmetry [1–3], so-called the QCD axion. Since the CP-conserving vacuum, where θ̄ = 0,

has a minimum in energy [4], the QCD axion relaxes to this CP-conserving vacuum over

the cosmological history. In addition to the conciseness of its solution, the QCD axion has

numerous phenomenological consequences, which are comprehensively reviewed in [5–11].

With the recent surge of interest in axion-like particles (ALPs) expected in UV theories such

as extra-dimensions or string theory [12–17], finding the QCD axion remains one of the most

crucial tasks in ongoing phenomenological studies.

The importance of laboratory experiments that are independent of the dark matter

abundance in the search for the QCD axion cannot be overstated. Although astrophysical
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and cosmological studies [6, 10] put efforts towards the QCD axion parameters, and axion

haloscopes [18–22] even reach the QCD axion lines represented by the KSVZ [23, 24] and

DFSZ [25, 26] axion models for some mass windows around ma ∼ µeV, those laboratory

experiments not relying on the axion dark matter would provide the most definitive evidence

for the QCD axion with minimal uncertainties. The QCD axions of the KSVZ and DFSZ

models remain largely unexplored over the range ma ≃ 10−5 eV − 100 eV. Given that, we have

proposed a resonance from a magnetic field configuration with a specific length scale [27],

named axion magnetic resonance (AMR). The length scale of a magnetic field configuration,

e.g., the period of spatially-varying magnetic fields, acts as an effective photon mass that

cancels the axion mass and leads to the resonant conversion between axions and photons.

This resonance allows light-shining-through-the-wall (LSTW) experiments, such as ALPS

II [28, 29], to extend their axion mass coverage closer to the QCD axion lines.1

In this work, we propose to apply the newly identified resonance, AMR, to the axion

helioscopes, e.g., CAST, BabyIAXO, IAXO, and IAXO+ [45–49], by leveraging a helical

magnetic field profile.2 We aim to overcome the axion mass suppression caused by the growing

mismatch of the dispersion relations of axions and photons, which starts to appear around

ma ≃ 10−2 eV, and to extend the coverage towards the various realizations of the QCD axion

lines, for ma ≃ O(10−1) eV. It is worth noting that the AMR in axion helioscopes manifests

differently compared to that in LSTW experiments, in the context of the energy spectrum.

The LSTW experiments use a mono-chromatic energy spectrum, but the axion helioscopes

use a continuum energy spectrum of solar axions. Moreover, in the DFSZ axion model, the

axion-electron coupling contribution to solar axions dominates over the axion-photon coupling

contribution. We thus present our constraints for the QCD axion models by taking this

axion-electron coupling contribution into account. In addition, other channels through the

axion couplings to electrons and nucleons are thoroughly examined as well.

1.2 Lightning review of AMR

Many axion models predict an interaction between axions and photons through the following

anomalous Lagrangian term:

L ⊃ gaγ

4
aFµνF̃ µν , (1.1)

1Branching from the original conception of the LSTW experiment [30–32], numerous variations have been

proposed, including the use of an alternating magnet design [30, 33, 34], optical resonators that inspired the

ALPS II experiment [35–37], phase-shift plates [38], superconducting radio-frequency cavities [39], a collider

setup [40], and the ultimate configuration of the LSTW experiment [41]. In a slightly different but closely

related context, ideas such as measuring a phase shift with varying magnetic field profiles [42, 43] and ALP

production via synchrotron radiation [44] have also been explored.
2A sinusoidal magnetic field profile for axion helioscopes was discussed in Sikivie’s pioneering paper [50]. We

reformulate this idea by focusing on a helical magnetic field profile, which maximizes axion-photon conversion

at the specific axion mass where AMR occurs.
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where F̃ µν = ǫµναβFαβ/2 is the dual of the field strength tensor Fαβ = ∂αAβ − ∂βAα. For

relativistic axions and photons, the equation of motion reads

i∂z
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,

where the z-axis is the propagating direction, and γi=x,y and a denote the photon and axion

states, respectively. ω is the energy of the axion and the photon, and ma is the axion

mass. Bi=x,y(z) represents the i = x, y components of the background magnetic field, which

vary along the z-direction. This set of equations describes the mixing between axions and

photons in the background magnetic fields. As two-level quantum systems experience the

Rabi oscillation, this axion-photon system can experience a resonantly enhanced conversion

to one another if the mixing term has an explicit dependence on time.3 Ways to induce this

resonance include utilizing an external magnetic field with a harmonic spatial profile in its

magnitude, a spatial helical profile in its orientation [27, 50]; or a temporal oscillation [27, 43].

Let us take the spatial helical profile as an example and parametrize the magnetic field

components Bx = B sin θ̇z, By = B cos θ̇z with a constant rotation frequency θ̇ and a

magnitude B. If m2
a > gaγωB, which is indeed the case of our interest, the axion-to-photon

conversion probability is given by

Pa→γ ≃
∑

i=±

(gaγB/
√

2)2

∆2
i

sin2
(

∆iz

2

)

(1.2)

with

∆± =

√

(

m2
a/2ω ± θ̇

)2
+
(

gaγB/
√

2
)2

, (1.3)

where we sum over the two photon helicities. In the heavy axion mass regime where the

axion-photon oscillation length ∼ 4πω/m2
a becomes shorter than the size of the magnetic

field domain LB, the axion-photon conversion is suppressed by m−4
a , and we observe that, at

the specific energy of ωa ≡ |m2
a/(2θ̇)|, the conversion probability is significantly enhanced

due to the cancellation between m2
a/(2ωa) and ±θ̇.

We can compute the width of the resonance in terms of the photon energy. First, let us

compare the case of a perfect resonance, ω = ωa with an imperfect resonance ω = ωa + ∆ω.

We require the latter to have a conversion probability of half of the resonance, hence, ∆ω

can be interpreted as the half resonance width. More precisely:

Pa→γ(ωa)

Pa→γ(ωa + ∆ω)
= 2. (1.4)

We get ∆ω ≈ (2/θ̇LB)ωa. More practically, we can require the enhancement is actually an

enhancement. Imagine that we choose a helical frequency θ̇ that poorly matches m2
a/2ω. The

presence of θ̇ itself can impede the axion-photon conversion. By requiring the conversion

3Since both particles are relativistic, time and distance are not distinguished here.
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probability is not worsened by the presence of a θ̇, we get the width during which the

experimental reach is enhanced by introducing a variation of the magnetic field.

Pa→γ(ω; θ̇) > Pa→γ(ω; 0) (1.5)

This simply gives us δω ≈ ωa. This is usually much wider than ∆ω since the resonance

usually enhances Pa→γ by a few orders of magnitude. This can also be translated to the

range of axion mass an AMR setup is sensitive to. In laser-based setups (e.g., LSTW), where

a monochromatic frequency around the optical wavelength range (∼ eV) is considered, AMR

impacts only the specific axion mass ma =
√

2ω|θ̇|.4
Unlike the mono-energetic axion flux produced from high intensity lasers, solar axions

have a continuum energy spectrum. This allows a single helical setup, i.e. fixed θ̇, to cover a

wider axion mass range as long where the resonance condition m2
a/(2ω) = |θ̇| is satisfied at

different energies for axions with different masses. We argue in this work that AMR can be

equally efficient with continuum axion flux such as the solar axions. In particular, a fixed θ̇

will be able to enhance the sensitivity of a helioscope for a range of axion masses.

2 Axion magnetic resonance at helioscopes

In this section, we discuss the effect of AMR on helioscopes when only the axion-photon

coupling gaγ is present, which is the minimal standard setup. Interestingly, AMR induces

a distinguishable spectral shape for the axion-photon conversion probability compared to

the conventional constant background magnetic field setup. We will examine how AMR

improves the sensitivities of helioscopes.

2.1 Axion magnetic resonance with continuum flux

A key characteristic feature of solar axions is their continuous flux spectrum in the higher

frequency range of O(keV), corresponding to the core temperature of the Sun. For simplicity,

we first take the solar axion flux only from the Primakoff process as the most conservative

approach. We will impose more theory consistency requirements in QCD models and include

the model-dependent contributions to the flux in section 3. The spectral fitting expression

for the solar axion spectral flux is given by [47, 51]5

Φa,P = 6.02 × 1010
(

gaγ

10−10 GeV−1

)2 ω̃2.481

eω̃/1.205
[cm−2 s−1 keV−1], (2.1)

where ω̃ = ω/(1 keV) is the photon energy in units of keV. We highlight three advantages

in applying AMR to solar axion experiments:

1. Spanning an order of magnitude, the broad energy range relaxes the condition for the

axion mass to satisfy AMR. Even in a fixed θ̇ setup, the improvement of experimental

sensitivities through AMR happens at different energies for different axion masses where

m2
a/2ω = θ̇ is satisfied.

4In ref. [27], a possible scanning method is proposed by exploiting a discrete domain methodology, which

improves the original proposal based on alternating wigglers [50].
5The solar model dependence of solar axions is well-established [51].
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Figure 1. Photon signal converted from solar axions. In the constant B case (blue), we assume

B = 2 T spanning 10 m. We fix ma = 0.05 eV with coupling gaγ = 3 × 10−11 GeV−1. In the case of

AMR (orange), all are the same except that B field has a helical profile with a period of 2 meters, i.e.,

θ̇ = 2π/(2 m). We verify the semi-analytic solution (solid curves, see eq. (1.2)) with the full numerical

solution (dotted) and found good consistency.

2. The AMR-induced signal is more distinguishable from the background, which comprises

rather flat dark counts. Axion helioscope experiments focus on distinguishing the

axion-induced X-ray signal from these smooth dark count backgrounds [47]. The AMR

induced signal has stronger energy dependence allowing the experiments to better

distinguish them from the flat background.

3. AMR-induced signal allows a better suppression of the background should detectors

with high energy resolution be adopted in the future. This is because that, in the

extreme scenario with large ma and large θ̇, signal X-ray lies in a small frequency

band. Detectors with high resolution could enjoy a better energy cut that reduces the

background without hurting the AMR-induced signals.

In figure 1, we show verify these three points by comparing the axion-induced X-ray

signal with the signal resulted from a conventional homogeneous magnetic field. We see that

the AMR-induced signal peaks around the AMR energy ω ∼ ωa = m2
a/(2θ̇).

2.2 Impact of AMR on helioscope sensitivity

Because AMR both enhances the signal flux and generates a unique spectral shape of the

signal flux depending on the axion mass, it leads to improved sensitivities at the helioscope

experiments. We define the enhancement factor, ξ(ma), to be

ξ(ma) ≡ gConst B
aγ (ma)

gAMR
aγ (ma)

, (2.2)

where the denominator (numerator) is the experimental bounds on gaγ with (without) AMR,

respectively. Next, we describe the analysis we performed for CAST, BabyIAXO, IAXO,

and IAXO+.
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Quantity CAST BabyIAXO IAXO IAXO+ Unit

energy resolution ∆ω 1 1 1 1 keV

lower energy threshold ωmin 2 0.1 0.1 0.1 keV

upper energy threshold ωmax 7 10 10 10 keV

magnetic flux density B 9 2 2.5 3.5 Tesla

baseline length L 9.26 10 20 22 meter

detector efficiency ǫd 0.6 0.7 0.8 0.8

optics efficiency ǫo 0.3 0.35 0.7 0.7

aperture A 30 7700 23000 39000 cm2

detector size a 0.15 2 × 0.3 8 × 0.15 8 × 0.15 cm2

tracking fraction ǫt 1 0.5 0.5 0.5

running time T 0.13 1.5 3 5 year

dark counting Φbkg 10−6 10−7 10−8 10−9 keV−1 cm−2 s−1

Table 1. The helioscope specifications we used for the analysis. We adapt the benchmarks from

refs. [45–49]. In particular, the running time of CAST is taken to be the actual data-taking time, so

ǫt is effectively unity there.

phase. As a benchmark for the AMR enhanced search, we assume a helical magnetic profile

that has a helical period of 2.4 m, which is motivated by the existing magnet technology

of RHIC Snake magnet [52–55]. The height of the peaks is ∼ 3, with slight dependence

on the experiments. The location of the peaks is determined by ma ≃
√

2ωθ̇, with typical

photon energies ω ≃ O(1) keV. We also confirm the limiting behaviours expected from

the conversion probability in eq. (1.2). In the limit of m2
a/(2ω) ≫ |θ̇|, the helical period

becomes negligible, so the enhancement factor approaches 1. In the opposite limit, the large

θ̇ term appears in the denominator and suppresses the conversion probability, resulting in

the enhancement factor vanishing.

In figure 3, we show the experimental bounds in the ALP parameter space with (solid)

and without (dotted) AMR. The constraints without AMR, using constant magnetic fields,

are taken from the literature. The right panel additionally shows the constraint extension

by including the filling-gas phases. To better control over experimental details such as noise

and efficiencies, instead of directly plotting our gaγ constraints, we multiply the enhancement

factor ξ(ma) by the constraints from the literature, especially in figure 3. In particular, for

CAST, we use the combined data from 2003-2011 and the analysis performed in 2017. We

compare results from our simplified analysis with those from the literature as a sanity check

(see figure 7 in appendix B). We successfully reproduce the official bounds to good precision.

2.3 Experimental relevance

Since we utilize spatially varying magnetic fields, it is essential to establish the feasibility of

these configurations before advancing to the next section. First of all, mature technologies

for helical magnets, such as those used in the RHIC Snake magnet [52–55], already exist.
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Figure 5. Similar to figure 1, but showing the case of a discrete helical array with N = 3. For this

configuration, the constant magnetic field is rotated by 2π/N at every (2 m)/N along the propagation

direction to mimic the continuous helical profile.

effective axion couplings to the SM particles apart from photons, such as the axion-electron

and axion-nucleon couplings. All these interactions contribute to the solar axion flux from the

Sun, on top of the flux from the Primakoff process, the rate of which is derived in eq. (2.1).

In the non-linear PQ symmetric basis, where the axion field shifts by a constant under the

PQ transformation, the coupling of QCD axions to a fermion f is expressed as a derivative term

L ⊃ −gaf

2
∂µa f̄γµγ5f . (3.1)

The dimensionful coefficient gaf can be parametrized as gaf ≡ caf /fa, where fa denotes the

decay constant normalized in terms of the gluon anomaly, and caf is associated with the PQ

charge of the fermion. Note that the field basis for describing interactions of QCD axions can

be redefined by an axionic U(1) rotation of fields, which relies on the divergence of currents

(i.e., current conservation). Since the axial vector current contains a non-vanishing divergence

due to its mass,7 the QCD axion couplings in eq. (3.1) correspond to the non-derivative

couplings as gf mf af̄iγ5f in the linear order. Hence, one can easily match dimensionless axion

non-derivative couplings used in the literature to our notation with dimensionful parameters

in eq. (3.1). Similarly, vector current couplings are conserved in the low-energy regime, so

they are rotated away and do not affect low-energy processes.

In a field-theoretical model, the low-energy effective QCD axion coupling to photons

receives contributions from three main components. Firstly, there can be UV contributions

arising from the topological term of photons, (α/8π)FF̃ , where its coefficient in terms of

a/fa is strictly quantized (i.e., the so-called Wilson coefficient). Additionally, there are

two corrections in the IR domain from mixing with mesons and that from triangle loops

involving fermions charged under both the electromagnetic and PQ symmetries. Overall,

7The divergence of an axial vector current may have an anomalous term for photons. However, as shown

below, the effective axion-photon coupling is independent of the field redefinition as it should be.
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we can parametrize the axion-photon effective coupling to be

gaγ,eff = gaγ,UV + gaγ,χPT + gaγ,ℓ . (3.2)

The model-dependent UV contribution, gaγ,UV, arises from all the PQ-charged fermions

with a non-vanishing electric charge. Given that the gluon anomaly with respect to QCD

axions is normalized as (a/fa)(αs/8π)GG̃, gaγ,UV reads

gaγ,UV =
α

2πfa

(

E

N

)

, (3.3)

where N denotes the domain wall number, E = 2 tr[caf q2
f ], caf and qf are the QCD axion

coupling coefficient to the PQ current and the electric charge of a fermion f , respectively,

and the trace is taken over all the fermions and its internal degrees of freedom.

The anomalous strong interaction of QCD axions, which is essential for addressing

the strong CP problem, induces the mixing with mesons at scales below the confinement

scale. The diagonalization of these mixings leads to a model-independent contribution to the

axion-photon coupling gaγ . Based on the chiral perturbation theory, which assesses mixings

between QCD axions and pseudoscalar mesons, we find

gaγ,χPT ≈ − α

2πfa

(

2

3

4md + mu

mu + md

)

. (3.4)

This result is dominated by the mass mixing with neutral pions, while contributions from

kinetic mixings become negligible due to the small QCD axion mass compared to mesons.

There are additional corrections to the axion-photon coupling in the IR by loops involving

charged lepton. In the presence of the QCD axion interaction to a charged lepton l as

in eq. (3.1), (−gal∂µa/2)l̄γµγ5l, the 1PI amplitude of QCD axions and photons at the

characteristic energy scale of the process denoted by µ reads

gaγ,ℓ =
∑

l

α

π
gal ×






−1 +

1

τl











−1
4

(

log
1+
√

1−τ−1

l

1−

√

1−τ−1

l

− iπ

)

τl > 1

arcsin2√
τl τl ≤ 1






(3.5)

with τl = µ2/4m2
l . Since the energy scale of interest is in the keV range, which is much

smaller than the mass of the lightest lepton (i.e., electron), 1PI corrections are negligible

in our analysis.

By setting the model dependent parameters, such as caf and E/N , to be in the natural

order of O(1), we see that gaγ ∼ 10−3/fa while gaf ∼ 1/fa. Consequently, the solar axion flux

due to gae can be orders of magnitude larger than that from gaγ [60–62]. It is worth noting that

while the axion-photon coupling does not rely on gaf , the flux’s dependence on gaf provides

axion helioscopes with an additional means to distinguish different QCD axion models [62].

There are two types of QCD axion models: KSVZ [23, 24] and DFSZ [25, 26]. In

KSVZ models, the gluon anomaly is realized by introducing heavy PQ colored fermions.

For simplicity, we consider heavy fermions that are singlet under the electroweak symmetry,

resulting in gaγ ≃ −1.92α/2πfa. Since there is no tree-level coupling of QCD axions to

electrons, the solar axion flux and its detection rate in helioscopes are governed by the

– 11 –
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axion-photon coupling. On the other hand, DFSZ models extend the scalar sector of the SM,

with SM fields charged under the PQ symmetry. Thus, the solar axion flux is significantly

influenced by the tree-level axion-electron coupling. Building upon (the specific type of) two

Higgs doublet model as the simplest extension of SM, the axion-electron coupling is given by

gae = sin2 β/3fa, where β parametrizes the ratio between the vacuum expectation values of

Higgs doublets defined as tan β = vu/vd. This β dependence arises from the Z-boson threshold

effect. We adopt a large tan β value, which is typically relevant for phenomenological contexts,

resulting in gae ≃ 1/3fa. The additional model dependence is embedded in the E/N value for

gaγ , the boundary values of which are 5/3 and 44/3. As we will discuss in the next subsection,

although there are tree-level couplings to nucleons in both models, their contributions to the

solar axion flux in the keV range are sub-dominant due to the heavy nucleon mass.

3.2 Solar flux of QCD axions

Aside from the Primakoff process, we now examine the contributions to the solar axion fluxes

in a keV range by axion-fermion couplings.

Electrons. We have two main scattering processes for the coupling to electrons: Compton-

like and bremsstrahlung (free-free). The respective spectral fittings can be expressed as

follows [51, 60]

Φa,C = 3.5 × 106
(

gae

10−10 GeV−1

)2 ω̃2.987

e0.776 ω̃
[cm−2 s−1 keV−1], (3.6)

Φa,B = 6.9 × 108
(

gae

10−10 GeV−1

)2 ω̃

1 + 0.667ω̃1.278
e−0.77ω̃ [cm−2 s−1 keV−1]. (3.7)

Additional processes related to electronic atomic transitions, such as atomic deexcitation

(bound-bound) and recombination (bound-free), also contribute to the total flux. Their

contributions are smaller than those of bremsstrahlung by an O(1) factor; see ref. [61] for

details. To stay conservative, our analysis only include the solar axion flux generated by the

Compton-like and bremsstrahlung processes. Including atomic transition processes would

enhance our results slightly by an O(1) factor.

Nucleons. The solar axion flux also includes contributions from the axion-nucleon couplings,

which are present at the tree-level order for QCD axion models.

γN → Na. In the non-relativistic limit, the rate of Compton-like scatterings is inversely

proportional to the mass square of the target particle. Thus, Compton-like scatterings with

nuclei give a negligible rate compared to scatterings with electrons.

There are two bremsstrahlung processes involving nucleons, electron-nucleon and nucleon-

nucleon scatterings. In these processes, the QCD axion is now attached to a nucleon line in

the diagrams. For both non-relativistic electrons and nucleons, their typical momentum is

much larger than the temperature, allowing the axion momentum to be effectively ignored

in momentum conservation of kinematics. Furthermore, since nucleons are much heavier

than electrons, the momentum transfer in electron-nucleon bremsstrahlung is dominated by

electrons, accounting for nucleons as almost relatively fixed objects during an interaction.
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eN → eN∗ → eNa. In comparison with electron-nucleon bremsstrahlung via the axion-

electron coupling (i.e. eN → e∗N → eNa), the phase space integrals are the same, but the

scattering amplitude squared is suppressed by approximately (cN mN /ceme)2(m4
e/m4

N ). The

first and second terms of this suppression arise from the coupling strength and the mass

dependence of the intermediate particle (i.e., the fermion attached to the axion) and the

target, respectively. This indicates that the rate of electron-nucleon bremsstrahlung via the

axion-nucleon coupling is also significantly reduced by the nucleon mass squared.

NN → NN∗ → NNa. In nucleon-nucleon bremsstrahlung, the momentum transfer is of an

order of the nucleon momentum, resulting in a different mass scaling behavior. According

to refs. [61, 63], its rate is proportional to (cN mN /fa)2v5
N m−1

N with the nucleon velocity

vN ∼
√

T/mN . Although nucleon-nucleon bremsstrahlung is less suppressed (scaling as

m
−3/2
N ) compared to other processes above, we find that the contribution of the axion-nucleon

couplings to the axion flux is still much less than that from the axion-electron coupling

and even that from the axion-photon coupling when the dimensionless model-dependent

parameters are O(1).

Lastly, let us look at the nuclear decay and transition lines, which is the nuclear counter-

part of the free-bound and bound-bound atomic transition processes. Historically, there have

been active searches for axion fluxes from both processes. In the nuclear decay process, the

axion flux is expected to be at the MeV range [64]. The 7Li∗ →7 Li + a decay gives an axion

flux at 0.478 MeV around 10−11(fa/10−10 GeV−1)2 cm−2s−1 keV−1 with a width about 0.2 keV

at the solar core. The p + d →3 He + a process generates an axion flux at 5.5 MeV around

10−9(fa/10−10 GeV−1)2 cm−2s−1 keV−1. Therefore, we can neglect these contributions. At

lower energy, the thermally excited of stable isotopes generate axion flux at the keV range.

The two popular candidates include 56Fe [65–70] and 83Kr [71] both have a spectral flux

much smaller than that from the electron bremsstrahlung. For example, 56Fe has a flux at

14.4 keV with a width ∼ 5 eV, Φ ≈ 8.9 × 105 (fa/10−10 GeV−1)2 cm−2s−1 keV−1. As a result,

in what follows, we neglect the flux component due to the axion-nucleon coupling.

3.3 Helioscope sensitivities on QCD axions with AMR

In figure 6, we present the helioscope sensitivities for QCD axions with and without AMR,

utilizing our simplified analysis as in section 2.1. We examine two benchmark models for

QCD axions: the KSVZ and DFSZ models. As discussed in section 3.1, the QCD axion mass

ma is the defining parameter for axion couplings, such as to photons and electrons, with an

additional degree of freedom E/N . We thus include solar axions produced not only from

the Primakoff process via the axion-photon coupling gaγ but also through the Compton-like

process and bremsstrahlung via the axion-electron coupling gae, as given in eqs. (3.6) and (3.7).

The left panel of figure 6 illustrates the helioscope sensitivities for the KSVZ model

with E/N = 0, corresponding to the yellow line. Since the axion-electron coupling is highly

suppressed in the KSVZ model due to the absence of tree-level UV contributions, solar axions

from electron-induced processes are negligible compared to those from the Primakoff process,

and only the axion-photon coupling is relevant across the parameter space. Therefore, the

KSVZ model provides almost the same constraints as those shown in figure 3, where only the
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4 Conclusion and outlook

Axions and axion-like particles are hypothetical particles that appear ubiquitous in vari-

ous UV-completed models and, more importantly, involve compelling motivations from a

phenomenological perspective. Detecting these particles and uncovering their properties

remain one of the central goals in the particle physics community. However, due to their

pseudo-scalar natures, axions are expected to be naturally light with very feeble interactions

with the SM contents, making their detection highly challenging. While many ongoing and

planned experiments are focused on enhancing detector precision and sensitivity to explore a

broader parameter space, the development of innovative experimental methodologies could

provide a breakthrough needed to overcome such challenges.

In the framework of the effective theory, the characteristic low-energy effective axion

coupling is its anomalous interaction with photons, (gaγ/4)aFµνF̃ µν . This coupling allows

for a fascinating phenomenon: in the presence of an electromagnetic background, axions can

mix with photons which leads to their mutual conversion. Many axion detection experiments

leverage this axion-photon conversion mechanism. For example, in the Light-Shining-Through-

Walls (LSTW) experiments, axions produced by incident photons can pass through solid

barriers, and the subsequent regeneration of photons via the conversion of such axions serves

as detectable signals. In conventional setups with a constant magnetic field background,

sensitivities are lost for higher axion masses, where the axion-photon oscillation length

becomes much shorter than the scale of the magnetic field domain. One promising approach

to overcome this limitation is the use of a spatially varying magnetic field. When the frequency

of this variation matches the axion-photon oscillation frequency, sensitivity for detecting

axions of the corresponding mass can be significantly enhanced. This methodology is the

so-called ‘Axion Magnetic Resonance’ [27].

We extended the application of the AMR idea to helioscopes, which detect axions sourced

by the Sun, and assessed the resulting improvement in sensitivity. Similarly, conventional

helioscopes rely on the constant magnetic field background for photon regeneration in detectors.

which presents challenges in probing axions with masses above 10−2 eV. AMR can address

this difficulty by enhancing sensitivities at the heavy mass regime, particularly around 0.1 eV

for the existing helical profile of RHIC Snake magnet as shown in figure 3. Furthermore,

since the solar axion flux arising from the Primakoff process spans a broad spectrum between

1-10 keV, AMR allows us to explore a wide range of axion parameter space with significantly

improved sensitivity, even using a single helical magnetic field configuration.

Effective low-energy axion couplings to particles other than photons, such as electrons

and nucleons, are generically present in usual field-theoretic axion models, where axions

originate from the phase of PQ-charged scalar fields. While the interaction of axions to

photons is anomalous and radiatively induced at one-loop order, the axion couplings to

electrons and nucleons may appear at the tree-level order, as associated with their effective

PQ-charge, which can significantly contribute to the solar axion flux. As specific but well-

motivated examples, we examined QCD axion scenarios. Particularly in DFSZ-type QCD

axion models, the axion coupling to electrons is given in natural order in terms of f−1
a that

dominates the solar axion flux; the contributions from similar tree-level couplings to nucleons

are much suppressed by the relatively large nucleon mass as discussed in section 3.2. We
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then investigated the sensitivities of helioscopes to search for QCD axions with AMR. In

the assumption of the correlated axion-electron coupling strength with the axion mass as in

DFSZ axion scenarios, we realized that future helioscopes with a single helical magnetic setup

could cover the entire DFSZ axion parameter space for masses in the range of 10−2-10−1 eV,

as shown in the right panel of figure 6.

We highlight that the concept of AMR has broader applications beyond laboratory

searches, extending to cosmological and astrophysical implications of axions. In reality, astro-

physical and cosmological magnetic field backgrounds are not constant, but varying spatially

(and also temporally) in space. Such a variability introduces a space- and time-dependent

Hamiltonian that governs axion-photon oscillations along with the line of propagation, then

this potentially leads to unique axion-photon oscillation patterns that differ from those

predicted by models assuming a constant background profile. Exploring signals associated

with these varying backgrounds could yield intriguing new insights into probing axions.
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A Extended maximum likelihood

In this section, we adapt the procedure given in [72] to the analysis of the CAST data. We

briefly review the method in this section.

Let us denote Fth the theoretical expectation of the particle spectral flux density in the

unit of cm−2 · sec−1 · keV−1. It includes both the backgrounds and axion-induced signals.

Now imagine that an experiment has observed an ensemble of events labeled as X =

{1, 2, . . . , Ntot}. Each index corresponds to a unique event. Let us imagine binning the data

set such that within each bin there is at most one event. Within each bin the number counting

follows the Poisson distribution P (λ, n), where λ is the expected number of events (i.e. mean)

and n the actual number of events. Since the measured number of events is always zero or

unity due to the aforementioned binning method, the likelihood for each bin is given by

L0
j = P (λ; 0) = e−λ, L1

k = P (λ; 1) = λ e−λ, (A.1)
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where

λ = A∆t dEFth(E). (A.2)

In the above, A is the effective area of the detector, ∆t exposure time, dE the width of the

energy bin. The likelihood of finding such a realization X is given by

L =





∏

j

L0
j





(

Ntot
∏

k

L1
k

)

=

(

Ntot
∏

k=1

A∆t dEFth(Ek)

)





∏

total range

e−A∆t dEFth(E)



 . (A.3)

The advantage of choosing such a likelihood is that, so far, it does not depend on any fixed

binning method. The log-likelihood function is given by

ln L =
Ntot
∑

k=1

ln [A∆t dEFth(Ek)] − Nth, (A.4)

In practice, one can still coarse-grain the data set X such that Ntot =
∑nbin

i=1 ncount
i . This leads

to a log-likelihood that is easier more computationally efficient

ln L ≃
nbin
∑

i=1

ncount
i ln

[

A∆t dEF̄th(Ei)
]

− Nth, (A.5)

= A∆t ∆Ebin

nbin
∑

i=1

Fcount
i ln

[

A∆t ∆EbinF̄th(Ei)
]

− Nth + ln [dE/∆Ebin]Ntot , (A.6)

In the first equality, we approximate that Fth(Ek) ≃ F̄th(Ei). Given the data, Ntot is constant

with respect to the parameters of the model, as well as A, ∆t, ∆Ebin, and dE. The last

constant term can be dropped even for analyzing the errors and finding the confidence

level of the parameters.

B Comparing with official constraints

In this section, we reproduce the experimental constraints without the use of AMR. We use

the simplified analysis as outlined in section 2.2 assuming a constant magnet.

We then compare in figure 7 our reproduced results with the officially released constraints

and projections [45–49]. We observe a negligible difference, which is likely due to the simplified

background and detector modeling we assume. For our purpose of self-consistency check,

here we only use the official result of the analysis performed in 2017 for CAST.

However, we stress that even such a small mismatch does not propagate into our final

results. This is because the small difference only shifts the overall magnitude instead of the

shape of the contours. As a result, it will not affect the AMR’s enhancement factor ξ(ma) as

defined in eq. (2.2). When we apply the enhancement factor to the official results to produce

the results in figures 3 and 6, the overall shift is effectively factorized out.
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