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Abstract: A consistent treatment of the quantum field theory of an axion-like particle (ALP)
interacting with Standard Model fields requires to account for renormalisation group running
and matching to the low-energy theory. Quantum sensor experiments designed to search for
very light ALPs are particularly sensitive to these effects because they probe large values of
the decay constant for which running effects become important. In addition, while linear axion
interactions are set by its pseudoscalar nature, quadratic interactions are indistinguishable
from scalar interactions. We show how the Wilson coefficients of linear and quadratic ALP
interactions are related, including running effects above and below the QCD scale and provide
a comprehensive analysis of the sensitivity of current and future experiments. We identify
the reach of different experiments for the case of ALP dark matter and comment on how
it could be distinguished from the case where it is not the dark matter. We present novel
search strategies to observe quadratic ALP interactions via fifth force searches, haloscopes,
helioscopes and quantum sensors. We emphasize the nonlinear behaviour of the ALP field
close to the surface of the earth and point out which experimental results are independent
on the local background field value.
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1 Introduction

Quantum sensors have significantly enhanced their sensitivity over the past decade, creating
new opportunities to explore fundamental physics questions. These advancements are
particularly valuable in testing the effects of light new physics through more precise quantum
sensor experiments [1, 2]. A prime example of this light new physics is pseudoscalars, which
emerge in theories where an approximate global symmetry is spontaneously broken [3–8].
These are referred to as pseudo-Nambu Goldstone bosons, or more commonly, axion-like
particles (ALP). The goal of this paper is to translate already performed and anticipated
future precision measurements with quantum sensors into a sensitivity range for ALPs. We
take the full effective ALP Lagrangian into account, include higher order effects when relevant
and perform a consistent calculation of the axion couplings at different scales accounting
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for renormalisation effects. We stress the importance of quadratic ALP couplings that are
formally subleading, but induce spin-independent effects that are strongly constrained from
experiments that have not been considered for pseudoscalar interactions.

Light, weakly interacting axions are dark matter candidates [9–11]. They can be stable
on timescales of the order of the life of the Universe and instead of a production through
thermal processes can be produced via the misalignment mechanism. Signals from an axion
dark matter background can be very different from a scenario in which axions exist but do
not make up a large fraction of the relic dark matter density. In the case that ALPs are dark
matter, their quadratic interactions play an important role as they can lead to variations of
fundamental constants such as proton, neutron and electron masses and the fine-structure
constant. We will enumerate the experimental techniques that can distinguish between the
two scenarios and those that are sensitive to both.

As a first step, we derive the axion couplings to nucleons, electrons and photons at
low energy scales as a function of axion couplings to SM fields. We consider the effects
of renormalisation group running and matching to the chiral Lagrangian. We then derive
quadratic ALP couplings to nucleons, electrons and photons, which have a significant im-
pact on spin-independent observables. We provide expressions for the dilatonic charges
introduced in [12] with the ALP couplings in the chiral Lagrangian, allowing to directly
connect observables such as variations of fundamental constants and tests of the equivalence
principle with the UV theory. We point out that these quadratic ALP couplings lead to an
unphysical parameter space close to the surface of the earth due to nonlinear field values
sourced by massive bodies [13].

Utilising these results we compare and discuss the sensitivity of different searches for
ALPs. Very light bosons induce fifth forces. In the case of ALPs the pseudoscalar couplings
result in forces between polarised targets, whereas quadratic ALP exchange induces spin
independent forces that fall like ∼ 1/r4 with radius r. We compare the reach of different
experimental techniques and point out the effect from ALP dark matter in this context.

We analyse their sensitivity in terms of ALP searches with helioscopes looking to detect
ALPs produced in the sun and with cavity haloscopes looking for dark matter ALPs on
the UV couplings. We also consider a new effect induced by multiple ALP-photon resonant
conversions arising from quadratic ALP couplings.

Atomic clock experiments are some of the most sensitive probes of optical transitions.
These transitions probe changes in fundamental constants and can therefore test very light
ALP dark matter. We again take the effects of renormalisation group induced couplings
into account and compare the sensitivity of optical and microwave transitions between
hyperfine levels.

Laser interferometers are sensitive to shifts in the length and the refractive index of the
beamsplitter as expected from ALP dark matter that leads to varying fundamental constants.
Atomic interferometers can measure phase differences induced by oscillating electron masses
and fine-structure constant in atomic transition frequencies. In both cases, the ALPs can only
be detected via the effects induced by their quadratic interactions. Mechanical resonators
are sensitive to strain in solid objects that can be resonantly enhanced if a dark matter
background field oscillates with a wavelength matching the acoustic mode of the resonator.
They can be used to probe axion dark matter via its quadratic interactions.
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In order to illustrate our results we present exclusion contours and sensitivity projections
for an example scenario in which the ALP only interacts with gluons in the UV theory, as
is the case for the KSVZ QCD axion [14, 15]. However, our results allow us to translate
these constraints and projections for any combination of ALP couplings, extending previous
analyses discussing the quadratic ALP-photon coupling [16, 17].

The remainder of this paper is structured as follows: in section 2 we derive the low
energy Lagrangian of ALPs including quadratic couplings and their connection to varying
fundamental constants in terms of Donoghue’s dilatonic charges. Section 3 and section 4
contain the discussion of experimental sensitivities to ALPs from searches for fifth searches,
BBN, tests of the equivalence principle, haloscopes and helioscopes, atomic clocks, laser
and atomic interferometers and mechanical resonators in the case of ALPs as dark matter
candidates and the case in which they do not contribute significantly to the relic dark matter
density. Section 5 gives a summary of the experimental landscape and section 6 contains
our concluding remarks.

2 The low-energy ALP Lagrangian

At the UV scale axions interact with quarks, gluons and other SM particles. These couplings
need to be renormalised consistently and matched to a Lagrangian appropriate for low energy
processes. Running and matching changes the axion couplings and introduce new couplings
that are not present in the UV theory.

2.1 Linear interactions

At energy scales below the QCD scale ΛQCD we can write the relevant ALP couplings to
photons, nucleons and electrons in the leading order in the expansion in the ALP decay
constant f−1 as [18]

LD≤5
eff (µ ≲ ΛQCD) =

1
2 (∂µa)(∂µa)−

m2
a,0
2 a2

+ ∂µa

2f
cee ē γµγ5 e + gNa

∂µa

2f
N̄γµγ5N + ceff

γγ

α

4π

a

f
Fµν F̃ µν ,

(2.1)

where N = (p, n) is a vector containing the proton and neutron spinors, and the linear ALP
coupling to nucleons is different for protons and neutrons [18],

gNa = g0(cuu + cdd + 2cGG)± gA
m2

π

m2
π −m2

a

(
cuu − cdd + 2cGG

md −mu

mu + md

)
, (2.2)

where g0 = 0.440(44) and gA = 1.254(16)(30) [18, 19], and the positive sign holds for protons
and the negative sign for neutrons. The ALP couplings entering (2.2) are scale dependent
and need to be evaluated at the QCD scale, taking into account the effects of running and
matching as described in detail in appendix A. We give the definition of the ALP couplings
in (2.2) in the UV Lagrangian for completeness

LD≤5
eff (µ > ΛQCD) ∋

∂µa

2f
cuu ū γµγ5 u + ∂µa

2f
cdd d̄ γµγ5 d + cGG

αs

4π

a

f
GµνG̃µν . (2.3)
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Figure 1. Diagrams contributing to the quadratic ALP-photon coupling (upper panel) and the
quadratic ALP-electron coupling (lower panel).

The relation between the ALP couplings in the UV and of RG running and matching, all
ALP couplings to SM particles enter the coefficients in the low-energy Lagrangian (2.1)
with different strength. The ALP couplings to gauge bosons are defined such that the scale
dependence is absorbed by the gauge couplings, such that cGG is not renormalised. The
fermion couplings instead at the low scale are sensitive to running and matching contributions,
such that one finds for µ0 = 2GeV,

gpa(µ0) = 0.88 cGG(Λ) + 0.86 cuu(Λ)− 0.42 cdd(Λ)− 0.40ctt(Λ) , (2.4)
gna(µ0) = 0.012 cGG(Λ) + 0.86 cdd(Λ)− 0.42 cuu(Λ)− 0.39 ctt(Λ) , (2.5)
cee(µ0) = cee(Λ)− 0.002 cGG(Λ) + 0.31 ctt(Λ) , (2.6)
ceff

γγ(µ0) = cγγ(Λ)− 1.92 cGG(Λ) (2.7)

where additional contributions from the strange, charm and bottom content in the nucleons
as well as electroweak running effects from ALP gauge boson couplings and flavor-specific
fermion couplings are neglected here. The discrepancy with the results in [20] or [21] is due
to these effects, the large contribution from including the top Yukawa coupling, different
input parameters and the different choice of Wilson coefficient.1 We assume that all ALP-
interactions at the low scale are CP conserving, such that it has no linear, scalar coupling
to any Standard Model degrees of freedom.

2.2 Quadratic ALP interactions

The ALP Lagrangian in (2.1) is linear in the ALP field. At quadratic order in the ALP decay
constant ALPs have scalar interactions described by the dimension six operators

LD=6
eff (µ ≲ ΛQCD) = N̄ (CN (µ)1+ Cδ(µ)τ)N

a2

f2 + CE(µ)
a2

f2 ēe + Cγ(µ)
a2

4f2 FµνF µν , (2.8)

1Relative to these results our ALP gluon Wilson coefficient is defined as 1/fa = −2 cGG/f .
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with τ = diag(1,−1) . These operators induce variations of fundamental constants if the ALP
field is light and contributes to the dark matter density. Note that the operators in (2.8) are
not invariant under the shift symmetry and as a result, their coefficients are proportional to
shift-symmetry breaking terms. As a result the Wilson coefficients of the quadratic ALP-
fermion couplings in (2.8) are not dimensionless and therefore the corresponding operators
are effectively dimension six. In the limit of very small ALP masses ma ≪ mq,ΛQCD the
main contribution to shift symmetry breaking is the ALP coupling to QCD [22]. In the
following we derive the quadratic ALP field dependence for all couplings in (2.8) based on
the chiral Lagrangian taking into account the full ALP mass dependence and reproduce
the results in [17, 23] and [16] in the limit ma → 0. In particular, the pion mass term
depends on the quadratic ALP field,

LχPT = f2
π

4 tr[Σmq(a)† + mq(a)Σ†] + . . . , (2.9)

where Σ = exp
(
i
√
2Π/fπ

)
and the quark mass matrix is ALP-field dependent

mq(a) = e
−iκq

a
f

cGGmqe
−iκq

a
f

cGG, (2.10)

where mq = diag(mu, md) are the quark masses, and κq = diag(κu, κd) are unphysical phases
subject to the constraint κu + κd = 1. Matching the ALP to the chiral Lagrangian has been
performed at the next-to-next-to-leading order level in the case of baryons [21, 24] and at
next-to-leading order for the weak chiral Lagrangian [25–27]. For our purposes, it is sufficient
to work in the leading order 2 flavor theory.

The operator (2.9) induces mass mixing between the ALP and the pion and in the basis
where kinetic and mass terms are diagonal one finds upon expanding in a/f that

m2
π,eff(a) = m2

π

(
1 + δπ(a)

)
, (2.11)

with

δπ(a) = −
1

8(1− τa)2
a2

f2

[
4c2

GG

(
1− τ2

a −
∆2

m

m̂2 (1− 2τa)
)

+ 4cGG(cu − cd)
∆m

m̂
τ2

a + (cu − cd)2τ2
a

]
(2.12)

= −c2
GG

2
a2

f2

(
1− ∆2

m

m̂2

)
+O(τ2

a ) (2.13)

where we introduced m̂ = (mu + md)/2 and ∆m = (mu −md)/2 to make it easier to identify
the isospin-breaking terms and τa = m2

a/m2
π. The sign of δπ(a) plays a crucial role in

determining the environmental effects of a massive body influencing the ALP field value. Our
result (2.13) agrees with [16, 23] and [17] in the limit ma → 0.

For the ALP nucleon coupling the leading order term is generated by the higher order
operator

L(2)
χPT = c1tr[χ+]N̄N + . . . , (2.14)
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which results in the nucleon mass

MN = M0 − 4c1m2
π (2.15)

where the dimensionful coefficient is c1 = −1.26(14)GeV−1 [28] and

χ+ = 2B0
(
ξ†mq(a)ξ† + ξm†

q(a)ξ
)

, (2.16)

contains the pion fields ξ =
√
Σ. The universal ALP-field dependent correction can be directly

calculated from (2.14) or by replacing m2
π → m2

π,eff(a) in (2.15). One can then write the
universal quadratic ALP-coupling to nucleons as

c1tr[χ+]N̄N = CN
a2

f2 N̄N + . . . = 4c1m2
π δπ(a)N̄N + . . . (2.17)

This operator can induce universal, ALP-dependent variations of the nucleon masses

MN (a) = MN

(
1 + δN (a)

)
with δN (a) = −4c1

m2
π

MN
δπ(a) . (2.18)

Besides the universal term, there is also a contribution to the nucleon mass splitting. The
relevant term in the chiral Lagrangian reads

L(2)
χPT = c5N̄

(
χ+ −

1
2tr[χ+]

)
N + . . . , (2.19)

where c5 = −0.09± 0.01GeV−1 [29]. This generates the nucleon mass splitting term

∆MN = mN −mP = 4c5 m2
π

∆m

m̂
+ . . . (2.20)

The ALP-field dependence can again be obtained by replacing m2
π → m2

π,eff, so that

L(2)
χPT = CδN̄τN

a2

f2 + . . . = 4c5 m2
πδπ(a)

∆m

m̂
NτN + . . . (2.21)

and the nucleon mass difference in leading order in τa can be written as

∆MN

(
1 + δ∆M (a)

)
with δ∆M (a) = δπ(a) . (2.22)

The quadratic ALP couplings to photons are sensitive to charged pion and nucleon loops
represented by the second and third diagram on the right-hand side of the upper row in
figure 1, that can be calculated via threshold corrections to the QED beta function [16]
or from the chiral Lagrangian,

Cγ(µ) =
α

24π
c2

GG

(
−1 + 32c1

m2
π

MN

)(
1− ∆2

m

m̂2

)
(2.23)

This induces an ALP field-dependent variation of the fine-structure constant

αeff(a) =
(
1 + δα(a)

)
α with δα(a) =

1
12π

(
1− 32c1

m2
π

MN

)
δπ(a) . (2.24)
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We note that [17] find the opposite sign in (2.23). Shift symmetry breaking in quadratic
ALP-lepton couplings is a loop effect because the tree-level diagram in the lower row of
figure 1 results in a momentum suppressed contribution to a higher order operator with
additional derivatives (∂a)2. The leading contribution to the quadratic ALP electron coupling
is a result of photon loops [16]

CE = −me
3α

4π
Cγ ln

m2
π

m2
e

(2.25)

which implies an ALP field-dependent variation of the electron mass

meff
e (a) = me

(
1 + δe(a)

)
with δe(a) =

3α

4π
Cγ

a2

f2 ln m2
π

m2
e

(2.26)

This quantifies the strength with which the ALP field has quadratic interactions with the
relevant low energy degrees of freedom.

2.3 Deriving low energy couplings from the chiral Lagrangian

In deriving the quadratic ALP couplings to matter we follow [12] in which the sensitivity of
the different terms in the semi-empirical mass formula to the coefficients of scalar couplings
in (2.8) is derived. Here, we calculate these expressions specifically for quadratic ALP
interactions and express them in terms of the couplings in the chiral Lagrangian. In [12]
the interaction of scalar fields with a body made from atoms of mass mA is derived via
their dependence on the scalar field, such that

αA = d lnmA(φ)
dφ

, (2.27)

where we define the dimensionless field φ = a2/f2.2 The interaction strength can then
be written as

αA = αRM
A + αbind

A + αEM
A . (2.28)

with atomic number A, charge Z and number of neutrons N . We use the expression for
the rest mass of the nucleons

MN = M0 + σ ± 1
2∆MN , (2.29)

where one adds the neutron-proton mass difference ∆MN = mN − mP for the neutron
and subtracts it in the case of the proton. In our case the variations of the nucleon mass,
the nucleon mass difference and the electron mass are related in the specific way given in

2In [12] the coupling is defined via the modified gravitational potential

V (r) = −G
mAmB

rAB
(1 + αAαB) .
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section 2.2. The ALP field-dependent contributions to the rest mass can then be written as

αRM
A = 1

mA

[
A

∂σ

∂φ
+ 1

2(N − Z)∂∆MN

∂φ
+ Z

∂me

∂φ

]
= A

mA

[(
σ + A− 2Z

2A
∆MN

)
δπ + Z

A
meδe

]
(2.30)

=
(
0.048 + 0.0014A− 2Z

2A

)
δπ + 5.4× 10−4 Z

A
δe , (2.31)

where we have introduced the ALP-field independent couplings δπ = δπ(a = f) etc, and
used that the sigma term can be related to the nucleon mass via σ = m2

π∂MN /∂m2
π =

−4c1m2
π ≈ 45MeV and ∆MN = 1.3MeV.

Analogously one can derive the axion-field dependent corrections to the nuclear binding
energy and the electromagnetic corrections, which are only sensitive to variations of the pion
mass and the fine-structure constant respectively. One can write the results as [12]

αbind
A = δπ

mA
m2

π

∂Ebind

∂m2
π

(2.32)

= δπ

[
0.045− 0.036

A1/3 − 0.020(A− 2Z)2

A2 − 1.42× 10−4 Z(Z − 1)
A4/3

]

αEM
A = δα

mA
α

∂mA

∂α
= δα

(
− 1.4 + 8.2Z

A
+ 7.7Z(Z − 1)

A4/3

)−4
. (2.33)

The interaction strength with an atom with mass number A can then be written in terms
of the ‘dilatonic charges’ as

αA =
∑

i

Qiδi (2.34)

with δi = δπ, δ∆M , δe, and δα and the corresponding charges read

Qm̂ = FA

[
0.093− 0.036

A1/3 − 0.020(A− 2Z)2

A2 − 1.4× 10−4 Z(Z − 1)
A4/3

]
,

Q∆M = FA

[
0.0017A− 2Z

A

]
,

Qe = FA

[
5.5× 10−4 Z

A

]
,

Qα = FA

[
−1.4 + 8.2Z

A
+ 7.7Z(Z − 1)

A4/3

]
× 10−4 , (2.35)

where Qm̂ measures the sum of quark masses corresponding to δπ and FA = m̄A/mA ≈ 1 is
the ratio of the mass of the nucleus over mA = AMN . For tests of the equivalence principle
we will use the non-universal charges

Q′
m̂ = 0.036

A1/3 − 0.020(A− 2Z)2

A2 − 1.4× 10−4 Z2

A4/3 ,

Q′
∆M = 0.0017A− 2Z

A
,

Q′
e = 0 ,

Q′
α = 7.7× 10−4 Z2

A4/3 , (2.36)

where we also used that Z/A ≈ 1/2 and FA = 1.
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2.4 ALP dark matter

Axion-like particles are described by spin-0 fields and if they are very light they can have
a high occupation number such that the ALP field can be well described by a classical
wave [30–32]. If such light ALPs contribute to dark matter and their relic density is set by
the misalignment mechanism this wave would oscillate around the minimum of their potential
with an amplitude proportional to the dark matter density ρDM,

a(x⃗, t) =
√
2ρDM
ma

cos
(
ma(t + β⃗ · x⃗)

)
. (2.37)

Here, |β⃗| ≈ 10−3 is the dark matter velocity so that the x⃗ dependent term amounts to a
random phase. For axions whose mass is related to the decay constant and with negligible
interactions with SM fields, one can show that the relic density of ALP dark matter is related
to its mass and the decay constant via [31]

Ωa ∼ 0.1
[
10−17 GeV−1

f

]2 [
ma

10−22 eV

]1/2
, (2.38)

and the oscillation begins after matter-radiation equality for masses ma ≤ 10−12 eV [33]. Note
that bounds from big bang nucleosynthesis can put strong constraints on the parameter space
of quadratically interacting ALPs [34]. ALPs can have explicit shift symmetry breaking terms
that are independent of f , but we still assume interactions between the ALP and SM fields
not to interfere with the misalignment mechanism, so that (2.38) is a reasonable estimate.

One of the most important observables for ultralight dark matter are variations of
fundamental constants. They occur when a constant in the Lagrangian becomes field-
dependent and the field changes its value. For example, the case of a scalar coupling to
the electromagnetic field strength tensor [12]

LEM+ϕ = − 1
4e2 (1− gγϕ)FµνF µν = − 1

4e2(1+gγϕ)FµνF µν +O(g3
γ) , (2.39)

induces a variation of the fine-structure constant

αeff(ϕ) = (1 + gγϕ)α . (2.40)

Using (2.40) and (2.37) leads to an oscillating correction to the fine-structure constant that
could be observed by any experiment sensitive enough to probe the strength of gγ which
is a dimensionful quantity related to the UV scale suppressing the coupling of the scalar
ϕ to the field-strength tensors. Similarly, scalar couplings between ϕ and gluons, quarks
and leptons induce time-dependent variations of the strong coupling constant αs, quark
masses and lepton masses, respectively.

Axions or ALPs interact like pseudoscalars, at low energies their interactions are spin
dependent. The linear ALP photon interaction

LEM+a = − 1
4e2 FµνF µν + cγγ

α

4π

a

f
FµνF̃ µν (2.41)
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does not affect the fine-structure constant. Similarly the axial-vector couplings to fermions
in (2.1) and (2.3) do not lead to variations in the fermion masses. Instead, ALP couplings
can lead to variations of dipole moments of nucleons, atoms and molecules [35–37].

In contrast, quadratic interactions of an ALP do induce variations of SM couplings and
masses. The quadratic ALP-photon interaction can be written as

LEM+a2 = Cγ
a2

f2 FµνF µν (2.42)

and therefore

αeff(a2) = (1 + Cγ a2/f2)α . (2.43)

Since the ALP couples quadratically this variation manifests not just as a time-dependent
oscillation, but also as a constant shift if averaged over a time T ≫ 1/ma

⟨a2⟩ = 2ρDM
m2

a

⟨cos2 mat⟩ = ρDM
m2

a

. (2.44)

2.5 Quadratic ALP couplings and the ALP background field

Light dark matter with scalar couplings is affected by the presence of massive bodies [38, 39]
and the case of quadratic interactions of light scalar dark matter has been discussed in [16].
In the following we apply these results to the case of ALP quadratic couplings and show the
implications specific to ALP dark matter. For ALP dark matter, the equation of motion
close to a massive body can be written as(

∂2
t −∆+ m̄2

a(r)
)

a = Jsource(r) +O(a3/f3) (2.45)

where Jsource(r) is suppressed by CP violating parameters or proportional to γ5, and higher
order terms in a/f are neglected. The effective mass term can be written as [16]

m̄2
a(r) = m2

a +
∑

i

Qsource
i δi

f2 ρsource(r) . (2.46)

with the dilatonic charges given in (2.35). The solution at a distance r from a spherical, massive
body with radius Rsource with mass Msource, and assuming Jsource = 0 can be written as [16]

a(r, t) =
√
2ρDM
ma

cos
(
mat

)[
1− Z(δi)J±

(√
3|Z(δi)|

)
Rsource

r

]
, (2.47)

such that the ALP field far from the source is given by (2.37) (with β ≈ 0), and

Z(δi) =
1

4πf2
Msource
Rsource

∑
i

Qsource
i δi , (2.48)

where the function J±(x) = Jsgn(Z(δi)) depends on the signs of Z(δi), and

J+(x) =
3
x3 (x− tanh x) , (2.49)

J−(x) =
3
x3 (tan x− x) , (2.50)
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which means they are sensitive to the sign of the dilaton charges of the source and the
ALP interaction terms (2.34). We make the important observation that this combination
is always negative in the case of the earth as the source body and an ALP coupled only
to SU(3)C in the UV ,

only cGG ̸= 0 ⇒
∑

i

Qsource
i δi < 0 . (2.51)

This can be inferred from the form of the pion mass shift δπ < 0 as given in (2.13), which
is strictly negative for any sign of cGG. In the presence of ALP-quark couplings, this is not
guaranteed, but any such contribution is heavily suppressed by the small ALP mass. As a
consequence, it follows from (2.18), (2.22), (2.24) and (2.26) that for all coefficients δi < 0,
i = π, MN ,∆M, α, e. At the same time, the charges in (2.35) are positive in the case of an
ALP interacting with gluons, for which the sole negative contributions are heavily suppressed
since the ‘dilatonic’ charges Qm̂, Q∆M ≫ Qα, Qe.3 Note that this is different for a scalar
with quadratic couplings or even a more general model in which the sign of (2.51) is model-
dependent. Note also, that (2.47) depends on the boundary conditions of the ALP field [39].

The function J−(x) diverges for values of x→ π/2. For the ratio of the mass and radius
of the earth M⊕/R⊕ ≈ 1029 GeV2, and all other Wilson coefficients apart from cGG set to
zero, it follows that this divergence corresponds to an interaction strength of

cGG

f
≳
( 6

π3
mumd

(mu + md)2
M⊕
R⊕
|Qm̂|

)−1/2
≈ 5.25× 10−14 GeV−1 , (2.52)

As a result, the ALP field (2.47) has non-zero field values close to the surface of the earth with
crucial consequences for measurements of varying fundamental constants that are sensitive to
the ALP field value squared, as well as for experiments measuring nuclear magnetic resonances,
electric dipole oscillations [40, 41] and atomic spin precession in the ALP background field [42–
45]. In contrast to quadratically interacting scalars however, fundamental constants cannot
change sign in this parameter space [39, 46].

For small ALP interactions cGG/f < 5.25× 10−14 GeV−1, one can expand J−(x) = 1 +
O(x2), such that one can write

a(r, t) =
√
2ρDM
ma

cos
(
mat

)[
1− Z(δi)

R⊕
r

]
(2.53)

In the following, we will use this approximation, but emphasize that it only applies for
very small ALP interactions.

For large ALP field values instead the full ALP potential needs to be taken into account
and higher-order operators regulate the divergence in (2.47). Instead of (2.45), the full
equations of motion then read

(∂2
t −∆+ m2

a) a = − sin
(

a

f

)∑
i

Qsource
i δi

f
ρsource(r) (2.54)

=
(
−a

f
+ a3

6f3 − . . .

)∑
i

Qsource
i δi

f
ρsource(r) , (2.55)

3This remains the case for the opposite sign of δα found by [17].
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and the periodicity of the ALP potential implies a maximal field value of a ∼ πf . For the
case of a generic ALP field that is not a dark matter candidate the numerical solution for the
full, periodic ALP potential has first been discussed in the context of new constraints from
the resulting long-range forces between neutron star inspirals [47] and a detailed analysis of
the axion phase diagram in systems with finite baryonic density has been performed in [48].
A crucial difference between these results and the situation considered here is the boundary
condition for the ALP field far from the source. If the axion is not dark matter it vanishes
for r → ∞, whereas for ALP dark matter the boundary condition is given by (2.37). One
consequence of this boundary condition is that the dependence of (2.53) on the ALP mass is
fixed and the constraint (2.52) is ALP mass independent. We nevertheless expect the solution
to the equation of motions of the full potential to follow the general argument that the
vacuum solution (2.37) becomes unstable once the axion mass in the medium is tachyonic [47]

m2
af2 + σ

MN
ρN δπ < 0 , (2.56)

where σ =
∑

q=u,d mq (∂mN /∂mq), ρN is the nucleon density and the corresponding gain in
potential energy outweighs the gradient energy∼ f2/r2 required to perturb the vacuum
solution

1
r
≲
∣∣∣∣m2

a + σ

MN
ρN

δπ

f2

∣∣∣∣1/2
. (2.57)

Given these conditions, the QCD axion for which the axion mass is not a free parameter
can only deviate from the vacuum solution for densities larger than the nucleon saturation
density [49]. If the ALP mass is treated as a free parameter the parameter space in which
the ALP field is sourced by a massive body corresponds to ALP masses below the QCD
axion mass, as shown in the left panel of figure 2. An explicit example of such a model
has been discussed in [50, 51]. As a result, experimental constraints on the parameter
space, where the ALP field value is expected to be non-perturbative, must be approached
cautiously and are only valid if the perturbative calculation is justified for the axion field
profile in a full solution of (2.54).

3 Axion bounds from quantum technology

In the following we calculate the different contributions to tests of the equivalence principle
and searches for fifth forces from ALP interactions. We further compare haloscope and
helioscope searches and emphasize the role of the screening effects on their sensitivity. For
the calculations presented here we consistently work in the small coupling limit, but clearly
denote the parameter space for which this assumption is not justified. We present our results
in a model with all UV Wilson coefficients equal to zero apart from cGG.

3.1 Fifth forces

The exchange of very light ALPs can induce a fifth force between macroscopic objects. In
contrast to a vector boson or a scalar linear ALP interactions are pseudo-scalar and therefore
lead to spin-dependent forces [52]. Based on the general linear ALP couplings to nucleons

L = gsaN̄N + gpaN̄iγ5N , (3.1)
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Figure 2. Left panel: constraints from searches for fifth forces induced by ALP exchange in vacuum
together with the parameter space for which the ALP field value is expected to be non-perturbative.
This parameter space indicates that the calculation of experimental sensitivities in this region is
incomplete in the leading order approximation. Right panel: comparison of the bounds from fifth
forces on the ALP-gluon coupling at the UV scale.

there are three types of potentials for the force between two nucleons [53]

Vss(r) = −
gsgs

4πr
e−mar ≈ −gsgs

4πr
, (3.2)

Vsp(r) =
gsgp

4πMN
(S2 · r̂)

(
ma

r
+ 1

r2

)
e−mar ≈ gsgp

4πMN

S2 · r̂
r2 , (3.3)

Vpp(r) = −
gpgp

4πM2
N

[
S1 · S2

(
ma

r2 + 1
r3 + 4π

3 δ(3)(r)
)

(3.4)

− S1 · r̂S2 · r
(

m2
a

r
+ 3ma

r2 + 3
r3

)]
e−mar

≈ − gpgp

4πM2
N r3

[
S1 · S2 − 3S1 · r̂

]
,

where Si = σi/2 denotes the spin operator of the nucleon, MN is the nucleon mass and the
approximations hold for vanishing ALP mass. In the absence of CP violation, the axion
has purely pseudoscalar couplings to SM fermions and Vss(r) = Vsp(r) = 0. However, CP
violation in the weak sector or a non-zero theta angle would induce a scalar ALP coupling
to quarks gs = θeff mq/f . In axion models, the same parameter also appears as a CP-odd
quark mass term that is not suppressed by mq/f . As a result the most stringent bounds
on θeff ≲ 10−10 arise from electric dipole measurements and dominate over bounds from
searches for fifth forces by orders of magnitude [54, 55].

The potential induced by the pseudoscalar ALP couplings is experimentally challenging
because they vanish for averaged spins. In the absence of any CP-violating linear ALP
couplings the dominant spin-independent contribution to the potential comes from the
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exchange of pairs of ALPs between nucleons derived in [56]

V2(r) =
3g2

Na,1g2
Na,2

128π3f4
1
r5

[(
xa + x3

a

6

)
K1(xa) +

x2
a

2 K0(xa)
]

(3.5)

+ 1
64π3f4

{
− CN1CN2

1
r3 xaK1(xa)

+ 3
4

[
CN1g2

N2

1
mN2

+ CN2g2
N1

1
mN1

] 1
r5

[(
xa + x3

a

6

)
K1(xa) +

x2
a

2 K0(xa)
]}

≈ −CN1CN2

64π3f4
1
r3 ,

where xa = 2mar and K0(xa) and K1(xa) are modified Bessel functions of the second kind.
The interaction strengths are given by (2.2) and (2.17), respectively, and the last line is the
approximation in the limit ma → 0. In order to evaluate the force acting between macroscopic
bodies and accounting for all ALP couplings one can replace CNi → αi with α defined
in (2.34). Purely derivative ALP couplings lead to forces scaling as 1/r5 or 1/r7 [57, 58].

Another important effect is the acceleration experienced by test masses close to massive
bodies like planets, e.g. tests of violations of the equivalence principle. Forces caused by
axion fields in vacuum are captured by the potentials (3.2) and (3.5). The acceleration of
a test mass mT (a) in the ALP background field a(x) follows from the equations of motion
from the low energy Lagrangian

LT = −mT (a)

√
−gµν

dxµ

dt

dxν

dt
≈ −mT (a)

(
1− β2

2

)
, (3.6)

such that in the realm of validity of (2.53)

ẍ = −2αT

f2 a(x) (ȧ(x)ẋ +∇a(x)) (3.7)

≈ αT

πf4
ρDM
m2

a

∑
i

Qiδi
Msource

r2

(
1− 1

r

Msource
∑

i Qiδi

4πf2

)
cos2(mat) ,

≈ αT

πf4
ρDM
m2

a

∑
i

Qiδi
Msource

r2 cos2(mat) , (3.8)

neglecting contributions suppressed by β and the last line neglects higher order terms in 1/f2.
In terms of the Eötvös parameter, the relative acceleration between the bodies A and

B in the field of the gravitational field of a source is given by

η = 2 |ẍA − ẍB|
|ẍA + ẍB|

= 8ρDM
m2

a

M2
Pl

f4

∑
i,j

Qsource
i δi

(
QA

j δj −QB
j δj

)
. (3.9)

Tests of the equivalence principle are particularly sensitive to non-universal ALP couplings.
We stress again that parts of this parameter space is excluded due to the nonlinearity of
the ALP field close to earth which are shown in the left panel of figure 2. Future tests with
muonic atoms could significantly improve the sensitivity of fifth-force searches [59].

In figure 2 we compare constraints from different searches for fifth forces induced by
ALP exchange assuming a model with one coefficient, cGG, in the UV. The left panel shows
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the constraints from fifth force searches together with the parameter space for which the
ALP field value can be non-perturbative as discussed in section 2.5. The right panel shows
only the constraints from searches for fifth forces under the assumption that the ALP
field value remains perturbative so-called Casimir-less forces shown in blue [56, 60].
The dominant contribution to this force is induced by the spin-independent potential (3.5).
Torsion balances probe the same spin-independent force and the constraint from [61]
is shown in orange. Spin-dependent (dipole-dipole) interactions have been probed with
comagnetometers using spin-polarised K and 3He atoms [62] and 87Rb [63]. The purple
region labeled Ramsay scattering is excluded from measurements of spin-dependent
forces in molecular H2 [64]. Future measurements of spin-dependent interactions exploiting
nuclear magnetic resonances (NMR) can significantly improve the current sensitivity
as shown in green dashed line in figure 2 [65, 66]. Note, that nuclear magnetic resonances
are sensitive to CP-violating ALP couplings. In the case the ALP constitutes dark matter,
the strongest constraint from fifth force searches are obtained by searches for violations of
the equivalence principle. The MICROSCOPE collaboration measured the force necessary
to keep two test masses in relative equilibrium on a satellite orbiting earth [67, 68]. The
corresponding bound is shown in gray in figure 2, but we emphasize that this parameter space
is affected by the non-perturbative axion field value discussed in section 2.5. The left panel
of figure 2 shows these constraints from non-perturbative ALP field values following [47, 48].

3.2 Haloscopes and helioscopes

Searches for axions and ALPs with haloscopes and helioscopes are sensitive to the interactions
of ALPs with a magnetic or electric external field. We present limits and projections for
existing and future experiments in terms of the ALP coupling to gluons in the UV by taking
all renormalisation effects into account and for a wide range of ALP masses. Quadratic
ALP interactions can induce a novel signal for which we provide projections and discuss
future opportunities.

3.2.1 Haloscope searches for ALPs

The ALP-photon coupling can be probed in resonant cavities. Haloscopes are microwave
cavities tuned to detect the resonant conversion of dark matter ALPs into photons in the
presence of a strong static magnetic field. ALP conversion inside the cavity takes place through
“Primakoff production” which is primarily induced by the linear ALP-photon interaction as
considered in the low-energy Lagrangian in (2.1). The interaction is proportional to

ceff
γγ

α

4π

a

f
Fµν F̃ µν = ceff

γγ

α

π

a

f
E⃗ · B⃗ . (3.10)

The ALPs with a frequency νa convert to photons if νa matches the frequency of a resonant
mode of the cavity resonator. The frequency follows the relation hνa = ma c2 + 1/2mav2

a,
where va is the dark matter velocity dispersion in the galactic halo [69, 70]. Photons generated
from ALP-photon conversion give rise to excess power generation inside the cavity. The
signal power extracted on resonance is given by [71, 72]

Pa→γ = α2

π2

(
ceff

γγ

)2
f2

ρDM
ma

B2
0V C min(QL, Qa) (3.11)
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Figure 3. Limits on the ALP-gluon coupling at the UV scale from existing haloscopes in different
shades of red and helioscopes in blue and teal.

where B0 denotes the field strength of the external magnetic field, C is a mode-dependent
form factor that quantifies the overlap between the EM fields of the cavity mode and the
mode induced due to ALP-photon conversion. V denotes the cavity volume, ρDM is the local
dark matter density (all haloscopes assume ALPs comprise 100% of the dark matter density).
The min function picks the smaller number between the loaded cavity quality factor (QL)
intrinsic to the cavity material and the ALP signal quality factor (Qa). Qa scales with the
velocity dispersion as Qa ∼ 1/⟨v2

a⟩ ∼ 106. This implies that for shorter timescales than the
ALP coherence time τa ∼ Qa/ma, one can treat it as a monochromatic field as in (2.37).
The bound on the ALP-photon coupling can be obtained by setting a target value of the
signal-to-noise ratio (SNR) which is given by [72, 73]

SNR = Pa→γ

kBTexp

√
texp
∆νa

, (3.12)

in the case that the experiment runs over several coherence time intervals, where the system
temperature Texp is the system noise temperature, texp is the total integration time and ∆νa

corresponds to the ALP signal linewidth which scales as ∆νa ≈ ma ⟨v2
a⟩ [73].

In figure 3, we show the sensitivities of different cavity haloscopes on the UV scale
coupling cGG/f as a function of the ALP mass ma induced by the linear ALP-diphoton
interaction in (2.1). Resonant searches have the best coverage around ma ∼ O (µeV) which
can be probed with cavities with a length of roughly a meter and a volume ∼ 100 litre.
Searches for smaller ALP masses would require larger cavities because the volume scales as
V ∝ 1/m3

a, whereas for probing higher masses, the reduced cavity volume significantly affects
the signal power and consequently the scan rate. Among the microwave cavity searches, the
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best limits are obtained from ADMX (Axion Dark Matter Experiment) which over the course
of four previous runs [73–76], covers ALP mass range ma ≈ 2.6 − 4.2µeV. For higher masses,
the most sensitive search is by the CAPP (Center for Axion and Precision Physics Research)
experiment, covering a slightly higher mass range from almost ma ≈ 4.24− 22µeV in several
narrow discontinuous resonant bands that correspond to the results quoted from the previous
runs [77–82]. In the mass ranges ma ≈ 4.55 − 10.79µeV and ma ≈ 11.96 − 17.35µeV the
experiments RBF-UF [83, 84] set the strongest constraint and the results from phase-I of
HAYSTAC (Haloscope At Yale Sensitive To Axion Cold dark matter) cover the mass range
ma ≈ 23.16− 23.98 µeV, making it the most sensitive microwave cavity haloscope experiment
for ALP masses ma > 20µeV range. HAYSTAC uses the Josephson Parametric Amplifier to
minimize system noise essential for stability in the high frequency/mass range. The phase-II
results [85, 86] cover the ranges ma ≈ 16.95− 17.27µeV and ma ≈ 18.44− 18.89µeV.

Dedicated experiments such as ADMX-SIDECAR and ORGAN have been proposed to probe
the higher frequencies and ALP masses. ADMX-SIDECAR deals with the issue of small cavity
volume at high frequencies by using a miniature resonant cavity and a piezoelectric actuator
that helps tune to higher cavity modes. As a result, data are measured in two modes - TM010
and TM020 (Transverse Magnetic Modes). The latter affords sensitivity to higher frequencies
with a much higher effective cavity volume than compared to TM010. The latest run reports
the coverage of three widely spaced mass range, ie, ma ≈ 17.36− 17.57µeV (TM010), ma ≈
21− 23.93µeV (TM010) andma ≈ 29.64− 29.76µeV(TM020) [87]. On the other hand, ORGAN
uses a copper resonant cavity sensitive to TM020. Higher modes correspond to a smaller
cavity form factor but a larger volume can compensate for that, keeping the effective cavity
volume Veff = V C constant [88] and at the same time maintaining a higher scan rate because
of the sizeable volume. Phase 1a run [89] probes the ALP mass range ma ≈ 63.2− 67.1µeV
while the latest phase 1b run [90] covers ma ≈ 107.42− 111.93µeV, representing the most
sensitive ALP haloscope measurement to date in the ma ∼ 100µeV range.

For lower ALP masses, ie, ma ≲ 10−5 eV, there are limits from ADMX-SLIC, SHAFT and
ABRACADABRA which use tuneable LC circuits instead of microwave cavities to avoid dealing
with extremely large-size cavities at low frequencies or ALP masses. While ADMX-SLIC
uses a resonant LC circuit with piezoelectric-driven capacitive tuning and as per the latest
run [91] covers several narrow resonant bands in the ALP mass window ma ≈ 0.17− 0.18µeV,
SHAFT and ABRACADABRA are based on broadband configurations and use toroidal magnets.
Although the sensitivities of these broadband searches are low compared to the cavity resonance
searches, ABRACADABRA Run 2 [92] provides competitive limits for ma ≈ 0.31− 8.3 neV and
SHAFT [93] bounds correspond to an even wider mass range ma ≈ 0.012 − 12.3 neV. New
techniques to enhance the axion conversion rate could improve these constraints and target
a wider range of ALP masses [94, 95].

Conventionally, cavity haloscopes probe the ALP-diphoton coupling as the signal rate
is proportional to the power originating from the ALP conversion into photons through
Primakoff production inside the cavity. However, there are recent developments with a
ferromagnetic haloscope QUAX [96] where ALP dark matter detection is based on the principle
of magnetic resonances, e.g. electron spin resonances (ESR) or ferromagnetic resonances
(FMR), induced by the ALP dark matter cloud acting as an effective radio frequency magnetic
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field B⃗a on the electron spins in a ferromagnetic material. In terms of the linear ALP-electron
coupling in the low-energy Lagrangian of (2.1) one can write the relevant interaction as

−2µB
cee

2e

me

f
σ⃗ · a ≡ −2µBσ⃗ · B⃗a , (3.13)

where σ⃗ is proportional to the electron spin vector, e is the unit charge and µB denotes
the Bohr magneton [96, 97]. The effective magnetic field B⃗a is a function of the ALP mass
and coupling. It induces a variable magnetisation Ma ∝ µBBa in the transverse plane in
the sample, which is also magnetised in the direction of a uniform external static magnetic
field B⃗0 ⊥ B⃗a. Due to the external magnetic field B⃗0, the material absorbs electromagnetic
radiation at Larmor frequency (νL). Dark matter detection occurs when νL matches the
ALP frequency νa and power is deposited in a sample due to resonant ALP conversion to
magnons as per the relation

Pa = B⃗a ·
⃗dM

dt
VS ∝ B2

a νaVS , (3.14)

where VS is the size of the sample [98]. QUAX measurements of the linear axion-electron
coupling4 are sensitive to the ALP mass window ma ≈ 42.4 − 43.1µeV [96]. In figure 3,
we show the bound obtained by QUAX in terms of limits on cGG at the UV scale, which
leads to a weaker constraint than other haloscopes due to a O(10−3) suppression as per
the running relations in (2.6).

3.2.2 Haloscope searches for quadratic ALP interactions

The presence of the quadratic ALP-photon vertex implies that inside the cavity there is
also a finite probability for resonant double ALP conversion via their interactions with an
external electromagnetic field

Cγ
a2

4f2 FµνF µν = Cγ
a2

2f2 (E
2 −B2) (3.15)

The signal power in this case can be written as

Paa→γ ∝
(

Cγ

f2
ρDM
ma

)2 (
B2

0 + E2
0)V Cϕ min(QL, Qa) (3.16)

∝ ρDM
maf2

Cϕ

C
P (a→ γ) . (3.17)

Haloscopes looking for the Primakoff effect typically only have a uniform external magnetic
field and E0 = 0, and the cavity is optimised for cavity modes induced by the interaction
in (3.10). As a result, the form factor measuring the coupling strength of the external electric
field E⃗0 or magnetic field B⃗0 with a cavity eigenmode is of order one, e.g. C = 0.4 for the
dominant mode TM010 in ADMX. In fact, for a perfectly uniform external magnetic field along

4The QUAX cavity has also been used to detect axion-photon conversion through the standard Primakoff
process upon removing the magnetic material from the cavity. QUAX-eγ can probe axion-diphoton coupling
around ma ∼ 43 µeV [99]. The high Q factor ensures higher stability and provides best sensitivity in the
relevant ALP mass range.
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Figure 4. Comparison of haloscope limits on the ALP-gluon coupling at the UV scale due to linear
(in red) and quadratic (in green and blue) ALP-photon conversion. The green lines assume the
form factor ratio Cϕ/C = 1 whereas the blue lines incorporate C and Cϕ values taken from current
experiments [100, 101].

the length of a cylindrical cavity, the form factor for the quadratic couplings, Cϕ = 0. Fringing
effects induce a remnant sensitivity with Cϕ = 10−12 (ADMX and ADMX-SIDECAR) and
Cϕ = 2·10−9 (ORGAN). Limits from ADMX and ORGAN have been recast for a quadratically
coupled scalar in [100, 101], respectively. Together with the additional suppression factors
in (3.17) results in much weaker constraints for this quadratic ALP conversion.5

In figure 4, we show in a comparison plot some haloscope sensitivities in the cGG/f vs
ma plane originating from linear and quadratic ALP couplings. In shades of red, the limits
due to the linear couplings correspond to ADMX, ADMX-SIDECAR and ORGAN bounds
in figure 3 and the limits on the quadratic couplings have been recast using (3.17). The
blue lines show the rescaled sensitivity for the quadratic ALP conversion using the values
of Cϕ and C taken from [100, 101]. Even though they are substantially weaker they can
probe a new parameter space since the resonance occurs at ωquad = ωlin/2. Form factors are
mode-specific and in the current setups, Cϕ values are tuned to very small values in order
to maximise the linear ALP conversion when operating in a single mode. However, there
are recent proposals for haloscopes designed to use multiple modes. Keeping in mind these
possibilities, we have included the green lines in figure 4 which correspond to Cϕ/C = 1.

5Quadratic ALP interactions also induce temporal variations in the fundamental constants which gives
rise to fractional changes in the Bohr radius and ultimately in the length of solid objects such as a haloscope
cavity. Ideally, this length variation change should give rise to a frequency shift, implying a broadening of the
haloscope’s power spectrum. However, by a rough estimate, we found this fractional frequency shift negligibly
small in our parameter range of interest (e.g : ∆ω

ω
∼ 10−35 for ma ∼ 40 µeV and cγγ/f ∼ 10−10 GeV−1),

compared even to the broadening due to dark matter velocity dispersion in the halo which is ∼ 10−6 [102].
Therefore the corresponding Q factor does not enter in the signal power computation (3.11).
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3.2.3 Future haloscopes

There are several future haloscopes proposed in near future that would substantially improve
the existing limits. We show the projections from some of these experiments in red dashed
line in figure 5. The projected limits cover a huge ALP mass range from 10−22 eV to almost
∼ O(1) eV. The challenges of resonant cavities operating at high frequencies with diminishing
volume can be resolved by introducing dielectric haloscopes like MADMAX [103, 104] and
LAMPOST [105], which are expected to probe up to a few orders of mass above the µeV
scale, the current operating range for the existing haloscopes. BREAD [106] is expected to
cover across THz frequencies/meV mass range with broadband searches. However, the most
notable improvement in this category is from the experiments proposed for the lighter mass
range, covering down to many orders of mass below the current coverage. SRF-m3 [107],
operating via photon frequency conversion, falls under this category. A superconducting radio
frequency cavity with a high Q factor is used where instead of the individual cavity mode
frequencies, it is the frequency difference between the two modes that is tuned to resonance
with the ALP field. SRF-m3 is projected to probe ALP masses as low as ma = 10−14 eV,
whereas ref. [108] proposes a heterodyne broadband setup to cover dark matter masses down
to 10−22 eV. The DarkSRF collaboration is a proposal for ultralight hidden photon searches
with plans to search for axions as well, using SRF cavities to produce and detect the hidden
photons or axions, respectively [109]. LC resonant enhancement provides another method to
avoid the problem of implausibly large cavities at low masses. Experiments like ADMX-SLIC.
DMRADIO [110, 111] are expected to improve this technique and extend the coverage around
the neV mass range with sensitivities several orders of magnitude better than ADMX-SLIC.

3.2.4 Helioscope searches

Axions are produced in abundance in the stellar cores, most importantly, in the Sun through
various reactions depending on whether or not they have hadronic interactions. Solar axions
that are produced are then converted back to X-ray photons in the electromagnetic field
of the earth-based helioscopes [112]. Similar to haloscopes, helioscopes are sensitive to the
linear ALP couplings, however, unlike haloscopes, helioscopes do not assume ALPs to be the
dark matter. The number of signal events, ie, the total number of photons Nγ from ALP
conversion over an energy range is obtained by the following relation [113]

Nγ =
∫ ωf

ωi

dω

(
dΦa

dω

)
Pa→γ S ϵ t (3.18)

where dΦa
dω is the differential ALP flux, the detector parameters S, t and ϵ denote the surface

detection area perpendicular to the axion flux, exposure time and the detection efficiency
respectively. The ALP-photon conversion probability for a transverse homogeneous magnetic
field B0 = |B⃗| over a distance L scales with the linear axion-photon coupling as [72, 114]

Pa→γ = α2

4π2

(
ceff

γγ

f

)2

B2
0L2sinc2

(
qL

2

)
(3.19)

where sinc = sin x/x and q = m2
a/(2ω) denotes the momentum transfer. One needs q ≪ 1/L

to ensure coherent conversion over the entire length. The signal therefore scales with the low-
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Figure 5. Projected limits on the ALP-gluon coupling at the UV scale from future haloscopes (in red
dashed line) and helioscopes (in blue dashed line). The existing constraints are shown in gray.

energy ALP couplings as Pa→γ ∝ c4
γγ for Primakoff production and Pa→γ ∝ c2

eec2
γγ for non-

hadronic production such as Compton scattering, electron-electron/ion bremsstrahlung [113].
In figure 3, we show the sensitivities from CAST [115] where the light blue shaded region
corresponds to primary ALP production through Primakoff mechanism where the signal event
depends solely on the ALP-photon coupling. The teal line, on the other hand, corresponds to
non-hadronic ALP production [113], for which the ALP-photon interaction is subdominant
compared to the ALP-electron interaction, so it does not appear in the ALP production
but does contribute to the ALP-photon conversion. In figure 3, we show the corresponding
limits from [113] in terms of the UV scale coupling cGG/f vs. ma. The limits are practically
independent of the ALP mass as long as the ALP-photon conversion is coherent, ie, up to
m2

a ≤ 4ω/L where L denotes the length of the helioscope magnet. Towards larger ALP
masses, the momentum transfer becomes large and the conversion is no longer coherent. The
conversion probability becomes suppressed by a factor of (∼ 4ω/m2

aL)2 and this leads to a
degradation in the limits around ma ≳ 10 meV.

IAXO [116], a future helioscope proposed to be built with magnets specially designed for
maximum sensitivity, is expected to improve the existing CAST limits by several orders of
magnitude. We show the projections in blue dashed line in figure 5. Similarly, future quantum-
sensor assisted light-shining through a wall experiments such as ALPSII are projected to
deliver sensitivity beyond the CAST limit [117, 118].
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4 Bounds on ALP dark matter from quantum technology

As already described in section 2.2, quadratic interactions of the ultralight axion dark
matter induce coherent temporal oscillations in the fundamental constants (FC) and nuclear
parameters such as the fine-structure constant, nucleon mass, electron mass, etc. The
fractional time-variation of these quantities can be probed with quantum sensing technology,
namely with atomic clocks, atom interferometry, mechanical resonators, etc. In this section,
we will elaborate upon different sensing techniques and their respective sensitivities for our
model. To demonstrate our results we again choose a model with all Wilson coefficients
equal to zero in the UV, apart from cGG.

4.1 Quantum clocks

Microwave, optical, ion, molecular and nuclear clocks, which are classed together as quantum
clocks, operate by comparing the frequency ratios of different atomic, vibrational and nuclear
transitions. Clock frequencies rely on the frequencies of spectral lines in these transitions.
Therefore, a fractional change in the spectra brings in a shift in the clock frequency. As a
generic prescription for the dependence on different fundamental constants, the frequency
ratio of atomic transitions in two different atomic clocks A and B is parametrised in terms of
the fine-structure constant (α), electron-to-proton mass ratio (me/mp) and the ratio between
quark mass (mq) and QCD energy scale (ΛQCD) [119] as

νA/B ∝ αkα

(
me

mp

)ke
(

mq

ΛQCD

)kq

(4.1)

where kα, ke and kq are the difference between the sensitivity coefficients for the two transitions.
Therefore, the fractional variation in the frequency ratio can be written as

δνA/B

νA/B
= kα

δα

α
+ ke

(
δme

me
− δmp

mp

)
+ kq

(
δmq

mq
− δΛQCD

ΛQCD

)
(4.2)

We substitute the fractional variations in the QCD scale δΛQCD/ΛQCD ≈ δmp/mp and light
quark mass δmq/mq = δm2

π/m2
π [120–122]. In the notations introduced previously for the

above variations when induced by quadratic interactions of ALP field, (4.2) becomes:

δνA/B

νA/B
= kα δα(a) + ke δe(a)− (ke + kq) δp(a) + kq δπ(a) (4.3)

where δp(a) is defined similar to δN (a) in (2.18) and denotes the shift in proton mass.
Plugging (2.13), (2.18), (2.24) and (2.26) into (4.3), one can express δνA/B/νA/B in terms
of the low-energy Lagrangian parameters and the ratio a2/f2. For an oscillating ALP dark
matter field, the quadratic ALP field evolves as

a2 = 2ρDM

m2
a

cos2 mat = ρDM

m2
a

(1 + cos 2mat) (4.4)

As a result, all fractional variations of the fundamental quantities mentioned in (4.3) will
have a constant, time-independent shift and also a time-varying part which oscillates at a
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frequency ω ≃ 2ma [17, 23]. The constant shift is discarded in many references as being
unobservable due to large low-frequency stochastic background, however, recent methodologies
have been proposed [16, 123] which show that in some atomic clocks that are sensitive to
low-frequency, even for a time-independent shift, the signal can be successfully extracted
from the background noise of the oscillating dark matter field and therefore can provide
limits for constraining ultralight dark matter parameter space.

Note that (4.4) neglects the environmental effects described in section 2.5. The profile
of the ALP field close to earth (2.47) is not well defined for a large range of the parameter
space that can be accessed with quantum clocks. In our analysis, we use (4.4) and express
ALP quadratic couplings in the low-energy Lagrangian in terms of the ALP-gluon coupling
at the UV scale, using the running and matching relations in section 2 and subsequently set
limits on the quantum sensor sensitivities in the cGG/f (UV scale) vs. ma parameter space.
We also indicate the parameter space for which the profile close to earth is not well defined.

4.1.1 Current limits: microwave and optical clocks

Existing atomic clock limits have been obtained either from the optical clocks, which are based
on transitions between different electronic levels, or the microwave clocks, which depend on
transitions between the hyperfine substates of the atomic ground state. The clock comparison
test limits, therefore, can broadly be of three types based on the frequency ratio between

Two microwave clocks. Limits are obtained from the Rb/Cs atomic fountain clock, which
compares the transition frequencies between different hyperfine levels in the two ground state
atoms 87Rb and 133Cs. The frequency ratio measurements are sensitive to the variations in all
three fundamental quantities in (4.3) [119, 123]. The measurements are also sensitive to very
low frequencies corresponding to ALP mass ∼ 10−20 eV and below, due to the long time-span
of the experiment. Throughout the frequency range of the experiment, the coherence time
of the oscillation, τa = 2π/ω/(v/c)2 (v/c ∼ 10−3, v is the virial velocity of dark matter in
the galaxy) remains larger than the total timescale of measurement T . Although T ≪ τc

maintains a coherent signal throughout the experiment, it also induces stochastic fluctuations
in the dark matter amplitude [124]. Therefore, it is no longer accurate to assume the
oscillation amplitude as simply

√
2ρDM/ma because this will rather be a random variable with

a sampling probability as determined by the distribution of the stochastic ALP field. This
leads to corrections on the dark matter coupling that can vary from a factor of 2 up to 10.

We show the bounds from Rb/Cs in figure 6 in the cGG/f ( UV scale) vs. ma plane
where the coverage is for 10−24 - 10−18 eV ALP mass.6 The constant shift in the quadratic
variation in the axion field is ignored [23]. The sensitivity coefficients kα, ke, kq and the

6For dark matter below ∼ 10−22 eV, cosmological constraints prevent the assumption that the dark matter
density of the Universe is entirely due to the ALP field because the de-Broglie wavelength of the ALP exceeds
the size of a dwarf galaxy [125]. Therefore the low-frequency limits should be rescaled because ρDM should
be a fraction of the total dark matter density. We show the limits assuming ALP constitutes 100% of dark
matter density.

– 23 –



J
H
E
P
0
5
(
2
0
2
5
)
0
2
3

10-23 10-19 10-15 10-11 10-7
10-21

10-16

10-11

10-6

ma (eV)

c G
G
/f

(G
eV

)-
1

Rb/Cs

Yb+ E3/E2

Al+/Hg+

Al+/Yb

H/Q/CSO

Rb/
Quart

z

Sr/Si

AURIGA

Cs/Cavity

Yb+ E3/Sr

H/Si

Yb/Cs

Yb+/Sr

Dy/Dy (LT)
Dy/Dy (ST)

Holometer

DAMNED

GEO
 60

0

LIGO-03

Figure 6. Limits on the ALP-gluon coupling at the UV scale from existing constraints. In shades of
red, we show atomic clocks (Rb/Cs [16, 17, 23, 119], BACON [16, 17, 126], Yb+ ion clocks [127, 128],
Yb/Cs [129]), atomic spectroscopy (Dy/Dy [17, 130]) and quartz oscillator [17, 131]. In shades of blue
are shown clock/cavity comparisons (H/Si [23, 132], Sr/Si [17, 132], H/Q/CSO [133], Cs/cavity [134])
and in shades of green appear the optical/laser interferometers (GEO-600 [23, 135], LIGO-03 [136],
DAMNED [137] and Holometer [138]) and mechanical resonators (AURIGA [16, 139]).

frequency comparison data are obtained from ref. [119]. The local dark matter density is
assumed to be ρDM = 0.4 GeV/cm3.7

Two optical clocks. An important example of this category is the frequency ratio measure-
ments of 27Al+ single-ion clock and 171Yb, 87Sr optical clocks lattice clocks (BACON) [126].
Optical transitions are only sensitive to the variation in the fine-structure constant, which im-
plies that the sensitivity coefficients ke = kq = 0. kα values for Al+/Yb, Yb/Sr and Al+/Hg+

frequency ratio comparisons are obtained from ref. [126]. The optical transition frequencies,
being about ∼ 5 orders of magnitude larger than the microwave transitions, ensure better
stability and the cut-off frequencies of the optical clocks are higher than the microwave
clocks, which implies sensitivity to larger frequencies or dark matter masses. Bounds from
BACON clocks are shown in figure 6 and probe a similar mass range as Rb/Cs. While kα

is largest for Al+/Hg+, leading to a better sensitivity around low ma, Yb/Sr provides the
best limits for high masses among the three.

7The bounds are shown without including the stochastic fluctuation factor appearing in dark matter
amplitude. This stochastic fluctuation factor has been discussed extensively in [124] and [108] and differs
between frequentist and bayesian approaches as well as between different priors for the latter.

– 24 –



J
H
E
P
0
5
(
2
0
2
5
)
0
2
3

Other significant limits come from Yb+ ion clocks, namely Yb+ E3/E2, where the fre-
quency of the electric-octupole transition (E3) is compared with the electric-dipole transition
(E2) of 171Yb+ ion, and also Yb+ E3/Sr, where the frequency ratio between the E3 transition
in 171Yb+ to a transition in the optical lattice clock 87Sr is measured. Both Yb+ E3/E2 and
Yb+ E3/Sr have high sensitivity factors, ie, kα ≈ 6 [128], leading to the best sensitivity among
atomic clocks. Moreover, ALP couplings to quarks and gluons can lead to oscillations of the
nuclear charge radius rN . The variation in the so-called field shift energy EFS ∝ ⟨r2

N ⟩, can
be measured by comparing two electronic transitions in a heavy atom, such as 171Yb+ [127].
In terms of low-energy Lagrangian parameters, this shift can be written as

δ⟨r2
N ⟩

⟨r2
N ⟩
≈ a

δΛQCD
ΛQCD

+ b
δm2

π

m2
π

≈ a δp(a) + b δπ(a)

where a, b ≈ O (1) in Yb+E3/E2 ion clock [127]. We show the constraint from the oscil-
lating nuclear charge radius in figure 6 by recasting the limits from Yb+E3/E2 transition
measurements. This gives the most stringent limits among quantum sensors for ALP masses
10−23 - 10−20 eV. Yb+ E3/Sr takes over in the range ma = 10−20 - 10−17 eV.

Optical and microwave clock comparisons. There are competitive limits in this category
from frequency comparison between 171Yb optical lattice clock and 133Cs microwave clock.
Yb/Cs limits are implemented in figure 6 with the sensitivity coefficients and the frequency
ratio data taken from ref. [129]. In this case, all three sensitivity coefficients kα, ke and kq are
non-zero, which makes the optical to microwave clock comparison experiments particularly
sensitive to variations in me [129]. For our analysis, the ALP-electron quadratic coupling is
two-loop suppressed, so the me variation remains subdominant for an ALP with only the
Wilson coefficient cGG/f in the UV. The bounds extend from ma = 10−22 eV up to 10−19 eV.

4.1.2 Future projections: nuclear and molecular clocks

One of the most promising future clock comparison tests is a potential nuclear clock operating
on a narrow isomer transition in 229Th. Th-229 has an exceptionally low-energy excited
isomer state with an excitation energy of a few eV, making it the only nuclear transition
accessible to lasers and precision spectroscopy [146]. This is the result of a cancellation
between the nuclear energy shift and the electromagnetic energy shift, which means that it is
particularly sensitive to new physics effects spoiling this cancellation. This corresponds to
sensitivity coefficients of kα, kq ∼ O(104 − 105) [16, 23, 140]. This increases the sensitivity
of the measurements of the fundamental couplings by a few orders than the current clock
comparison bounds. In figure 7, we incorporate the projected limits from Th-229 (assuming
the integration time ∼ 106 sec and the averaging time ∼ 1 sec [147]) which shows that
nuclear clocks could probe much smaller coupling strengths and the projections also extend
to higher masses (up to ma ∼ 10−11 eV) compared to current clock limits, implying better
stability at high frequencies. Similarly, measurements of oscillating nuclear charge radii are
projected to improve sensitivity further [127].

Molecular clocks are particularly sensitive to variations in µ = mp/me, via vibrational
and rotational transitions in diatomic and polyatomic molecules [148–150]. The enhanced
sensitivity to this ratio is characterised by the high sensitivity coefficient associated with µ
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Figure 7. Future limits on the ALP-gluon coupling at the UV scale from molecular and nuclear clocks
(Th-229 [16, 17, 23, 140] and SrOH [16, 23, 141]), atomic interferometers (AEDGE in broadband and
resonance modes [17, 142], AION-km [17, 143] and MAGIS-km [16, 144]) and mechanical resonators
(DUAL [145], He, sapphire, micropillar and quartz BAW resonator [139]). All the limits are sensitive
to ALP quadratic couplings at low energy. Existing constraints are shown in gray.

variation (kµ ≫ 1). Several molecular clocks have been proposed so far [151–153], all featuring
transitions between nearly-degenerate vibrational energy levels in polyatomic molecules. A
significant example is the rovibrational transition in laser-cooled linear triatomic XYZ-type
strontium monohydroxide (SrOH) molecule [141]. The proposed setup is projected to
achieve kµ ≈ 10− 10−3 when the rovibrational transitions of the X̃(200)←→ X̃(0310) cause
excitation in the (1–30) GHz transition frequency band. In figure 7, we show the projections
covering up to ma ∼ 10−13 eV. The bounds correspond to the limits on δµ/µ [141] that are
translated from δω/ω sensitivity projections (SNR=1, 52 days integration time, |kµ| ≈ 617)
corresponding to a model that features dark matter couplings with electron, nucleon and the
symmetric combination of u and d quarks, all contributing to the µ variation. The sensitivity
diminishes at high frequencies and the upper limit corresponds to the Nyquist frequency.

4.1.3 Atomic spectroscopy and quartz oscillator limits

Variations of the fine-structure constant can also be probed with spectroscopic analyses.
Strong limits are obtained by comparisons of transition frequencies for the two isotopes of
Dy atom. In contrast with the clock-comparison test, where the transition frequencies in
two different atoms are compared, here one uses a nearly degenerate pair of dysprosium
isotopes of atomic masses A = 162 and 164 [130]. Using spectroscopy of the radio frequency
electric-dipole transition, it has been found that the energy splitting between the two isotopes
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corresponds to frequencies less than 2000 MHz and the splitting is extremely sensitive to the
variation of α. In contrast to the optical frequency measurements of the atom or ion clocks,
which show similar sensitivity to α variation, the near-degeneracy of the energy levels in 162Dy
and 164Dy relaxes the fractional accuracy and stability requirements of the frequency source.
In ref. [130], two categories of Dy/Dy spectroscopic measurements are discussed: (i) long-term
(LT) measurement which is based on the measurements of ν162 and ν164 averaged over 9 days
and (ii) short term (ST) measurements where the data were taken in one day over a span of
14.5 h. The LT data, being taken for longer period of time, probes lower frequency/masses and
ST data provide competitive limits in the higher frequencies where the maximum analysed
frequency is defined as ωmax ∼ 4π/∆tmin, where ∆tmin is the shortest time between two
successive measurements. In figure 6, we show the limits from Dy/Dy measurements, which is
the only complementary (but weaker) bound to Rb/Cs around ma ≲ 10−23 eV, but it extends
to higher masses compared to other clock-comparison experiments. In fact, over a small mass
window ma ≈ 1.85 × 10−16 - 3.68 × 10−16 eV, Dy/Dy provides the best limits.

Frequency comparisons between ground-state hyperfine transitions in 87Rb and a quartz-
crystal oscillator [131] is an interesting experiment because of the high stability factor of
the quartz-oscillators over a wide range of frequencies. Moreover, unlike the microwave
clock comparisons, here all the sensitivity coefficients are non-zero. Rb/quartz probes
higher frequencies than the atomic clocks and gives the best limits in the range ma ≈ 4.45×
10−16 - 2.39 × 10−13 eV, as shown in figure 6.

4.2 Optical cavities and clock-cavity comparisons

The variations of the fundamental constants due to dark matter oscillation could also induce
a change in the length of solid objects such as optical cavities due to variations in Bohr
radius. The fractional change in the cavity length causes a change in the frequency of
the eigenmodes of the cavity, which scales as the inverse of the cavity length. Following a
similar methodology as in the case of clock comparison tests, the cavity reference frequency,
νc ∝ α me, can be compared to the atomic transition frequencies in the clocks or other
cavities in the optical/microwave domain. The most sensitive realisations of this setup
are the frequency comparison between a Si optical cavity and a 87Sr optical lattice clock
(Sr/Si) [132] and the comparison of the reference frequency of a Si cavity and an H maser
(H/Si). While Sr/Si measurements are only sensitive to the variation in the fine-structure
constant νSr ∝ α2.06 me, H/Si comparisons remain sensitive to both α and me variation
because the hyperfine transition frequency of H maser shows a different functional dependence
on me (νH ∝ α4m2

e) compared to νc.8 Owing to this, H/Si limits show slightly better
sensitivity than Sr/Si but cover ALP masses only up to ma ≈ 10−18 eV. Whereas, Sr/Si
operates in the optical domain with higher frequency stability and therefore provides the
strongest limits in the range ma ≈ 10−17 - 2 × 10−16 eV.

Another setup allows for the comparison of the frequency of a quartz crystal bulk acoustic
wave oscillator (Q) compared with that of a H maser (H) and a cryogenic sapphire oscillator
(CSO) [133]. This measurement H/Q/CSO provides competitive bounds within the range

8For H maser there is also a small dependence on the quark mass in its transition frequency, but it is
subleading compared to the α and me variation, hence neglected.
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ma ≈ 10−16 - 10−14 eV, although Rb/Quartz, owing to larger sensitivity coefficients, gives
better sensitivity.

Large ALP masses can be constrained by measurements of an electronic transition between
two states of 133Cs, which is resonantly excited with a laser field inside a cavity (Cs/cavity).
The fractional variation of the difference between the atomic transition frequency (fatm) and
the laser frequency (fL), denoted by (δf/f), is sensitive to the different dependence of the
two frequencies on the fundamental constants. In the case of fast oscillations of fundamental
constants, δf/f remains sensitive to FC variations between the acoustic cut-off frequency of
the cavity resonator (≈ 50 kHz) and the frequency corresponding to the natural linewidth
of the excited state (≈ 5 MHz) [154]. For frequencies larger than the upper cut-off, δf/f

decreases as 1/f . In figure 6, we show the limits from “Apparatus B” in [134], based on
Doppler broadband spectroscopy of the F = 4→ F ′ = 3, 4, 5 components of the Cs D2 line,
which constrains ALPs in the mass range ma ≈ 4.6 × 10−11 - 10−7 eV.

4.3 Optical/laser interferometers

Optical interferometers are sensitive to the difference in the optical phase difference between
the two interferometer arms, resulting from the variations in the dimensions of the inter-
ferometer beamsplitter. Oscillations of the fine structure constant and the electron mass
cause shifts in the lattice spacing and the electronic modes of a solid, causing variations
in the length l and refractive index n of the beamsplitter in the interferometers inside GW
detectors such as GEO-600 and LIGO. In the case of GEO-600 [135], a modified Michelson’s
interfermeter, these variations can be expressed in terms of fundamental constants as

δl

l
= −

(
δα

α
+ δme

me

)
δn

n
= −5× 10−3

(
2 δα

α
+ δme

me

)
(4.5)

which is valid in the limit where the mechanical resonance frequency of the beamsplitter
f0 is much larger than the dark matter oscillation frequency f0 ≫ fa (fa is also called
the oscillator driving frequency). These variations lead to a difference in the optical path
length of the two arms defined by

δ(Lx − Ly) =
√
2
[(

n− 1
2

)
δl + l δn

]
≈ n l [δα(a) + δe(a)] (4.6)

where we neglect the small variation in δn. Note however that for fa ≫ f0, it is δn that
dominates the optical path difference expression as δl is suppressed by a factor of f2

0 /f2
a .

The differential strain is measured in GEO-600 as a function of frequency and (4.6) can
be used to set bounds on the ALP couplings because the entire optimal frequency range
of the detector (100 Hz -10 kHz) remains smaller than the fundamental frequency of the
longitudinal oscillation mode, which for GEO-600 is ∼ 37 kHz [155]. In figure 6, we show
the exclusion limit for the ALP mass range ma ≈ 10−11 - 10−13 eV.

The Fermilab Holometer [138], on the other hand, uses two identical, spatially
separated Michelson interferometers and measures the coherent average of the cross-spectrum.
The length of the interferometer arm and the separation between the two interferometers,
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both being much smaller than the reduced de-Broglie wavelength of dark matter over the
optimal frequency range ensures the coherence of the dark matter field throughout. The
cross-spectrum measurement substantially increases the signal-to-noise ratio in comparison to
the single-interferometer setups. Holometer covers a higher mass range than GEO-600, due to
the fundamental oscillation frequency of the beamsplitter being ∼ 226 kHz. The Holometer
limits in figure 6 extend from ma ≈ 10−12 eV to almost 10−8 eV.

In laser interferometers like DAMNED [137], a laser source is locked onto an ultrastable
cavity with a locking bandwidth ∼ 100 kHz and it is unevenly distributed over the three
interferometer arms of the setup, causing a de-synchronisation in the signal phase at different
points in time. The oscillations of the fundamental constants cause variations in the cavity
output frequency (ω) and also in the fibre delay, which is given by T = n Lf /c with n

and Lf being the refractive index and the length of the fibre. Both these effects cause an
oscillatory pattern in the signal phase between the delayed and the non-delayed signal and
the resulting phase difference

∆Φ(t) ∝
(

δω

ω0
+ δT

T0

)
, (4.7)

which can be expressed in terms of variations of the fundamental constants [156]

δω(t)
ω0

≈ −(δα + δe)
ρDM
m2

af2 ((1 + A) cos (2ωat) + B sin (2ωat))

δT (t)
T0

= δLf (t)
Lf0

+ δn(t)
n0

(4.8)

where Lf0 and ω0 are the unperturbed length and frequency of the cavity, respectively. The
coefficients A, B are negligible below resonance, on resonance A = 0, B ∼ O(104) and above
resonance A = −1, B = 0. The respective variations in the length and the refractive index
of the fibre can be expressed as

δLf (t)
Lf0

≈ −(δα + δe)
ρDM
m2

af2 cos (2ωat) (4.9)

δn(t)
n
≈ 10−2

(
δω(t)

ω0
− [2δα + δe + (δe − δp)/2− 0.024(δq − δp)]

ρDM
m2

af2 cos (2ωat)
)

(4.10)

The oscillation data for the phase fluctuation ∆Φ(t) can be used to set limits on the ALP
couplings as a function of dark matter mass. The corresponding bounds are shown in figure 6,
covering the ALP mass range ma ≈ 2 × 10−11 - 4 × 10−11 eV. Peaks occur at resonances
corresponding to the Compton frequency 2ωa ≈ ωr, where ωr denotes the resonant frequency
of the cavity, with ωr = 2πn 27.62 kHz and n = 1, 3, 5, 7.

Oscillations of fundamental constants can also be probed with Febry-Perot interferometers
like LIGO because they change the dimension and the refractive index of the beamsplitter [136].
The methodology is similar to GEO600 due to the signal being proportional to the length
variation of the beamsplitter (variation in the refractive index is subdominant), but for LIGO
the sensitivity is attenuated by a factor of arm cavity finesse ∼ O(100). There is an additional
contribution to δ(Lx−Ly) from the thickness variation of the mirrors fitted on the two cavity
arms. However, this is a subleading effect because δ(Lx−Ly) is proportional to the thickness
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difference between the mirrors in the two arms which is tiny (∼ 80 µm) in the current LIGO
setup [155]. We include these effects from LIGO-03 observations [136] in figure 6 and set
limits in the mass range ma ≈ 10−14 - 10−11 eV.9

Future axion interferometers utilising polarised light have the potential to further improve
the sensitivity of interferometer searches [95, 159, 160].

4.4 Mechanical resonators

Similar to optical cavities, mechanical resonators are sensitive to the time variation of the
mechanical strain h(t) of solid objects consisting of many atoms, which originates in variations
of the atom size caused by the fluctuations of the fundamental constants such as α and me, with

h(t) = −(δα(a) + δe(a)) . (4.11)

For quadratic ALP couplings that induce the FC variations above, the strain can be resonantly
enhanced if one of the acoustic modes of the elastic body is tuned to twice the ALP Compton
frequency (ωa). One can impose competitive bounds on the axion dark matter coupling from
the frequency-dependent strain data measurement in the mechanical resonators. The cryogenic
resonant-mass detector AURIGA [139, 161] provides sensitivity over a narrow bandwidth (of
the instrument) 850-950 Hz, which corresponds to an ALP mass window 1.88 - 1.94 peV.

While in the case of AURIGA the bar lengths of O(m) provides sensitivity to ∼ kHz
resonant frequencies, future compact acoustic resonators of mm-cm scale would cover Hz-MHz
range frequencies [139]. In figure 7, we include the projections from superfluid He-
lium bar resonator (He) sensitive to ma ≈ 0.25 peV - 0.65 neV, sapphire cylin-
der (sapphire) covering ma ≈ 0.14 - 7.93 neV, quartz micropillar resonator
(Pillar) probing 1.36 - 71 neV and quartz BAW resonator (Quartz) constraining
23-589 neV dark matter mass. These resonators measure the strain sensitivity (S) which
is related to the minimum detectable mechanical strain as

hmin = 2
√
S (τint τa)−

1
4 , for τint ≫ τa (4.12)

where the total runtime of the measurement τint is assumed to be much larger than the
coherent time for the dark matter signal τa. Using (4.11), we obtain limits on the minimum
detectable ALP coupling. The sensitivity worsens at large masses because τa is shorter.
In figure 7, we also show projections from the resonant mass Gravitational Wave detector
DUAL [145], which is expected to cover the ALP mass range ma ≈ 10−12 - 10−11 eV.

4.5 Atom interferometers

Oscillations in the fundamental constants cause oscillation in atomic transition frequencies [162,
163]. In atom interferometers, sequences of coherent and single-frequency laser pulses that

9LIGO-O3 also probes ultralight dark matter couplings via so-called acceleration effect [157], where the
interferometer mirrors are subjected to an acceleration caused by the dark matter field gradient. FC oscillations
induce variations in the mass of the atoms and that in turn causes mass variation in macroscopic objects
such as mirrors. Limits are obtained for scalar dark matter [158], although weaker than the other laser
interferometer limits discussed here. For ALP dark matter, the limits should be calculated starting from the
mirrors’ equation of motion, similar to (3.7). We postpone this for a later study.
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are resonant with the transition between an atomic ground state and a specific excited state
are used to split and recombine matter waves. Atomic interferometers measure the phase
shift between split atomic wave packets and detect a dark matter-induced signal phase when
the period of atomic transition oscillation matches the total duration of the interferometric
sequence. The oscillation of fundamental constants generates an oscillatory component in
the electronic transition frequency

ωA(t, x) = ωA + δωA(a) (4.13)

where ωA ∝ me α2+ξ with ξ is a calculable transition-specific parameter and ξ ≈ 0.06 for
the cases discussed here [163] and

δωA(a)
ωA

= δe(a) + (2 + ξ) δα(a)

≈ (δe + (2 + ξ)δα)
ρDM
m2

af2 cos (2ωat) ≡ ωA cos (2ωat) (4.14)

Due to this time-dependent correction to ωA, the dark matter-induced signal is accumulated
in the propagation phase of the excited state relative to the ground state. For each path
segment (between time t1 and t2) when the transition occurs, the dark matter-induced
contribution to the propagation phase is therefore

Φt2
t1 =

∫ t2

t1
δωA(a)dt (4.15)

The total phase difference for a single atom interferometer is thus obtained by summing over
all such paths in which the atom is in the excited state. However, the sensitivity of single
atom interferometers is limited by the phase noise of the laser, which can be overcome in a
system of two or more interferometers, where the common laser phase noise cancels [163].
The total phase shift in a system constituting a pair of atom interferometers, also known
as a gradiometer, is given by [164]10

Φs = 4ωA

ωa

∆r

L
sin (ωanL) sin (ωaT ) sin

{
ωa (T + (n− 1)L)

}
, (4.16)

where ∆r and L are the separation between the two atom interferometers and the baseline
length respectively, n denotes the number of times the atoms interact with the laser pulse
while getting a large momentum transfer kick each time (therefore n also denotes the number
of kicks) and T is the interrogation time. In this notation, the total duration of a single
interferometric sequence is 2T + L and there are total 4n − 1 laser pulses.

There are several proposals to probe ultralight dark matter with compact gradiometers
such as AION-10 operating under the assumptions nL ≪ T and manL ≪ 1. Using these
conditions and substituting ωa ≈ ma, (4.16) can be further simplified as

Φs = 4ωan∆r sin2 (maT ) (4.17)
10Refs. [143, 164] discuss the phase shift expression for scalar linear dark matter couplings where the

variation or fundamental constants ∝ cos (ωat + θ), and take the screening effect for quadratic couplings into
account [143] . We reinterpreted these bounds for quadratic ALP couplings in (4.16).
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As stated in the above equation, the sensitivity scales linearly with the separation between
the interferometers. However, the earth-based atom interferometry proposals are limited to
km-scale separation. In the long-baseline experiments, ∆r ≈ L.

Large-scale earth-based atom interferometers such as AION and MAGIS, are proposed
to be built in the near future, each starting from a 10 m baseline with the goal to eventually
realise a 1 km baseline. A longer baseline corresponds to higher sensitivity to ALP couplings.
Atomic interferometers discussed here are based on the 5s2 1S0 − 5s5p 3P0 optical transitions
in 87Sr. There are also proposals for a space-based interferometer AEDGE, where the
spatial separation between two cold atom clouds would be ∼ 108 m. In all cases, atomic
interferometer sensitivities are limited by shot noise, whereas noise from gravity gradients
dominates at low frequencies and sets the lower limit on the frequency/mass probed when
it surpasses shot noise [164].

In figure 7, we show the projected limits for AION-km [143], MAGIS-km [144]11 and
AEDGE. While gravity gradient noise dictates the lower bound on frequency/mass, the upper
bound corresponds to the maximum frequency at which the dark matter signal remains
coherent, ie, τa ≳ ∆t, where ∆t is the time-interval between the successive measurements.
For AION and MAGIS, gravity gradient noise sets the lower bound at ma ≈ 2× 10−16 eV.
However, AION projects a better coverage than MAGIS at higher frequencies as it extends
up to ma ≈ 3 × 10−11 eV, almost an order of magnitude more than the highest frequency
expected to be covered by MAGIS.

The projected limits from AEDGE [142] are obtained both in broadband and resonance
modes. Switching from broadband to resonant mode is possible by changing the pulse sequence
used to operate the device, leading to a Q-fold enhancement for the resonant mode, therefore
increasing sensitivity at certain frequencies. Although a better sensitivity to larger ALP
masses ma ≈ 10−16 − 10−14 eV, can be achieved operating in resonant mode, the broadband
mode of AEDGE provides the best coverage at low frequencies corresponding to ALP masses
of ma ≈ 10−18 eV. This is largely because a higher Q corresponds to a shorter interrogation
time T , which leads to a loss of sensitivity at lower masses and shifts the best sensitivity
to higher masses while operating in the resonant mode [164, 165].

5 Summary

An overview of the experimental constraints on a light ALP field is shown in the ma− cGG/f

plane in figure 8 for the case that the ALP field explains the observed dark matter relic density,
and in figure 9 for the case that the ALP field does not contribute to dark matter. We assume
that the ALP mass is a free parameter and the UV theory has only interactions between the
ALP and the SU(3)C field strength tensor. Running and matching effects generate couplings
to other SM particles and induce quadratic ALP couplings in the low energy theory. Note
that we assume there is no CP violating ALP coupling.

There are significant differences between the two scenarios. If light ALPs are dark
matter, several effects can be observed that are not present for a light ALP field that does
not contribute significantly to the dark matter relic density. The variation of fundamental

11The 10 and 100 m baseline versions for AION and MAGIS are proposed be built sooner than their km-scale
counterparts, but we have shown the maximum projected coverage from these experiments.
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Figure 8. Current experimental limits (sensitivity) on ALP dark matter from - (i) quantum sensors
(ii) haloscopes and (iii) EP-violation tests. Exclusions are shown in solid lines for atomic clocks in red,
clock-cavity tests in blue, optical/laser interferometers and mechanical resonators in green, haloscopes
in orange and EP-violation tests in brown. Also shown are projections in dashed lines from nuclear
clock (Th-229) in red, atom interferometers (broadband and resonant modes) in purple, mechanical
resonators in green, haloscopes in orange and nuclear magnetic resonances in magenta. Above the black
dashed line, the small-coupling approximation breaks down, leading to an unphysical parameter space.

constants induced by oscillations of the quadratic ALP field is the most sensitive probe for
ALPs lighter than ma ≈ 10−20 eV. These experiments probe the ALP gluon coupling via its
correction to nucleon masses, photons, and electrons. Quadratic ALP interactions probe the
gradient of the ALP field which leads to very strong constraints from tests of the equivalence
principle for masses ma ≈ 10−20 − 10−5 eV. We stress however that the assumptions going
into the calculation of both variations of fundamental constants and tests of the equivalence
principle rely on a small-coupling approximation which breaks down for an interaction
strength of cGG/f ≳ 5.25× 10−14 GeV−1 and ma ≲ 7× 108 cGG/f eV2, as indicated by the
black dashed line in figure 8. For larger couplings, the ALP dark matter field has nonlinear
solutions which leads to an non-perturbative parameter space [166]. In the case of axion
dark matter a full solution to the non-linear equations of motion has not been derived and a
strong statement on the region of validity of the small coupling approximation depends on
this solution. As explained in section 2.5 we therefore indicate the parameter space given
by (2.52) and (2.57) for which the leading order approximation is valid in figure 8. In figure 9
we instead show the bound derived in [47] for the non-DM case.

Haloscopes and helioscopes mostly probe the ALP photon coupling via the Primakoff
effect in an external magnetic field. Even though haloscopes probe the linear ALP-photon
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Figure 9. Current experimental limits (sensitivity) on the ALP-gluon coupling at the UV scale
where we compare only the most stringent bounds for each mass from two categories - (i) helioscopes
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are shown with dashed lines. In helioscopes, we show the current exclusions from CAST and future
projections from IAXO. The current limits for fifth-forces are taken from Rb -21Ne comagnetometer,
torsion balances and Casimir-less forces. All these experiments do not require the ALP to be dark
matter. The bound from non-perturbative ALP field values close to earth is shown by the green
dashed contour, see [47].

interaction, they measure the local ALP field which is affected by the non-linear behaviour
induced by quadratic interactions. In the absence of this effect, they are the most sensitive
experiments in the mass range ma ≈ 10−5 − 10−4 eV. Helioscopes are insensitive to the dark
matter halo and the corresponding parameter space can be considered ruled out independent
of the local value of the ALP field.

In the case where the ALP field does not contribute to the dark matter, non-perturbative
ALP field values are relevant close to massive bodies for small ALP masses [47]. The strongest
constraints set by lab measurements for the whole mass range in this case are set by the CAST
helioscope. We also show the parameter space excluded by searches for fifth forces which
include the contributions from shift-invariance breaking quadratic ALP-nucleon interaction.
Both probe the couplings induced by the RG running.

6 Conclusions

We present a comprehensive analysis of the sensitivity of quantum sensors and high-precision
measurements to effects from light axions or axionlike particles. Below a mass of a few
electronvolt ALPs can be dark matter candidates, with the relic density produced via
misalignment and the ALP field behaving like a classical (pseudo)scalar background field.
We compute the most promising experimental strategy for light ALP searches and stress the
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complementarity of experiments that can distinguish whether ALPs make up a substantial
component of dark matter.

To this end, we go beyond the existing work on quantum sensor searches for ALPs
in several important ways. First, we take effects from renormalisation group running and
matching into account by expressing the low energy couplings of the ALP with SM fields
in terms of the coefficients of the UV theory, which allows to compare the sensitivity of
experiments at different scales. An important effect is the ALP coupling to electrons that
is generated via RG effects present even if the ALP only couples to gluons in the UV. We
further use the ALP interactions in the chiral Lagrangian to compute interactions quadratic
in the ALP field. We also express the ‘dilatonic charges’ in terms of the ALP couplings in
the chiral Lagrangian. These interactions are nominally subleading with respect to linear
ALP interactions, but induce effects that can be more relevant due to the experimental
sensitivity, for example, time-dependent fundamental constants and spin-independent fifth
forces. We find a clear hierarchy in quadratic ALP couplings due to the derivative nature of
ALP couplings, which always leads to a suppression of quadratic ALP-electron couplings. The
solution of the equations of motion for quadratically coupled fields in the presence of a massive
body such as a planet has a position-dependent mass term which implies an non-perturbative
field values for ALPs for cGG/f ≳ 5.25× 10−14 GeV−1 and ma ≲ 7× 108 cGG/f eV2, an effect
equivalent to the one observed for ALPs that are not dark matter in [47].

Even though our formalism allows to consider any combination of ALP couplings in the
UV, we use a scenario with a single ALP coupling to gluons in the UV in order to illustrate
our results. We compare constraints from the fifth forces induced by linear and quadratic
ALP interactions and emphasize how quadratic interactions can lead to better sensitivity since
linear ALP couplings only induce spin-dependent forces. The sensitivity of cavity searches
with haloscopes and helioscopes is also significantly modified by taking into account quadratic
ALP interactions. Besides a resonance induced by the conversion of a single pseudoscalar in
the external magnetic field, cavities are also sensitive to the scalar interaction of two ALP
fields which put constraints in a different mass range. Quantum clocks are one of the most
sensitive probes of very light ALPs by probing variations in fundamental constants. We
compare the sensitivity of optical, microwave, future nuclear, and molecular clocks with cavity
searches. For low masses, clocks are the most sensitive experiments, whereas tests of the
equivalence principle and haloscopes are more sensitive for higher masses. For intermediate
masses, mechanical resonators are competitive with haloscopes.

Laser and atomic interferometers provide new ways to search for ALPs. In the case
of laser interferometers, the effect of the ALP background field is to cause shifts in the
length of the beamsplitter, whereas for atomic interferometers it induces a phase shift in the
wavefunction. Both effects are induced by quadratic ALP couplings. Together with potential
future measurements with a nuclear Th-229 clock, space-based interferometers like AEDGE are
capable to significantly improve sensitivity. For lower masses, higher frequency LC-oscillators
like DMRADIO have the potential to significantly improve over current sensitivities. In
the case where the ALP is unrelated to dark matter, the strongest constraints are set by
helioscopes and could be improved by an order of magnitude once IAXO is operational.
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There are several directions for future work. A full solution of the field equations close
to massive bodies, taking into account the dark matter boundary conditions and the full
ALP potential, is necessary to compute reliable theory predictions for the non-perturbative
parameter space. Different UV models, in particular models with photon and lepton couplings,
would substantially change the hierarchy of experimental limits and projections. Finally,
taking into account CP violation in the Standard Model gives rise to ALP-induced neutron
dipole moments, spin precession, and long-range forces from a single ALP exchange, which
could considerably affect the allowed parameter space.
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A Connection to the UV theory

In order to evaluate the ALP couplings in the low-energy theory considered here we have to
take into account renormalisation group effects [18, 25, 167]. We consider flavor diagonal ALP
coulings to SM fermions at the UV scale cQ = cQ1, cu = cu1, cd = cd1, cL = cL1, ce = ce1,
so that the UV theory has 8 independent ALP couplings to SM particles. Fermion couplings
enter the RG equations with a Yukawa factor and we set all fermion Yukawa couplings to
zero apart from the top Yukawa yt ∼ 1. RG running of the ALP couplings to vector bosons
between the UV scale and the electroweak scale is then described by the equations

d c̃GG

d lnµ
= y2

t

8π2 ctt +
6α2

s

π2 c̃GG + 27α2
2

16π2 c̃W W + 11α2
1

16π2 c̃BB ,

d c̃W W

d lnµ
= 3y2

t

32π2 ctt +
9α2

s

2π2 c̃GG + 27α2
2

8π2 c̃W W + 3α2
1

8π2 c̃BB ,

d c̃BB

d lnµ
= 17y2

t

96π2 ctt +
11α2

s

2π2 c̃GG + 9α2
2

8π2 c̃W W + 95α2
1

24π2 c̃BB , (A.1)

where we defined

c̃GG = cGG + 1
2 Tr (cu + cd − 2 cQ) , (A.2)

c̃W W = cW W −
1
2 Tr (3 cQ + cL) , (A.3)

c̃BB = cBB + Tr
(4
3 cu + 1

3 cd −
1
6 cQ + ce −

1
2 cL

)
, (A.4)

The running of the physical ALP-fermion couplings

cqq = cq − cQ, cee = ce − cL , (A.5)
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with q = t, u, d , is given by
d ctt

d lnµ
= 9y2

t

16π2 ctt +
2α2

s

π2 c̃GG + 9α2
2

16π2 c̃W W + 17α2
1

48π2 c̃BB (A.6)

d cuu

d lnµ
= 3y2

t

8π2 ctt +
2α2

s

π2 c̃GG + 9α2
2

16π2 c̃W W + 17α2
1

48π2 c̃BB . (A.7)

d cdd

d lnµ
= 3y2

t

8π2 ctt +
2α2

s

π2 c̃GG + 9α2
2

16π2 c̃W W + 5α2
1

48π2 c̃BB . (A.8)

d cℓℓ

d lnµ
= 3y2

t

8π2 ctt +
9α2

2
16π2 c̃W W + 19α2

1
16π2 c̃BB . (A.9)

Here, the running of the ALP-charm coupling ccc and the ALP-strange coupling css is
described by the beta function of cuu and cdd, respectively.

Matching contributions for the ALP couplings to gauge bosons at the electroweak scale
can be written as

c̃GG(Λ) = cGG + 1
2
∑

q

cqq(Λ) ,

c̃W W (Λ) = cW W −
1
2 Tr

[
3cU (Λ) + cE(Λ)

]
,

c̃BB(Λ) = cBB +
∑

f

Nf
c Q2

f cff (Λ) +
1
2 Tr

[
3cU (Λ) + cE(Λ)

]
.

(A.10)

Matching contributions to the physical ALP-fermion couplings at the electroweak scale can
be written for f = u, d read

∆cff (µw) = −
3y2

t

8π2 ctt T f
3 ln µ2

w

m2
t

1

− 3α2

16π2s2
w

[
cW W

s2
w

(
ln µ2

w

m2
W

+ 1
2

)
+ 4cγZ

c2
w

Qf (T f
3 − 2Qf s2

w)
(
ln µ2

w

m2
Z

+ 3
2

)

+ 4cZZ

c4
ws2

w

(
s2

wQ2
f + (T f

3 −Qf s2
w)2

)(
ln µ2

w

m2
Z

+ 1
2

)]
− δcDD(µw)1 (A.11)

where the last line includes a contribution from W−loops with internal top quarks that is
only present for the matching of ALP couplings to down-type at the weak scale, where

δcDD(µw) =
y2

t

16π2 |VtD|2
(

ctt(µ)
4

(
− 1 + 2 ln µ2

w

m2
t

− 61− xt + ln xt

(1− xt)2

)
− 3α

2πs2
w

cW W
1− xt + xt ln xt

(1− xt)2

)
(A.12)

and D = d, s, b.
Running below the electroweak scale ALP couplings to gauge couplings only run at 2-loop

order and can be neglected. The running of ALP-fermion couplings below the electroweak
scale is given by

d cqq

d lnµ
= α2

s

π2 c̃GG + 3α2

4π2 Q2
q c̃γγ , (A.13)

d cee

d lnµ
= 3α2

4π2 c̃γγ . (A.14)
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There are threshold corrections to the ALP couplings to gauge bosons whenever a new quark
or lepton is integrated out so that

c̃GG = cGG + 1
2
∑

q

cqq(µ)θ(µ−mq) (A.15)

c̃γγ = cγγ +
∑

f

Nf
c cff (µ)θ(µ−mf ) (A.16)

And evaluating the ALP-fermion couplings at the QCD scale requires a step-wise matching
and running across flavor thresholds.

The coefficients entering (2.1) are now obtained by first running the ALP couplings from
the UV scale to the electroweak scale by solving the system of RGEs at the weak scale (A.1)
and (A.6) (as well as the running of the SM gauge couplings and the top Yukawa coupling)
and adding the matching contributions (A.10) and (A.11). The ALP couplings at the QCD
scale are then determined by step-wise running below the electroweak scale via (A.13), taking
into account the scale dependence of the ALP-gauge boson couplings (A.15) and of α and αs.

The effective ALP coupling to photons below the QCD scale can be written as

ceff
γγ(ma < µ0) = cγγ(µ0)−

(
5
3 + m2

π

m2
π −m2

a

md −mu

mu + md

)
cGG(µ0)

− m2
a

m2
π −m2

a

cuu(µ0)− cdd(µ0)
2 +

∑
q=c,b

3Q2
q cqq(µ0)B1(mq)

+
∑

ℓ=e,µ,τ

cℓℓ(µ0)B1(mℓ)

= cγγ(Λ)− (1.92± 0.04) cGG(Λ) +O
(

τa,
m2

a

m2
f

)
(A.17)

because the loop function B1(τf ) ≈ −m2
a/(12m2

f ) for mf ≫ ma. The coefficient of cGG in
the second line includes the NLO corrections calculated in [20].

B Axion models

The couplings in (A.2) and (A.5) are general Wilson coefficients for a pseudoscalar with
approximate shift symmetry coupled to SM particles at the UV scale. Various explicit axion
models have been proposed, e.g. to explain the small CP phase in QCD, and in the following
we give the relation between axion couplings in these models and these Wilson coefficients.

Arguably the simplest implementation of the QCD axion is the KSVZ model with a single
coupling between the axion and gluons in the UV. The complete theory needs additional
color charged particles that generate this coupling, but in terms of the EFT above the
electroweak scale one only has

cGG

∣∣
KSVZ = 1

2 . (B.1)
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Alternatively one can generate the coupling of the axion to gluons via quark loops as in the
case of the DSFZ model. In this case, one has in the UV

cGG

∣∣
DSFZ = 1

2 ,

cγγ

∣∣
DSFZ = 3

16 ,

cuu

∣∣
DSFZ = 1

3 cos2 β ,

cdd

∣∣
DSFZ = cee

∣∣
DSFZ = 1

3 sin2 β . (B.2)

Alternatively, the DSFZ model can be realised with the couplings

cGG

∣∣
DSFZII =

1
2 ,

cγγ

∣∣
DSFZII =

1
8 ,

cuu

∣∣
DSFZII = cee

∣∣
DSFZII =

1
3 cos2 β ,

cdd

∣∣
DSFZII =

1
3 sin2 β . (B.3)

C Big Bang Nucleosynthesis and astrophysical constraints

For completeness, we provide the equations relevant for the computation of constraints from
Big Bang Nucleosynthesis (BBN) in terms of the low energy theory presented in section 2
here. The abundance of elements during BBN is sensitive to variations in the neutron-proton
mass difference which changes the ratio of neutrons to protons in the early Universe. If there
is a non-zero θ angle the neutron-proton mass difference becomes θ dependent and the binding
energies of nucleons are increased, resulting in constraints θ ≲ 0.1 during BBN [168, 169].
Even in the absence of a θ angle variations of the nucleon masses from quadratic interactions
can change the neutron-proton mass difference [34, 169–172]. The strongest constraint on
ALP interactions arises from the change in the Helium abundance, which can be written as [34]

∆Yp

Yp
= ∆Xn(aW )

Xn(aW ) + Γn

H(aBBN)
∆BD

BD
(C.1)

−
∫ aBBN

aW

da′

a′
Γn

H(a′)

( 6gA

1 + 3gA
∆gA + 2∆GF

GF
+ 5δe + x

P ′(x)
P (x)

(
δ∆M − δe

))
,

where Xn(aW ) is the neutron abundance at weak freeze-out, BD the deuterium binding
energy, H(a′) the Hubble constant in dependence of the scale factor a′, gA is the weak axial
coupling, the neutron decay width reads

Γn = 1 + 3g2
A

2π3 G2
F m5

eP (x), (C.2)

and

P (x) = 1
60
(
(2x4 − 9x2 − 8)

√
x2 − 1 + 15x ln(x +

√
x2 − 1)

)
(C.3)
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and P ′(x) are the phase space factor and its derivative evaluated at x = ∆MN /me. The
neutron abundance at weak freeze-out can be written in the instantaneous approximation
(neglecting variations of the freeze-out temperature TW )

∆Xn(aW )
Xn(aW ) = −∆MN

TW
δ∆M ≈ −1.358 δπ(a) (C.4)

The dependence of the deuterium binding energy on the pion mass has been obtained
in [173], so that

∆BD

BD
= −1.825 δπ(a) . (C.5)

In order to express the variation of the weak axial nucleon coupling on the ALP field can
be obtained from NNLO heavy baryon ChPT [34]

∆gA

gA
= −0.008 δπ(a) , (C.6)

and the variation of the Fermi constant is

∆GF

GF
= δα(a) . (C.7)

The result is directly sensitive to the square of the field values a2/f2, which depend on the
cosmic history of the ALP field and a recent analysis for quadratically interacting fields can
be found in [34], where one can also find constraints from Lyman-α measurements [174],
ultrafaint dwarf galaxies [175] and black hole superradiance [176].
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