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Abstract: Quantum phase measurements offer a complementary route to axion searches.
We show that axion-photon interactions can imprint both Aharonov-Bohm (AB) and Berry
phases in experimentally motivated quantum setups. For a coherently oscillating axion dark
matter background, the induced effective current generates a time dependent magnetic flux
in an rf-SQUID, leading to a measurable voltage signal through the Josephson phase. For
representative benchmarks, this AB phase search reaches the minimum axion-photon coupling
gmin

aγγ ∼ 7.8 × 10−14 GeV−1 at axion mass ma ∼ 10−10 eV, with projected sensitivity that can
improve on existing limits in that parameter space by roughly one to two orders of magnitude.
We also identify a geometric phase observable in a Mach-Zehnder interferometer with an
adiabatically rotating magnetic field, providing a proof-of-principle phase-based probe of
meV-scale axions even when they do not constitute the dark matter, although sensitivity on
the coupling remains weaker than current bounds with conservative tabletop benchmarks.
Extending the analysis to a three level photon-axion quasiparticle (AQP)-axion system, with
the AQP realized in a topological magnetic insulator, we find a potentially measurable THz
Berry phase dominated by the AQP sector, furnishing a nontrivial validation of the formalism
in a richer coupled system. These setups establish quantum phase observables as a useful new
framework for axion searches, with immediate phenomenological promise in superconducting
circuits and longer term potential in quantum enhanced interferometry.
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1 Introduction

Pseudoscalar Nambu-Goldstone boson, such as the QCD (quantum chromodynamics) axion
was initially proposed to dynamically solve the strong CP (charge conjugation-parity) problem,
thereby explaining the smallness of the neutron electric dipole moment [1]. While such fields
are produced massless at the level of spontaneous symmetry breaking, non-perturbative QCD
instanton effects generate a small mass, thereby relating the axion mass to the symmetry
breaking scale [2–9]. More generally, string theory and higher-dimensional frameworks
predict a broader class of axion-like particles (ALPs), which are typically ultralight and for
which the mass and coupling scales are not necessarily related, as the explicit symmetry
breaking scale does not need to coincide with the QCD confinement scale [10–15]. Their weak
couplings to Standard Model (SM) fields, in particular to photons, enable sensitive probes
through precision measurements of photon propagation and polarization in astrophysical
and laboratory settings [16, 17]. Axion may also constitute a compelling dark matter (DM)
candidate beyond the weakly interacting massive particle (WIMP) paradigm [18–20].

The extremely weak coupling of axions to photons makes their detection challenging,
motivating the development of precision experimental techniques. Cavity haloscopes such
as ADMX [21–28] and HAYSTAC [29–33] probe galactic axion DM in the O(1−20)µeV
mass range via resonant conversion into microwave photons in a strong magnetic field.
Complementary approaches such as the dielectric haloscope MADMAX [34, 35] enhance
conversion through coherent emission across multiple interfaces, extending sensitivity to
O(100)µeV masses.

At lower masses, the axion behaves as a coherently oscillating classical field with frequency
set by its mass, rendering cavity-based techniques less effective due to the absence of resonant
enhancement and increased low-frequency noise. This has led to the development of non-
cavity approaches. Experiments such as ABRACADABRA [36, 37] probe ultralight axions in
the O(0.3−8.3) neV range by measuring the induced oscillating magnetic field in a toroidal
geometry, with future sensitivity extending to O(peV). Similarly, DMRadio [38] employs LC
(inductor-capacitor) circuits to target masses from O(10−2) neV up to O(µeV). Additional
proposals and experiments have further expanded the accessible parameter space [16, 39–45].
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Alternative strategies exploit engineered materials and condensed matter realizations of
axion electrodynamics. Topological magnetic insulators can host axion quasiparticles, enabling
sensitivity to O(meV) masses [46–49], while metamaterial-based setups can generate a tunable
effective photon mass (plasma frequency), enhancing resonant axion-photon conversion for
masses around O(10)µeV [50].

The periodic axion background can induce geometric phases in quantum systems, including
both Aharonov-Bohm (AB) [51] and Berry [52] phases. In [53], the axion-induced Mukunda-
Simon phase was studied, which is independent of adiabaticity and cyclic evolution and
depends only on the path in Hilbert space. In [54], axions are treated as a background field
modifying photon propagation, leading to birefringence and an associated geometric phase
even in the absence of an external magnetic field.

Related effects have also been explored beyond axions. In particular, AB-type phases
induced by hidden photons arise through kinetic mixing, which allows magnetic fields to
penetrate nominally into the field free regions and enables experimental probes at the O(meV)
scale [55]. Axion-induced AB phases can also lead to nontrivial topological configurations
via modifications of the electromagnetic (EM) potential [56]. Additional discussions of Berry
and AB phases in related contexts can be found in [57–60].

In this paper, we investigate an axion-induced AB phase arising in superconducting circuits.
In an rf-SQUID (radio frequency-Superconducting Quantum Interference Device) [61, 62]
configuration, a Josephson junction (JJ) embedded in a superconducting loop provides a
gauge-invariant phase difference that is directly sensitive to the magnetic flux threading the
loop. This phase can be identified with an AB phase of the macroscopic superconducting
wavefunction [62]. In the presence of axion DM, the axion-photon interaction induces an
effective current that modifies the EM field configuration, resulting in a time dependent shift in
the magnetic flux. Consequently, the phase difference across the junction is altered, producing
a measurable voltage signal. This provides a direct probe of axion-photon interactions using
superconducting circuits.

In addition to the AB phase, we consider interferometric setups that probe a geometric
(Berry) phase arising from axion-photon mixing in the presence of an adiabatically changing
magnetic field. The mixing induces an additional phase beyond the conventional dynamical
contribution, which can be detected as a shift in the interference pattern. Under adiabatic evo-
lution, the coupled system remains in an instantaneous eigenstate, allowing the accumulation
of a Berry phase determined by the geometry of a closed trajectory in parameter space. This
space is spanned by the external magnetic field configuration, plasma properties (effective
photon mass), photon frequency, and axion parameters such as its mass and coupling. The
resulting phase is characterized by the solid angle enclosed by this trajectory, reflecting the
geometric structure of the underlying axion-photon mixing Hamiltonian.

The paper is organized as follows. In section 2, we derive the axion-induced Aharonov-
Bohm phase of the superconducting condensate and estimate the corresponding sensitivity to
the axion-photon coupling using an rf-SQUID setup. In section 3, we compute the axion-
induced Berry phase in a two-level axion-photon system and evaluate its detectability in
interferometric experiments. We also analyze the Berry phase in a photon-graviton system
for representative experimental configurations. In section 4, we extend the analysis to a
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Figure 1. Schematic representation of detecting axion-induced Aharonov-Bohm phase using rf-SQUID
loop.

three-level axion-axion quasiparticle (AQP)-photon system and outline a possible detection
strategy. Finally, in section 5, we summarize and discuss our results.

We use natural system of units throughout the paper, unless stated otherwise.

2 Axion-induced Aharonov-Bohm phase of the superconducting
condensate

In this section, we show that the axion field may induce an oscillatory magnetic flux in the
superconducting pickup region via axion electrodynamics. The axion-photon interaction
produces a gauge invariant phase shift of the superconducting condensate equivalent to a
time dependent AB phase in the rf-SQUID. In an rf-SQUID, the magnetic flux threading
the loop modulates the superconducting phase difference across the JJ. A time dependent
flux therefore induces a time dependent phase, which, via the Josephson relation, generates a
measurable voltage signal. The resulting voltage can be analyzed in the frequency domain
using a fast Fourier transform (FFT) to identify the characteristic modulation induced by
the axion field. A schematic representation of the detection of this axion-induced AB phase
in the superconducting loop is shown in figure 1.

We consider an axion field a(x) with mass ma interacting with the EM field strength
tensor Fµν through the following Lagrangian [63]

L = −1
4FµνF

µν + 1
2∂µa ∂

µa− 1
2m

2
aa

2 − 1
4gaγγ aFµνF̃

µν − JµAµ, (2.1)

where FµνF̃
µν = −4 E · B, with E and B are the background electric and magnetic fields,

Jµ = (ρ,J) is the background four current density and Aµ is the four potential. Varying
eq. (2.1) with respect to Aµ gives the inhomogeneous modified Maxwell’s equations as

∇ · E = ρ− gaγγ (∇a) · B, (2.2)
∇ × B − ∂tE = J + gaγγ (ȧB + ∇a× E) . (2.3)

Therefore, eq. (2.3) shows that in the presence of a background magnetic field B = B0 and
a time oscillating axion background a(t), one obtains an effective axion-induced current density

Jeff ≃ gaγγ ȧ(t) B0, (2.4)

– 3 –



J
C
A
P
0
9
(
2
0
2
6
)
0
6
8

where we consider that the axion field is spatially homogeneous over the apparatus i.e.,
∇a ≃ 0. In other words, the axion field is spatially uniform across the detector i.e., kaL ≪ 1,
where ka is the axion DM momentum and L is the size of the detector. Thus, the modified
flux measured by the SQUID loop with loop area S can be written as

Φ(t) =
∫

S
B · dS = Φext + δΦa(t), (2.5)

where Φext is the externally applied magnetic flux threading the SQUID loop, and δΦa denotes
the axion-induced flux. We use a standard magneto-quasistatic scenario, ωaL ≪ 1 (ωa ≃ ma

is the axion oscillation frequency), where Jeff can be recast as an effective current density
that produces an extra flux. This also ensures that EM retardation effects are negligible and
the induced flux follows the axion-driven current instantaneously.

We choose a pickup segment with mutual inductance Meff such that the response due
to the axion-induced flux is dominated by a localized region, and the flux in terms of
axion-induced current Ia(t) becomes

δΦa(t) = MeffIa, Ia(t) ≡
∫

Σ
Ja · dS = gaγγ ȧ

∫
Σ

B0 · dS, (2.6)

where Σ is the cross-section through which the effective current threads, which is set by the
pickup geometry. The axion-induced current acts as an external source in the pickup region.
Since the signal is time dependent, the superconducting condensate cannot fully screen it,
and the response is effectively unsuppressed for frequencies above the inverse relaxation time.

Thus, the axion-induced flux becomes

δΦa = gaγγ ȧMeffΦB0 , ΦB0 ≡
∫

Σ
B0 · dS ≃ B0Aeff . (2.7)

The superconducting pickup region denotes the localized volume where the axion-induced
effective current is generated in the presence of the background magnetic field and Aeff is
the effective area of the pickup region. The resulting magnetic flux is coupled to the SQUID
loop through mutual inductance.

The standard Cooper pair condensate without any axion effect can be characterized as [64]

ψ = √
ρeiθ, (2.8)

where ρ is the number density of the Cooper pairs and θ is the quantum phase of the
Cooper pair condensate wave function. Thus, the current density for the superelectron in
EM field due to the change of the gauge covariant derivative or the shift in the canonical
momentum can be written as

J = iq

2m(ψ∇ψ∗ − ψ∗∇ψ) − q2

m
ψ∗Aψ, (2.9)

where q = 2e is the charge of the superelectron and m is its mass. Using eq. (2.8), we obtain

J = qρ

m
(∇θ − qA). (2.10)

– 4 –
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The gauge-invariant phase gradient is ∇θ − 2eA. The single-valuedness around a closed
loop gives the fluxoid quantization∮

(∇θ − 2eA) · dl = 2πn, n = 0,±1,±2, . . . (2.11)

where n denotes the winding number, a topological integer that counts the number of times the
phase of the complex order parameter winds by 2π around a closed loop. For a superconducting
loop containing one JJ, the gauge-invariant phase quantization can be written as

φ+ 2πΦ
Φ0

= 2πn, (2.12)

where Φ0 = 2π/2e. In our analysis, we consider the lowest fluxoid state corresponding to
n = 0. Therefore, the absolute value of the phase difference across a JJ is obtained as

φ = 2π Φ
Φ0
, (2.13)

where φ is the AB phase, implies a charged quantum wavefunction acquires phase proportional
to enclosed magnetic flux. The axion effective current density changes the flux in the SQUID
loop which yields additional contribution to the Josephson phase as

δφa(t) = 2π
Φ0
δΦa(t). (2.14)

For the readout, we write the Josephson equation as

V (t) = Φ0
2π φ̇(t) (2.15)

where φ̇ is obtained from the fluxoid relation for an rf-SQUID loop, given in eq. (2.13) with
the total flux Φ(t) = Φext +LI + δΦa(t) and L is the inductance of the superconducting loop.
Therefore, the axionic contribution to the voltage readout becomes

δVa(t) = d

dt
δΦa(t), (2.16)

where the SQUID output voltage is directly proportional to the time-varying flux. In
our analysis, the axion field behaves as a time-oscillating DM with oscillation frequency
ωa = ma given as

a(t) =
√

2ρDM
ma

cos(mat), (2.17)

where ρDM denotes the energy density of the DM in the Universe. Therefore, the amplitude
of the axion-induced DM flux is obtained from eq. (2.7) as

δΦ0
a = gaγγ

√
2ρDMMeffΦB0 , (2.18)

where the signal amplitude is independent of axion DM mass.

– 5 –
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To estimate the sensitivity of the axion-photon coupling, we consider the SQUID has the
flux noise spectral density S

1/2
Φ (in Φ0/

√
Hz or Wb/

√
Hz). For a narrowband axion signal

at ωa = ma, the detectable flux amplitude scales like

δΦmin
a ≃ S

1/2
Φ√
Teff

, Teff ≡ min (T, τc), (2.19)

where T is the integration time τc ∼ 2π/(mav
2) is the axion coherence time with v denotes

the DM velocity. Thus, the sensitivity to the axion-photon coupling can be obtained as

gmin
aγγ ≃ S

1/2
Φ√

Teff
√

2ρDMMeffΦB0

, (2.20)

which follows directly by equating the axion-induced flux amplitude in eq. (2.18) to the
minimum detectable flux set by the SQUID noise in eq. (2.19), and solving for the smallest
detectable axion-photon coupling. To estimate the sensitivity to the axion-photon coupling,
we adopt realistic benchmark parameters. We take the effective inductance to be Meff = 50 nH
and the background magnetic flux ΦB0 = 5 T · 5 cm2. The local DM density is assumed
to be ρDM = 0.3 GeV cm−3 [65].

The minimum detectable flux is given by δΦmin = S
1/2
Φ /

√
Teff , where we use an effective

integration time Teff = 6 s and a flux noise spectral density S
1/2
Φ = 0.1 µΦ0/

√
Hz, with

the superconducting flux quantum Φ0 = π/e. Numerically, Φ0 = 2.07 × 10−15 Wb, 1 H =
1 Wb/A = 4.1 × 1021 GeV−1, and 1 Wb = 5.05 × 1015. Hence, we obtain the sensitivity
on gaγγ from eq. (2.20) as

gmin
aγγ ≃ 7.8×10−14 GeV−1

(
S

1/2
Φ

0.1 µΦ0/
√

Hz

)( 6 s
Teff

)1/2(0.3 GeV/cm3

ρDM

)1/2(50 nH
Meff

)(5 T.5 cm2

ΦB0

)
.

(2.21)
Equations (2.20) and (2.21) are written at the level of effective coupled input flux

compared against the input-referred flux noise. Thus, the omitted circuit details should only
modify the overall transfer function normalization, at most by an order one factor, without
changing the basic sensitivity scaling. The rf-SQUID setup considered here functions as
an effectively nonresonant broadband sensor for an axion DM signal. For a given axion
mass, however, the signal itself is narrowband, appearing as a quasi-monochromatic spectral
line at frequency ω ≃ ma with fractional linewidth ∆ω/ω ∼ v2 ∼ 10−6. In practice, this
corresponds to a very narrow peak in the FFT of the output voltage. As a result, the
projected sensitivity is approximately independent of ma when the axion coherence time
exceeds the observation time, τc > T . For larger masses, where the coherence time becomes
shorter than the integration time, τc < T , the sensitivity degrades as gmin

aγγ ∝ m
1/2
a . This

behavior corresponds to the idealized limit in which both the flux-noise spectral density and
the detector response are frequency independent.

To model the detector more realistically, we parametrize the frequency response of the
pickup and readout chain by a single-pole transfer function, R(ω) = [1 + (ω/ωc)2]−1/2, where
ωc denotes the effective bandwidth scale. This form reproduces the ideal broadband limit
R(ω) ≃ 1 for ω ≪ ωc, while capturing the expected high frequency roll-off for ω ≫ ωc. As

– 6 –
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Figure 2. Sensitivity to the axion-photon coupling from the Aharonov-Bohm phase measurement
using rf-SQUID loop.

a representative conservative benchmark, we take fc = ωc/2π ∼ 10 MHz, appropriate to a
standard flux-locked-loop SQUID readout [66].

The flux-noise power spectral density may also exhibit nontrivial frequency dependence.
We model the corresponding amplitude spectral density as S1/2

Φ (f) = S
1/2
Φ,ω[1 + (f1/2/f)]1/2

where S1/2
Φ,w is the white-noise floor and f1/f is the low frequency corner. This parametrization

incorporates the standard low frequency 1/f -type excess noise characteristic of SQUIDs and
related superconducting circuits [67]. As a conservative choice, we take S1/2

Φ,w = 0.1µΦ0/
√

Hz
and f1/f = 1 Hz [68].

Therefore, the rf-SQUID setup provides broadband coverage in the sense that it can
probe a wide range of axion masses without requiring resonant retuning. At the same time,
for each fixed ma, the axion DM signal remains intrinsically narrowband. The resulting
sensitivity curve is thus broadband in coverage, while the signal at each mass point is a
narrow spectral feature.

In figure 2, we present the projected sensitivity to the axion-photon coupling gaγγ as a
function of the axion mass, obtained from the measurement of the axion-induced AB phase
with an rf-SQUID loop. The projected reach is shown together with existing bounds from
laboratory experiments [16], astrophysical observations [16], and DM direct detection searches,
including ADMX [16], QUAX [41, 69–72], RBF+UF [73–76], ORGAN [44, 77–79], ADMX
SLIC [27], and BASE [80]. The QCD axion band is also shown [16]. For ma ≲ 4 × 10−15 eV,
the sensitivity degrades due to the low frequency 1/f excess noise, assuming a knee frequency
f1/f = 1 Hz. At larger masses, the reach weakens once the axion coherence time becomes
shorter than the integration time, which occurs around ma ≃ 7 × 10−10 eV. In addition, the
sensitivity is further suppressed at ma ≃ 4 × 10−8 eV due to the finite detector bandwidth,
corresponding to a response cutoff frequency fc = 10 MHz. The projected sensitivity improves
upon the currently existing bounds by approximately one to two orders of magnitude. One
can equivalently formulate the readout in terms of voltage rather than flux, without changing

– 7 –
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the projected coupling sensitivity. This is because both the axion-induced signal and the
corresponding voltage noise scale linearly with the axion frequency, so the explicit ma

dependence cancels in the signal-to-noise ratio.

3 Axion-induced Berry phase from photon interferometry

The presence of an external magnetic field can induce mixing between photons and ALPs,
allowing the axion-photon system to exhibit a geometric (Berry) phase during the adiabatic
evolution of the magnetic field. In the following, we consider a two level axion-photon
system and study the evolution of the particle states as they propagate through a magnetic
field over a distance.

A schematic illustration of the proposed setup for measuring the axion-induced Berry
phase in an axion-photon system using a Mach-Zehnder interferometer (MZI) [81, 82] is
shown in figure 3. The interferometer is fed by a coherent laser source, which is split into two
optical paths by the first beam splitter (BS1). One arm contains an adiabatically varying
transverse magnetic field, BT (z), which induces axion-photon mixing, while the second arm
serves as a reference and is free from any external field. The beams propagating along the
two arms are reflected by mirrors M1 and M2, and subsequently recombined at the second
beam splitter (BS2). The resulting interference pattern, recorded at the detector, encodes
both the dynamical phase and the geometric (Berry) phase acquired during propagation. To
isolate the geometric contribution, a control measurement can be performed in the absence
of the magnetic field, in which case only the dynamical phase is present. The Berry phase
can then be extracted from the differential fringe shift between the two configurations.

In the presence of a static transverse magnetic field BT , photons can mix with ALPs.
Consider a monochromatic laser beam light with frequency ω propagating along the z

direction. Choosing the polarization basis such that the photon polarization perpendicular to
the magnetic field decouples, only the parallel polarization mode γ|| mixes with the axion
field a. The evolution of the axion-photon system can then be described by the following
Schrödinger-like equation along the propagation direction as [63]

i∂z

(
γ∥(z)
a(z)

)
=
(

∆γ ∆aγ

∆aγ ∆a

)(
γ∥(z)
a(z)

)
, (3.1)

where the mixing parameters are given by

∆aγ = 1
2gaγγBT , ∆a = −m2

a

2ω , ∆γ = −
ω2

pl
2ω . (3.2)

Here, ωpl denotes the plasma frequency, which effectively endows the photon with a mass
in a medium. In vacuum, however, ωpl = 0 and therefore ∆γ = 0.

The interaction eigenstates (γ|| a)T are not the propagation eigenstates of the system.
To determine the true eigenmodes, the Hamiltonian matrix in eq. (3.1) must be diagonalized.
This can be achieved by introducing a rotation characterized by the mixing angle θ, relating
the propagation eigenstates (γ1 γ2)T to the interaction eigenstate through(

γ1
γ2

)
=
(

cos θ sin θ
− sin θ cos θ

)(
γ∥
a

)
. (3.3)

– 8 –
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Figure 3. Schematic representation of detecting axion-induced Berry phase using Mach-Zehnder
interferometer.

The mixing angle θ is chosen such that the Hamiltonian becomes diagonal, yielding

tan 2θ = 2∆aγ

∆γ − ∆a
. (3.4)

In the rotated basis, the propagation eigenstates γ1 and γ2 evolve independently with
eigenvalues

λ± = ∆a + ∆γ

2 ± 1
2

√
(∆γ − ∆a)2 + 4∆2

aγ . (3.5)

A simple way to generate such a geometric phase in the axion-photon system is to rotate
the direction of the transverse magnetic field along the propagation direction, adiabatically.
In this case, the mixing term acquires a controllable complex phase. Concretely, consider a
transverse magnetic field BT (z) whose direction in the transverse plane is characterized by
an azimuthal angle φ(z). In an appropriate polarization basis, the mixing term generalizes as

∆aγ → ∆aγe
−iφ(z). (3.6)

A convenient way to describe the axion-photon system is through the Bloch-vector repre-
sentation of the Hamiltonian

H =
(

∆γ ∆aγe
−iφ

∆aγe
iφ ∆a

)
, (3.7)

which can be written as

H = ∆a + ∆γ

2 𝕀 + 1
2 ∆ · σ,

∆ = (2∆aγ cosφ, 2∆aγ sinφ, ∆γ − ∆a) ,
(3.8)

where 𝕀 denotes the identity matrix and σ represents the vector of Pauli matrices. In this
form, the interaction Hamiltonian is formally equivalent to that of a spin-1/2 particle in an
effective magnetic field ∆. The unit vector ∆̂ = ∆/|∆|, therefore defines a point on the
Bloch sphere, so that the unit vector ∆̂ sweeps a closed trajectory as φ evolves from 0 to
2π. If the system parameters (e.g. magnetic field) vary sufficiently slowly, the instantaneous
eigenstates follow the direction of ∆̂ adiabatically. When ∆̂ traces a closed loop on the Bloch
sphere, the eigenstates acquire a geometric (Berry) phase given by

γ± = ∓1
2Ω[∆], (3.9)
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where Ω[∆] is the solid angle enclosed by the trajectory of ∆̂. The exact sign of the Berry
phase depends on the choice of the eigenstate labeling and the orientation of the closed path.

Since the solid angle satisfies 0 ≤ Ω ≤ 4π, the magnitude of the Berry phase is bounded
by |γ| ≤ 2π. Consequently, the Berry phase cannot grow indefinitely. Importantly, this phase
is purely geometric, as it depends only on the area enclosed on the Bloch sphere and not
on the rate at which the parameters evolve.

When the transverse magnetic field direction varies along the propagation path, the locally
defined photon polarization basis becomes z-dependent, inducing a coupling to the orthogonal
mode proportional to ∂zφ. In the adiabatic regime |∂zφ| ≪ ∆osc =

√
(∆γ − ∆a)2 + 4∆2

aγ ,
this coupling is parametrically suppressed, and the orthogonal polarization (γ⊥) remains
negligibly populated, allowing a consistent reduction to the effective two-level (γ∥, a) system.
In particular, one can show γ⊥ ∼ (φ′/∆osc)γ∥ and for φ′/∆osc ≪ 1, γ⊥ is decoupled from
the effective 2 × 2 Hamiltonian.

Comparing eq. (3.8) with a generic vector in spherical polar coordinates

∆ = |∆|(sinϑ cosφ, sinϑ sinφ, cosϑ), (3.10)

where the direction of ∆ on the Bloch sphere is specified by the polar angle ϑ and azimuthal
angle φ, we obtain the transverse and longitudinal components of ∆ as

∆⊥ =
√

∆2
x + ∆2

y = 2∆aγ , and, ∆z = ∆γ − ∆a, (3.11)

respectively. We can also define the polar angle on the Bloch sphere as

tanϑ = ∆⊥
∆z

= 2∆aγ

∆γ − ∆a
. (3.12)

The resulting Berry phase depends on the parameters (gaγγ , BT ,ma, ωpl) through the
mixing angle θ. On the Bloch sphere, the polar angle of the vector ∆ is given by ϑ = 2θ,
while the azimuthal angle corresponds to φ. Thus, as φ varies from 0 to 2π with fixed ϑ,
the vector ∆̂ traces a circle of latitude on the Bloch sphere. The solid angle enclosed by
this loop is Ω = 2π(1 − cosϑ), which yields the Berry phase

γ± = ∓2π sin2 θ = ∓π
(

1 − ∆γ − ∆a√
(∆γ − ∆a)2 + 4∆2

aγ

)
(mod 2π). (3.13)

In the regime of small mixing, |θ| ≪ 1, eq. (3.13) reduces to

γ± ≃ ∓2π
( ∆aγ

∆γ − ∆a

)2
= ∓2π

(
gaγγωBT

m2
a − ω2

pl

)2
, (mod 2π). (3.14)

Equation (3.14) represents the axion-induced Berry phase in the small mixing limit, which
vanishes in the absence of axion-photon coupling, gaγγ → 0 or magnetic field, BT → 0. In
absence of plasma, ωpl → 0, and eq. (3.14) suggests that very light axions could lead to a large
geometric phase. However, the Berry phase is bounded by |γ| ≤ 2π, and the small-mixing
approximation breaks down once the mixing becomes large. In contrast, for large axion
masses the Berry phase decreases rapidly, scaling as γ± ∝ 1/m4

a.

– 10 –



J
C
A
P
0
9
(
2
0
2
6
)
0
6
8

The Berry phase manifests itself as an observable phase difference in an interferometric
setup. Importantly, the phase shift is purely geometric. The Berry phase of a single state
cannot be measured directly. Instead, an interferometer measures the relative phase difference
between two optical paths. It depends only on the closed trajectory traced by the mixing
parameters in parameter space and is independent of the propagation length. In comparison,
the axion-photon oscillation probability varies as square of the oscillation length.

Consider an interferometer with two arms. A beam-splitter is used to split the laser
beam into two optical paths. In one arm, photons propagate through a region where the
transverse magnetic field direction rotates slowly along the propagation path, leading to
the accumulation of a Berry phase. In the other arm, photons propagate through a region
with no magnetic field and therefore do not experience such geometric phase accumulation.
When the two beams recombine through another beam-splitter, their superposition produces
interference fringes whose positions are shifted due to the additional geometric phase, which
can be measured through a photo-detector.

The geometric phase can therefore be extracted experimentally by subtracting the
dynamical contribution, which can be determined by performing the same measurement
in the absence of magnetic field rotation. In that case, only the dynamical phase ∆ϕdyn
contributes to the interference pattern.

Furthermore, since only the parallel polarization mode γ∥ mixes with the axion field
and acquires the Berry phase, the axion effect generally changes the polarization state of
the light. This typically leads to ellipticity, and only in special cases can it be described
as a pure rotation of the polarization angle.

To estimate the sensitivity to the axion-photon coupling, we consider that the Berry
phase manifests itself as a measurable phase shift in the intensity output of an interferometer.
At first glance, the sensitivity appears to extend to arbitrarily small axion masses because
the Berry phase γ± increases as ma decreases (see eq. (3.14)). However, the derivation is
valid only in the small-mixing regime, |θ| ≪ 1, which requires∣∣∣∣∣ ∆aγ

∆γ − ∆a

∣∣∣∣∣ ≪ 1, ma ≫
√
gaγBTω, (3.15)

in vacuum.
In an interferometric measurement, the observable quantity is the photon number detected

at the output. If the average number of photons detected over an integration time T is N ,
the statistical fluctuation is ∆N =

√
N . This fluctuation corresponds to shot noise, which

translates into a phase uncertainty δϕshot = 1/
√
N , representing the standard quantum

limit (SQL).
To estimate the achievable phase sensitivity, we consider a monochromatic laser beam

with wavelength λ = 1064 nm, corresponding to the fundamental transition wavelength of a
Nd:YAG laser, which provides excellent frequency stability. This wavelength corresponds to
a photon energy ω ≃ 1.2 eV. For a magnetic field strength B = 10 T, optical power P = 1 W,
and integration time T = 104 s ≃ 2.7 h, the total number of detected photons is

N = PT

ω
≃ 5.2 × 1022, δϕshot ≃ 4.4 × 10−12. (3.16)
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Therefore, in order to observe the Berry phase signal, the accumulated phase γ± must
exceed the quantum phase noise limit δϕshot, i.e., γ± ≳ δϕshot. Although the shot-noise limit
suggests a phase sensitivity as small as O(10−12), realistic interferometric measurements are
typically limited by technical noise sources such as laser frequency fluctuations, mechanical
vibrations, and thermal drifts. These effects set a more practical phase sensitivity around
δϕc ∼ O(10−6) [83–85].

Adiabaticity condition. We write the Schrödinger equation for the propagation along
z-direction as i∂zΨ(z) = H(z)Ψ(z). The state vector in the basis of instantaneous eigenstates
of the axion-photon Hamiltonian H(z)|n(z)⟩ = λn(z)|n(z)⟩ can be written as

|Ψ(z)⟩ =
∑

n

cn(z)e−i
∫ z

z0
λn(z′)dz′

|n(z)⟩. (3.17)

Therefore, using eq. (3.17) in the evolution equation, we obtain

ċn(z) = −
∑

m̸=n

cm(z)⟨n(z)|∂zm(z)⟩e−i
∫ z

z0
(λm−λn)dz′

, (3.18)

where the dot denotes the differentiation with respect to z. The adiabaticity condition
requires that the off-diagonal transition amplitudes are negligible, i.e., |⟨n|∂zm⟩| ≪ |λn −λm|.
For the axion-photon two level system, we can write from eq. (3.5)

λ+ − λ− = ∆osc =
√

(∆γ − ∆a)2 + 4∆2
aγ . (3.19)

Since the z-dependence of the Hamiltonian arises only through the azimuthal angle φ(z) of
the transverse magnetic field, we can write ⟨+|∂z−⟩ ≃ (1/2) sin(2θ)(dφ/dz), where |+⟩ and
|−⟩ denote the instantaneous propagation eigenstates corresponding to the eigenvalues λ+
and λ−, respectively. Hence, the adiabaticity condition becomes∣∣∣∣dφdz

∣∣∣∣ ≪ ∆osc, (3.20)

up to O(1) factor fixed by the mixing angle. We can write parametrically Losc ∼ ∆−1
osc and

if one full 2π rotation of the field is completed over a length Lrot then |dφ/dz| ∼ 2π/Lrot,
such that the adiabaticity condition can be interpreted as Lrot ≫ Losc, which implies that
the rate of the magnetic field rotation should be slow enough that the system remains in
the same instantaneous eigenstates throughout propagation. In the configuration considered
here, the magnitude of the transverse magnetic field and the diagonal entries are taken to
be z-independent, so the mixing angle θ is constant and the only source of z-dependence
is the azimuthal angle φ(z).

The combined requirements of small mixing and adiabaticity results m2
a ≫ 4πω/Lrot.

For the benchmark values ω ∼ 1.2 eV and Lrot ∼ 1 m, we obtain ma ≫ 1.7 meV. Axions
with masses below O( meV) can also be probed in principle, provided the magnetic field
rotation length satisfies Lrot ≫ 1 m, although realizing such a large scale is challenging
in a tabletop setup.
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Therefore, conservative choices of the input parameters leads to the following estimate
for the minimum detectable axion-photon coupling

gmin
aγγ ≃ 6.8 × 10−4 GeV−1

(
ma

2 meV

)2 (1.2 eV
ω

)(10 T
BT

)(
δϕc

10−6

)1/2
. (3.21)

The phase readout constitutes a non-resonant phase-shift search across axion parameter
space, rather than a narrowband line search. The lower end of this interval is set by the
requirement that the small-mixing approximation and the adiabaticity condition remain
valid, while at larger masses the sensitivity to the axion-photon coupling rapidly degrades.
We emphasize that this interferometric search for an axion-induced Berry phase does not
rely on axions constituting the DM.

For axions with masses of O(meV), the current bound on the axion-photon coupling is
gaγγ ≲ 5 × 10−11 GeV−1, as inferred from globular cluster observations [86, 87]. Consequently,
the sensitivity obtained in eq. (3.21) from the Berry phase measurement remains weaker
than the existing limit. In principle, the reach can be improved by increasing the external
magnetic field, the photon energy, the magnetic field rotation length, or more generally by
enhancing the phase sensitivity of the setup. In a realistic tabletop experiment, however, such
modifications may jeopardize the validity of the small mixing and adiabatic approximations,
while also introducing additional noise and decoherence. An idealized possibility is to employ
an entangled N photon state, such that all photons acquire the same geometric phase
coherently. In that case, the phase uncertainty scales as δϕ ∼ 1/N , corresponding to the
Heisenberg limit (HL) [88]. Under this idealized assumption, the minimum reachable coupling
could be as low as gmin

aγγ ∼ 3 × 10−12 GeV−1, improving upon the current bound for O(meV)
axions by approximately one order of magnitude.

Berry phase in graviton-photon system. Similarly to the axion-photon system, gravitons
can convert to photons in the presence of an external magnetic field. The interaction between
the graviton field and the EM field is described by [63]

Lint = −κ

2hµνT
µν , Tµν = FµαF ν

α − 1
4η

µνFαβF
αβ, (3.22)

where κ =
√

16πG = 2/MPl, with G the gravitational constant and MPl, the Planck mass,
hµν denotes the spin-2 graviton field, and Tµν is the EM energy-momentum tensor. In the
presence of a transverse magnetic field, one photon polarization mixes with a single graviton
polarization, reducing the system to an effective two-level problem [63]

i
d

dz

(
A

h

)
=
(

∆γ ∆gγ

∆gγ ∆g

)(
A

h

)
, (3.23)

where ∆γ = −ω2
pl/(2ω), ∆g = 0 for massless gravitons in general relativity, and ∆gγ =

κBT /2 = BT /MPl.
If the transverse magnetic field rotates adiabatically in the transverse plane, the Hamil-

tonian acquires a phase in the off-diagonal elements,

H =
(

∆γ ∆gγe
−iφ

∆gγe
iφ ∆g

)
, (3.24)
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where φ parametrizes the orientation of the magnetic field. The corresponding mixing
angle is given by

tan 2θ = 2∆gγ

∆γ − ∆g
, (3.25)

hence, the Berry phase becomes

γ± = ∓2π sin2 θ ≃ ∓2π
( ∆gγ

∆γ − ∆g

)2
≃ ∓2π

( 2ωBT

MPlω2
pl

)2
(mod 2π), (3.26)

where in the last two steps we consider the small-mixing limit. Thus, the Berry phase induced
by graviton-photon mixing is extremely suppressed by the Planck scale.

For a representative electron density ne ∼ 1 cm−3, the plasma frequency is ωpl =√
nee2/me ∼ 3.7 × 10−11 eV. This leads to an oscillation scale ∆osc ∼ 5.7 × 10−22 eV, which

is significantly smaller than the typical phase variation rate dφ/dz ∼ 2π/Lrot ∼ 10−6 eV for a
laboratory setup with Lrot ∼ 1 m. Consequently, the adiabaticity condition dφ/dz ≪ ∆osc is
strongly violated, rendering the effect unobservable in terrestrial interferometric experiments.

If gravitons acquire a small mass mg, the diagonal term becomes ∆g ≃ −m2
g/(2ω), and

in the small-mixing and ultra-vacuum regime the Berry phase is given by

γ± ≃ ∓2π
(

2ωBT

MPlm2
g

)2

(mod 2π). (3.27)

Although a small graviton mass can formally enhance the Berry phase, this regime is not
experimentally accessible due to the breakdown of adiabaticity. For mg ∼ 10−24 eV [89] and
ω ∼ 1.2 eV, the oscillation scale is ∆osc ∼ m2

g/(2ω) ∼ 4 × 10−49 eV, requiring dφ/dz ≪ 4 ×
10−49 eV for adiabatic evolution (see eq. (3.20)). However, in a realistic laboratory setup with
magnetic-field variation over Lrot ∼ 1 m, one has dφ/dz ∼ 2π/Lrot ∼ 10−6 eV, which violates
the adiabaticity condition by many orders of magnitude. Consequently, despite a formally
large Berry phase, such effects cannot be probed in laboratory interferometers, because of
the violation of the adiabaticity condition.

4 Axion-induced Berry phase in presence of axion-quasiparticle

Axion quasiparticles (AQPs) have been proposed as collective spin-wave longitudinal excita-
tions in antiferromagnetic topological insulators. These modes couple to the EM Chern-Simons
term and, in the presence of an external magnetic field, exhibit mass mixing with the electric
field. This mechanism forms the basis of a proposed DM detection scheme known as TOORAD
(TOpolOgical Resonant Axion Detection) [47]. In ref. [90], it was first suggested that AQPs
could be realized in iron-doped bismuth selenide, (Bi1−xFex)2Se3. More recently, the com-
pound 2D MnBi2Te4 has emerged as a promising candidate of AQP topological insulator [91].

In such systems, the axion quasiparticle can hybridize with the electric field, giving
rise to axion-polariton modes [90]. The polariton frequency is determined by the magnetic
anisotropy scale of the antiferromagnet, typically of order O(meV) corresponding to the
low-THz frequency range. Importantly, this frequency can be tuned by applying an external
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Figure 4. Schematic representation of detecting axion-induced Berry phase in presnece of axion
quasiparticle using THz Mach-Zehnder interferometer.

static magnetic field B. Consequently, antiferromagnetic topological insulators hosting AQPs
provide a promising platform for probing axion DM in the meV mass range, a regime that is
challenging to access with conventional resonant detection techniques such as THz cavities,
because of the lack of large volume, low noise, and large bandwidth [47].

A schematic representation of the measurement of an axion-induced Berry phase in the
presence of an AQP using a MZI is shown in figure 4. The overall configuration is analogous
to the axion-photon case, with the key difference that the optical source operates in the
THz regime and the interferometer is correspondingly adapted for THz frequencies. The
incident THz beam (millimeter wave) is split into two paths by the BS1. In one arm, the
beam traverses a topological material hosting AQPs, subjected to a transverse magnetic
field. The magnetic field is varied adiabatically along the propagation direction to ensure
the accumulation of a Berry phase. The second arm serves as a reference and contains an
AQP-inactive slab without any applied magnetic field, thereby isolating material-induced
dynamical effects while avoiding additional geometric phase contributions. After reflection
from mirrors M1 and M2, the two beams are recombined at the BS2, and the resulting
interference pattern is recorded at the detector. The measured signal contains both dynamical
and geometric phase contributions. A similar experiment performed in the absence of the
magnetic field yields only the dynamical phase difference. The Berry phase can then be
extracted from the differential fringe shift between these two configurations.

The AQP, denoted by δΘ, can be interpreted as a dynamical fluctuation of the axion
angle Θ. In topological insulators, the EM response contains the topological Θ-term in
the effective action, given by [90]

Sθ = α

π

∫
d4xΘ E · B, (4.1)

where α is the fine-structure constant. This term describes the topological magnetoelectric
response of the system.

For ordinary time-reversal invariant topological insulators, the axion angle Θ takes
quantized values 0 or π, determined by the topology of the electronic band structure. In
contrast, in antiferromagnetic topological insulators, the magnetic order breaks time-reversal
symmetry and allows the axion angle to become dynamical. In this case the axion angle
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can be written as

Θ(x, t) = Θ0 + δΘ(x, t), (4.2)

where Θ0 represents the static background value and δΘ(x, t) corresponds to the dynamical
fluctuation identified as the AQP.

Substituting eq. (4.2) into eq. (4.1), the topological action becomes [47]

Sθ = α

π

∫
d4x (Θ0 + δΘ)E · B. (4.3)

The background term Θ0 E·B describes the static topological magnetoelectric effect, which
gives rise to phenomena such as the surface Hall response and the quantized magnetoelectric
polarization. The fluctuation term δΘ E · B represents the interaction between the AQP
and the EM field.

In antiferromagnetic topological insulators, the AQP originates from fluctuations of the
antiferromagnetic order parameter. The magnetic order is characterized by the Neel vector
L = M1 − M2, where M1 and M2 denote the magnetizations of the two magnetic sublattices.
In the antiferromagnetic phase L ̸= 0, whereas L = 0 in the paramagnetic phase. Dynamical
longitudinal fluctuations of the Neel vector modulate the axion angle Θ, therefore, giving
rise to the AQP excitation.

The AQP is described by an effective action that includes its interaction with the EM
field as [90, 92]

SδΘ = f2
Θ
2

∫
dtd3r

[
(∂µδΘ)(∂µδΘ) −m2

ΘδΘ2
]

+ α

π

∫
dtd3r δΘE · B, (4.4)

where mΘ denotes the mass of the AQP and fΘ represents the stiffness parameter, which plays
the role of an effective decay constant controlling the strength of the AQP-photon interaction.

The coupling between the AQP and the EM field allows the AQP to decay into two
photons. The corresponding decay width is given by [47]

ΓδΘγγ = α2

256π3
m3

Θ
f2

Θ
≃ 6.7 × 10−22 eV

(
mΘ

1 meV

)3 (100 eV
fΘ

)2
. (4.5)

The corresponding lifetime is on the order of weeks for the benchmark parameters shown
above. This timescale is much longer than the characteristic timescale (∼ O (min)) relevant
for the processes considered in the present analysis, and therefore the decay of the AQP can
be safely neglected. The AQP parameters mΘ and fΘ can be experimentally determined for
specific materials. These quantities can be inferred from measurements of the axion-polariton
resonance and the associated energy gap using transmission spectroscopy.

The mixing between axions, AQPs, and photons modifies the Maxwell equations through
the couplings of the axion and AQP fields to the EM field. The resulting equations of motion
consist of the modified Maxwell equations together with the Klein-Gordon equations for the
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AQP and axion fields, which can be written as [47, 90]

∇ · D = ρf − α

π
∇(δΘ + Θ0) · B − gaγγ∇a · B,

∇ × H − ∂tD = Jf + α

π

[
B∂t(δΘ + Θ0) − E × ∇(δΘ + Θ0)

]
+ gaγγ (B∂ta− E × ∇a) ,

∇ · B = 0,
∇ × E = −∂tB,

∂2
t δΘ −

∑
i

v2
i ∂

2
i δΘ +m2

ΘδΘ = ΛE · B,

(∂2
t − ∇2 +m2

a)a = gaγγE · B,

(4.6)

where Λ = α/πf2
Θ, vi denotes the spin-wave velocity, D is the electric displacement field, and

H is the magnetic field strength. The parameters ϵ and µ denote the scalar permittivity
and permeability of the medium, respectively, while ρf and Jf denote the free charge and
current densities.

We now assume the presence of a strong static external magnetic field Be, oriented along
the y-direction, Be = Beŷ. Linearizing the above equations around this background field
and keeping only the leading order terms yields the following one dimensional equations
of motion [47]

(∂2
z − n2∂2

t − σµ∂t)Ey = µBe∂
2
t

(
α

π
δΘ + gaγγa

)
,

(v2
z∂

2
z − ∂2

t −m2
Θ)δΘ = −ΛBeEy,

(∂2
z − ∂2

t −m2
a)a = −gaγγBeEy,

(4.7)

where n = √
µϵ is the refractive index of the medium, σ is the electrical conductivity of

the material, and vz denotes the spin-wave velocity along the z-direction. Furthermore, we
assume that no free surface charges or currents are present at the interfaces.

Upon Fourier transforming along the propagation direction, ∂2
z → −k2, the axion-AQP-

photon system forms a coupled three-level system. The linearized dynamics of the relevant
fields can be expressed in terms of the state vector X ≡ (Ey δΘ a)T .

Including dissipation effects, the equations of motion can be written in compact ma-
trix form as

K∂2
t X + Γ∂tX +MX = 0, (4.8)

where K, Γ, and M are 3 × 3 matrices given by

K =

1 αBe

πϵ

gaγγBe

ϵ
0 1 0
0 0 1

 , Γ =

 Γp Γ×,1 0
Γ×,2 Γm 0

0 0 0

 , (4.9)

M =


k2

n2 0 0
−ΛBe v2

zk
2 +m2

Θ 0
−gaγγBe 0 k2 +m2

a

 . (4.10)
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Here Γp = σ/ϵ represents the photon loss rate, Γm denotes the equivalent magnon loss
rate, and Γ×,1 and Γ×,2 correspond to mixed losses arising from photon-magnon interactions.
No loss term is included for the axion field, since the axion is assumed to constitute DM
and is effectively stable on experimental timescales.

The corresponding wave number k is determined from the dispersion relation of the
system, given by (

k2 − k2
a + k2

Θ
2

)2

= b2
ak

2
p +

(
k2

a − k2
Θ

2

)2

, (4.11)

where
k2

Θ = n2ω2
(

1 − b2

ω2 −m2
Θ

)
, b2 = α

π

ΛB2
e

ϵ
,

b2
a =

g2
aγγB

2
e

ϵ
, k2

p = n2ω2.

(4.12)

Although the field content is three-component, X = (Ey δΘ a)T , the dispersion relation
in eq. (4.11) is already written in the reduced TOORAD limit vz ≃ 0. In this limit, the AQP
equation loses its k-dependence and δΘ no longer represents an independent propagating
mode along the z-direction; instead, it is algebraically determined by the photon field.
Consequently, the spatial propagation problem reduces to two branches, k±, rather than
three independent propagating wave numbers. For finite spin-wave velocity vz ̸= 0, one
would in general recover three modes.

To leading order in the axion-photon coupling, the dispersion relation yields

k+ = kΘ + O(g2
aγγ), k− = ka + O(g2

aγγ). (4.13)

To calculate the Berry phase in the TOORAD system, we consider the lossless scenario
for simplicity. Using X(t) = ue−iωt in eq. (4.8), we obtain

(M − ω2K)u = 0. (4.14)

We can write the mode equation by rotating the external magnetic field adiabatically along
the transverse direction as

A(φ)u = 0, A(φ) = M(φ) − ω2K(φ) (4.15)

with

A(φ) =

 ∆γ −ω2 αBe
πϵ e

−iφ −ω2 gaγγBe

ϵ e−iφ

−ΛBee
iφ ∆m 0

−gaγγBee
iφ 0 ∆a

 , (4.16)

where
∆γ = k2

n2 − ω2, ∆m = v2
zk

2 +m2
Θ − ω2, ∆a = k2

a +m2
a − ω2. (4.17)

For the geometric phase, however, we consider the adiabatic transport of the physical
propagating eigenmodes in a canonically normalized basis. In the lossless limit, this may be
described by an effective Hermitian propagation Hamiltonian. Equivalently, one may view
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this as a constant diagonal rescaling of the algebraic mode variables, u = Sψ, chosen to
render the mode coupling matrix Hermitian. Since S is φ-independent, the rescaling itself
does not generate any additional geometric term. If one works in the original variables u,
the corresponding inner product is ⟨u1|η|u2⟩ with η = (S−1)†S−1; working directly in the
canonically normalized basis in which H(φ) acts is therefore equivalent and more convenient.
Therefore, we obtain

H(φ) = S−1A(φ)S =

 ∆γ −Gme
−iφ −Gae

−iφ

−Gme
iφ ∆m 0

−Gae
iφ 0 ∆a

 , (4.18)

where

Gm = ω2αBe

πϵ

(Λπϵ
ω2α

)1/2
= ωBe

√
αΛ
πϵ
,

Ga = gaγγBe

(
ω2

ϵ

)1/2
= ωgaγγBe√

ϵ
,

(4.19)

and the diagonal matrix becomes

S = diag
(

1,

√
Λπϵ
ω2α

,

√
ϵ

ω2

)
. (4.20)

For fixed ω and local field orientation φ, the lossless normal modes are determined by
the kernel condition A(φ)u = 0. After the rescaling u = Sψ, this becomes H(φ)ψ = 0,
so A(φ) and H(φ) encode the same instantaneous mode composition and are related by
a φ-independent similarity transformation. In a local-mode (WKB) description, when the
field direction varies sufficiently slowly along the propagation direction, φ = φ(z), a wave
packet launched in one branch remains in the corresponding instantaneous eigenvector up
to an overall phase. It is therefore convenient to determine the adiabatically transported
branches from the Hermitian spectral problem of H(φ), with the physically relevant branch
selected by continuity with the corresponding solution of the local dispersion relation. The
geometric phase is then computed from these instantaneous eigenstates rather than from
generic eigenvectors of the algebraic mode matrix in eq. (4.16).

Thus, the instantaneous physical eigenstates satisfy

H(φ)|n(φ)⟩ = λn|n(φ)⟩, |n(φ)⟩ =

uγ(φ)
um(φ)
ua(φ)

 , (4.21)

where |n(φ)⟩ is the eigenvector corresponding to the instantaneous eigenvalue λn. Therefore,
the eigenvalue equations become

(∆γ − λn)uγ(φ) −Gme
−iφum(φ) −Gae

−iφua(φ) = 0,
−Gme

iφuγ(φ) + (∆m − λn)um(φ) = 0,
−Gae

iφuγ(φ) + (∆a − λn)ua(φ) = 0.
(4.22)
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We express um(φ) and ua(φ) in terms of uγ(φ) using last two equations of eq. (4.22) as

um(φ) = Gme
iφ

(∆m − λn)uγ(φ), ua(φ) = Gae
iφ

(∆a − λn)uγ(φ), (4.23)

and the eigenvector can be written as

|n(φ)⟩ = uγ(φ)


1

Gmeiφ

(∆m−λn)
Gaeiφ

(∆a−λn)

 . (4.24)

We obtain the expression for uγ(φ) using the normalization condition of |n(ϕ)⟩, i.e.,
⟨n(φ)|n(ϕ)⟩ = 1 from eq. (4.24) as

uγ(φ) = 1√
1 + G2

m
(∆m−λn)2 + G2

a
(∆a−λn)2

, (4.25)

up to an overall irrelevant phase choice. Therefore, the normalized eigenvector becomes

|n(φ)⟩ = 1√
1 + G2

m
(∆m−λn)2 + G2

a
(∆a−λn)2


1

Gmeiφ

(∆m−λn)
Gaeiφ

(∆a−λn)

 . (4.26)

To obtain the Berry phase, we write the Berry connection for the n’th mode as

An(φ) = i⟨n(φ)|∂φn(φ)⟩. (4.27)

Using eq. (4.26) we obtain

An(φ) = −
G2

m
(∆m−λn)2 + G2

a
(∆a−λn)2

1 + G2
m

(∆m−λn)2 + G2
a

(∆a−λn)2

. (4.28)

Since, the right hand side of eq. (4.28) is independent of φ, the Berry phase for one cycle
(φ : 0 → 2π) becomes

γn =
∫ 2π

0
An(φ)dφ = −2π

G2
m

(∆m−λn)2 + G2
a

(∆a−λn)2

1 + G2
m

(∆m−λn)2 + G2
a

(∆a−λn)2

, (4.29)

which can be written equivalently as

γn ≡ 2π
[
1 + G2

m

(∆m − λn)2 + G2
a

(∆a − λn)2

]−1

, (mod 2π). (4.30)

To obtain the eigenvalues λn, we use eq. (4.23) and write the first equation of eq. (4.22) as

(∆γ − λn)(∆m − λn)(∆a − λn) −G2
m(∆a − λn) −G2

a(∆m − λn) = 0. (4.31)
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This is a cubic equation in λn and can be solved analytically. However, the interesting
scenario is to find the eigenvalues and hence the Berry phase in five different limiting cases.

(i) Ga = 0: in this limit, the eigenvalues are obtained as

λ1 = ∆a,

λ2,3 = ∆m + ∆γ

2 ± 1
2

√
(∆m − ∆γ)2 + 4G2

m.
(4.32)

This limit reduces the TOORAD system in an effective photon-AQP two level scenario,
where the axion is effectively decoupled (gaγγ → 0) from the system.

Therefore, for the decoupled axion state (λ1 = ∆a), it does not acquire a geometric
phase and hence

γ1 = 0, (mod 2π). (4.33)

Similarly for the eigenvalues λ2,3 we obtain the Berry phases

γ2 = π

(
1 − ∆m − ∆γ√

(∆m − ∆γ)2 + 4G2
m

)
, (mod 2π)

γ3 = π

(
1 + ∆m − ∆γ√

(∆m − ∆γ)2 + 4G2
m

)
(mod 2π).

(4.34)

(ii) Gm = 0: in this limit, the eigenvalues are obtained as

λ1 = ∆m,

λ2,3 = ∆a + ∆γ

2 ± 1
2

√
(∆a − ∆γ)2 + 4G2

a.
(4.35)

This limit reduces the TOORAD system in an effective photon-axion two level scenario,
where the AQP is effectively decoupled (Λ → 0) from the system.

In this case, the AQP decoupled state (λ1 = ∆m) does not acquire a Berry phase and
hence

γ1 = 0 (mod 2π), (4.36)

and for λ2,3, the Berry phases become

γ2 = π

(
1 − ∆a − ∆γ√

(∆a − ∆γ)2 + 4G2
a

)
, (mod 2π)

γ3 = π

(
1 + ∆a − ∆γ√

(∆a − ∆γ)2 + 4G2
a

)
(mod 2π).

(4.37)

(iii) ∆m = ∆a = ∆s: in this limit, the AQP and axions are energetically degenerate.
Therefore, the eigenvalues become

λ1 = ∆s,

λ2,3 = ∆s + ∆γ

2 ± 1
2

√
(∆s − ∆γ)2 + 4(G2

m +G2
a).

(4.38)
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The dark state corresponds to λ1 = ∆s is orthogonal to the photon-coupled bright
combination and hence for the dark state

γ1 = 0 (mod 2π). (4.39)

Similarly, for the other two eigenvalues λ2,3, the corresponding Berry phases become

γ2 = π

(
1 − ∆s − ∆γ√

(∆s − ∆γ)2 + 4(G2
m +G2

a)

)
, (mod 2π)

γ3 = π

(
1 + ∆s − ∆γ√

(∆s − ∆γ)2 + 4(G2
m +G2

a)

)
(mod 2π).

(4.40)

(iv) Gm
∆m−∆γ

≪ 1, Ga
∆a−∆γ

≪ 1: this limit corresponds to the small mixing case, which results
the eigenvalues as

λ1 ≈ ∆γ − G2
a

∆a − ∆γ
− G2

m

∆m − ∆γ
,

λ2 ≈ ∆m + G2
m

∆m − ∆γ
,

λ3 ≈ ∆a + G2
a

∆a − ∆γ
.

(4.41)

For a three-level system, there exist three instantaneous eigenstates, each associated
with a distinct eigenvalue and corresponding Berry phase. Among these, we focus
on the eigenmode that is predominantly photon-like, as it is the only mode directly
accessible in the experimental setup. In this regime, the eigenstate propagates primarily
as a photon, with only small admixtures of the AQP and axion components. In the
small-mixing limit, the corresponding eigenvalue approaches λn ≈ ∆γ from eq. (4.41).
Consequently, the magnitude of the associated Berry phase, as given in eq. (4.30), can
be evaluated in this limit as

γ(γ) ≃ −2π
[

G2
m

(∆m − ∆γ)2 + G2
a

(∆a − ∆γ)2

]
, (mod 2π) (4.42)

To obtain the Berry phases for the AQP and the axion mode, we have to take the
corresponding AQP and axion component as the reference component for each cases
i.e., (21) entry and (31) entry for the two scenarios would be normalized with one in
eq. (4.24), and similarly obtain the Berry phase in the small mixing limit for AQP and
axion modes as

γ(m) ≃ 2π G2
m

(∆m − ∆γ)2 , (mod 2π)

γ(a) ≃ 2π G2
a

(∆a − ∆γ)2 (mod 2π).
(4.43)

The difference in sign between the Berry phases in eqs. (4.42) and (4.43) arises from
the redistribution of the photon component among the eigenstates. In particular, the
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photon-like state predominantly loses weight to the other sectors, while the AQP and
axion states acquire small photon admixtures. This asymmetry in the composition of
the eigenstates leads to opposite signs in the corresponding Berry phases.

(v) ∆γ ≃ ∆m ≃ ∆a: in this regime, it is convenient to introduce the orthonormal bright
(|b⟩) and dark (|d⟩) states, which are combinations of the AQP state (|m⟩) and the
axion state (|a⟩), given as

|b⟩ = Gm|m⟩ +Ga|a⟩
G

, |d⟩ = −Ga|m⟩ +Gm|a⟩
G

, (4.44)

where G =
√
G2

m +G2
a.

In the basis (|γ⟩, |b⟩, |d⟩), the corresponding unitary transformation is

U =

1 0 0
0 Gm/G Ga/G

0 −Ga/G Gm/G

 . (4.45)

The Hamiltonian in the bright-dark basis is then given by

H ′(φ) = UH(φ)U † =

 ∆γ Ge−iφ 0
Geiϕ ∆b δbd

0 δbd ∆d

 , (4.46)

where

∆b = G2
m∆m +G2

a∆a

G2
m +G2

a

, ∆d = G2
a∆m +G2

m∆a

G2
m +G2

a

,

δbd = GmGa

G2 (∆a − ∆m).
(4.47)

Therefore, in the vicinity of the triple-resonance point, where (∆γ ≃ ∆m ≃ ∆a), the
off-diagonal bright-dark mixing δbd is parametrically suppressed. As a result, the dark
state approximately decouples at leading order, and the dynamics reduces to an effective
2 × 2 system in the bright sector,

H ′
eff(φ) =

(
∆γ Ge−iφ

Geiφ ∆b

)
. (4.48)

We obtain two bright sector eigenvalues as

λ± = ∆γ + ∆b

2 ± 1
2

√
(∆γ − ∆b)2 + 4(G2

m +G2
a), (4.49)

and λd ≃ ∆d. The corresponding Berry phases can be obtained as

γ± = ∓π
[
1 −

∆γ − G2
m∆m+G2

a∆a

G2
m+G2

a√(
∆γ − G2

m∆m+G2
a∆a

G2
m+G2

a

)2
+ 4(G2

m +G2
a)

]
(mod 2π), (4.50)

and γd ≃ 0 at the leading order as the dark state is approximately φ independent.
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For the THz source, we consider a laser with power P ≃ 10−5 W and frequency f ≃ 1 THz,
i.e., ω = 2πf ≃ 4.13 meV. We further assume an integration time T ≃ 4 min, negligible
longitudinal velocity vz ≃ 0, and ka ≃ 0, appropriate for axion DM. For non-relativistic
axion DM, one has ka ∼ mav; throughout this benchmark we use the spatially homogeneous
source approximation kaL ≪ 1, so ka is neglected at leading order. Therefore, the total
number of detected photons is N = PT/ω ≃ 3.6 × 1018, which corresponds to the quantum
shot-noise limit δϕshot ≃ 5.3 × 10−10.

For benchmark parameters appropriate to a topological magnetic insulator hosting AQPs,
and within the regime probed by THz spectroscopy, the relevant material quantities with
mΘ ≃ 1.8 meV, fΘ ≃ 70 eV, ϵ ≃ 25, µ ≃ 1 in presence of Be ≃ 2 T external magnetic
field can be expressed as

b2 ≃ 6.71 × 10−6 eV2
(25
ϵ

)(
Be

2 T

)2(70 eV
fΘ

)2
,

k2
Θ ≃ 4.26 × 10−4 eV2

(
n2

25

)(
ω

4.13 meV

)2[
1 − b2/(6.71 × 10−6) eV2

(ω/4.13 meV)2 − (mΘ/1.8 meV)2

]
.

(4.51)

We estimate the values for Gm and Ga for probing axion at the mass O(meV) as

Gm ≃ 1.06 × 10−5 eV2
(25
ϵ

) 1
2
(

ω

4.13 meV

)(
Be

2 T

)(70 eV
fΘ

)
,

Ga ≃ 3.21 × 10−22 eV2
(25
ϵ

) 1
2
(

ω

4.13 meV

)(
Be

2 T

)(
gaγγ

10−12 GeV−1

)
,

(4.52)

and the absolute values of the resonance parameters become

|∆m| ≃ 1.38 × 10−5 eV2, |∆γ | ≃ 1.70 × 10−5 eV2,

|∆a| ≃ 9.04 × 10−6 eV2,
(4.53)

for ma ≃ 2.83 meV and k ≃ ka ≈ 0, as we consider the axion is a non-relativistic time-
oscillating DM. The above parameter values are obtained for the k ≃ ka branch.

For the benchmark parameters chosen above, eq. (4.50) gives

∆γ ≡ π − |γ±| ≃ 0.15π, (4.54)

indicating a geometric phase that is, in principle, accessible to present interferometric
techniques. However, for this parameter choice the signal is entirely dominated by the AQP
sector. Indeed, in the limit Gm ≫ Ga, one finds

∆γ − G2
m∆m +G2

a∆a

G2
m +G2

a

≃ (∆γ − ∆m) − G2
a

G2
m

(∆m − ∆a), (4.55)

from which the axion-induced correction to the Berry phase follows as

∆γa ≃ π
1

2Gm

G2
a

G2
m

(∆a − ∆m) ≃ 2.06 × 10−34π. (4.56)

Thus, for the above benchmark point, the axion contribution is utterly negligible, and the
observable geometric phase is effectively an AQP-driven effect.
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The benchmark choice considered above lies in case (v), corresponding to the near-
resonance regime. This regime is well motivated for power-readout measurements, since
resonant enhancement can amplify the observable signal, as emphasized in [47]. For the
Berry phase, however, the AQP- and axion-induced contributions add linearly, and for
the parameter range of interest the axion contribution is subleading compared with that
of the AQP. As a result, any geometric phase observed at the output is expected to be
dominated by the AQP contribution. Although one may formally isolate the axion sector
by taking the limit fΘ → ∞, the corresponding phase generated by an meV-scale axion
with gaγγ ∼ 10−12 GeV−1 remains negligibly small. Hence, to study a potentially observable
axion-induced geometric phase, it is more appropriate to eliminate the AQP slab, thereby
recovering the setup discussed in section 3.

Besides the branch with k ≃ ka, there also exists a second branch with k ≃ kΘ [cf.
eq. (4.13)]. For this choice, only ∆γ changes, yielding |∆γ | ≃ 1.69 × 10−8, which remains
much smaller than |∆m| and |∆a|. The corresponding hierarchy is therefore ∆a ≃ ∆m ≫ ∆γ .
In this regime, the Berry phase may again be analyzed in the bright-dark basis of the (m, a)
sector. The axion and AQP sectors are nearly degenerate, while the photon is far detuned
from the bright state. The full Berry-phase expression retains the same functional form as
in eq. (4.50), but now applies in the detuned regime ∆b ≫ ∆γ . For Gm ≫ Ga, the leading
axion-induced correction is then given by

∆γa ≃ ±2π(∆γ − ∆b)
G2

a

[(∆γ − ∆b)2 + 4G2
m]3/2 . (4.57)

This choice of hierarchy results ∆γ ≡ 0.54π and ∆γa ≃ 1.75 × 10−34π.
The detection of the axion-induced Berry phase in the presence of AQPs relies on

measuring a small phase shift in a coherent THz interferometric signal. The dominant
limitation of such measurements arises from noise sources that affect the phase stability
rather than the signal power.

In realistic THz spectroscopy setups, technical noise sources dominate over the shot noise.
These include phase noise of the THz source, path-length fluctuations due to mechanical vibra-
tions, thermal drifts affecting the refractive index of the medium, and detector readout noise.

The signals for both axion-photon two level and axion-AQP-photon three level systems can
be enhanced by extending the effective photon propagation length using multiple reflections
within an optical cavity. Since the axion field is insensitive to the mirrors, the geometric
phase accumulated by the photons adds coherently over successive reflections. Consequently,
after N reflections, the total Berry phase is amplified by a factor of N corresponding to an
effective path length L = Nl, where l denotes the separation between the mirrors [63].

The phase sensitivity of the interferometric measurement can be further improved by
employing squeezed states of light, which reduce the quantum phase uncertainty below the
shot-noise limit [93–96]. However, such enhancement is only effective when the experiment
operates in the quantum noise-limited regime, and may become subdominant in the presence
of thermal, technical, or other classical noise sources.

In addition, the sensitivity can be improved by increasing the total integration time, which
enables statistical averaging over repeated measurements and reduces the phase uncertainty

– 25 –



J
C
A
P
0
9
(
2
0
2
6
)
0
6
8

of the readout [97]. The experiment needs to be performed at temperature much lower than
the frequency to avoid the thermal noise effects [98, 99].

In the presence of an AQP medium, additional noise can arise from material absorption,
dispersion, and finite lifetime of the AQPs modes, which may reduce coherence and introduce
amplitude-phase mixing. These effects can be mitigated by operating in a transparency
window and by matching the material properties in both interferometer arms.

To enhance the signal-to-noise ratio, it is advantageous to introduce a controlled time
dependence in the Berry phase, for example by modulating the external magnetic field or its
orientation. This produces a time-dependent phase shift γ(t), which imprints a characteristic
frequency component in the detected signal. The signal can then be extracted using frequency
domain techniques such as FFT or lock-in detection [100, 101], allowing efficient suppression
of broadband noise.

In THz spectroscopy, the detector (e.g., bolometric [102, 103], heterodyne [104], or
superconducting [105] readout) measures the output intensity of the interferometer, which
encodes the phase information through interference. The relevant figure of merit is therefore
the phase-equivalent noise rather than the noise-equivalent power. By using matched arms
and differential measurements, common-mode noise can be largely canceled, enabling isolation
of the axion-induced geometric phase.

5 Conclusions and outlook

In this work, we have studied whether axion-photon interactions can be probed through
quantum phases rather than through conventional power- or conversion-based observables.
We analyzed two complementary settings: an axion-induced AB phase in a superconducting
circuit, relevant when the axion forms a coherent DM background, and an axion-induced
Berry phase in interferometric photon propagation through an adiabatically varying magnetic
field. We also extended the Berry-phase analysis to a three-level photon-AQP-axion system
in a topological medium.

The rf-SQUID proposal provides the strongest phenomenological result of this paper.
In the presence of axion DM, the axion-photon interaction induces an effective current and
therefore a time dependent magnetic flux through the superconducting loop, which shifts the
gauge invariant phase across the JJ and produces a measurable voltage signal. For benchmark
parameters, we find a sensitivity around gmin

aγγ ∼ 7.8 × 10−14 GeV−1 at ma ∼ 10−10 eV, with
projected reach that can improve on existing limits in that region by roughly one to two
orders of magnitude. This identifies AB-phase measurements in superconducting circuits
as the most immediately competitive outcome of our analysis and as a promising probe
of ultralight axion DM.

The Berry-phase analysis leads to a more qualified conclusion. For the two-level axion-
photon system, a MZI with an adiabatically rotating transverse magnetic field defines a clean
and conceptually novel geometric phase observable that does not require the axion to constitute
DM. However, for conservative tabletop benchmarks we obtain gmin

aγγ ∼ 6.8 × 10−4 GeV−1 at
ma ∼ 2 meV, which remains far weaker than current bounds. The main value of this setup is
therefore not immediate exclusion power, but rather the identification of a new phase-based
observable whose reach could improve if future interferometers achieve substantially better
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phase stability or exploit quantum-enhanced metrology. In this sense, the Berry-phase proposal
should be viewed as a proof-of-principle framework and a longer-term experimental direction.

For completeness, we also evaluated the corresponding Berry phase in the photon-graviton
system. The effect is Planck suppressed and, in realistic laboratory conditions, additionally
fails the adiabaticity requirement, confirming that the resulting Berry phase is negligible
compared with the axion scenarios considered here.

In the three-level photon-AQP-axion system, we find that a Berry phase of order 0.15π
can arise in the THz regime for representative topological material benchmarks. However, the
observable phase is dominated by the AQP sector, while the genuine axion-induced correction
is negligibly small for the parameter choices considered. This three-level analysis should
therefore not be interpreted as a competitive axion-search channel. Its importance lies instead
in showing that the same geometric phase formalism remains consistent in a richer coupled
system and in identifying a potentially measurable standard physics signal in topological
media that could serve as an experimental validation of the framework.

Overall, the main message of this paper is twofold. First, quantum phase observables
provide a complementary way to search for axion-photon interactions, with the clearest
near-term opportunity coming from the AB-phase measurement in superconducting circuits.
Second, geometric phase interferometry remains theoretically well motivated, but its phe-
nomenological impact will depend on future improvements in phase sensitivity, coherence
control, and noise suppression. Progress in cryogenic operation, modulation and lock-in
strategies, multi-pass geometries, and squeezed or entangled photonic states could substan-
tially sharpen this program. Recently, several proposals have explored the use of JJs and
superconducting systems to probe millicharged DM [106] and fifth force signals [107] induced
by ultralight bosons, using the quantum phase measurements. Quantum interferometry
therefore offers a useful new tool for axion searches, even though only part of that concept
is already competitive with existing constraints.
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