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D e t e c ti o n of a xi o n d a r k m a t t e r h e a vi e r t h a n a m e V i s hi n d e r e d b y i t s s m all w a v el e n g t h, w hi c h
li mi t s t h e u s ef ul v ol u m e of t r a di ti o n al e x p e ri m e nt s. T hi s p r o bl e m c a n b e a v oi d e d b y di r e c tl y d e t e c t-
i n g i n- m e di u m e x ci t a ti o n s, w h o s e ∼ m e V − e V e n e r gi e s a r e d e c o u pl e d f r o m t h e d e t e c t o r si z e. We
s h o w t h a t f o r a n y t a r g e t i n si d e a m a g n e ti c fi el d, t h e a b s o r p ti o n r a t e of el e c t r o m a g n e ti c all y- c o u pl e d
a xi o n s i nt o i n- m e di u m e x ci t a ti o n s i s d e t e r mi n e d b y t h e di el e c t ri c f u n c ti o n. A s a r e s ul t, t h e pl e t h o r a
of c a n di d a t e t a r g e t s p r e vi o u sl y i d e nti fi e d f o r s u b- G e V d a r k m a t t e r s e a r c h e s c a n b e r e p u r p o s e d a s
b r o a d b a n d a xi o n d e t e c t o r s. We fi n d t h a t a k g · y r e x p o s u r e wi t h n oi s e l e v el s c o m p a r a bl e t o r e-
c e nt m e a s u r e m e nt s i s s u ffi ci e nt t o p r o b e p a r a m e t e r s p a c e c u r r e ntl y u n e x pl o r e d b y l a b o r a t o r y t e s t s.
N oi s e r e d u c ti o n b y o nl y a f e w o r d e r s of m a g ni t u d e c a n e n a bl e s e n si ti vi t y t o t h e Q C D a xi o n i n t h e
∼ 1 0 m e V − 1 0 e V m a s s r a n g e.

I n t r o d u c ti o n. — D e s pit e c o n stit uti n g r o u g hl y 2 7 % of
t h e e n er g y d e n sit y of t h e u ni v er s e [ 1 ], t h e f u n d a m e nt al
n at ur e of d ar k m att er ( D M) r e m ai n s el u si v e. Of t h e
t h e or eti c all y m oti v at e d D M c a n di d at e s, t h e Q C D a x-
i o n i s p arti c ul arl y r e m ar k a bl e si n c e it s e xi st e n c e w o ul d
al s o s ol v e t h e l o n g st a n di n g str o n g C P pr o bl e m [ 2 – 5 ]. A
g e n eri c f e at ur e of Q C D a xi o n D M m o d el s i s a c o u pli n g
b et w e e n t h e a xi o n fi el d a a n d el e ctr o m a g n eti s m,

L ⊃ −
1

4
g a γ γ a F µ ν F̃ µ ν = g a γ γ a E · B . ( 1)

I n t h e pr e s e n c e of a st ati c m a g n eti c fi el d B 0 , t h e i nt er-
a cti o n i n E q. ( 1 ) c o n v ert s a n a xi o n t o a n o s cill ati n g el e c-
t r o m a g n eti c fi el d [ 6 ]. Dir e ctl y d et e cti n g t hi s fi el d i s t h e
u n d erl yi n g pri n ci pl e of m a n y o n g oi n g a n d pl a n n e d e x p er-
i m e nt s [7 ]. Tr a diti o n al d et e cti o n s c h e m e s utili z e c a viti e s
wit h el e ctr o m a g n eti c m o d e s r e s o n a ntl y m at c h e d t o a xi o n
m a s s e s of m a ∼ ( 1 0 − 6 − 1 0 − 5 ) e V, a s m oti v at e d b y p o st-
i n fl ati o n ar y mi s ali g n m e nt pr o d u cti o n a n d a st a n d ar d c o s-
m ol o gi c al hi st or y [ 8 – 1 2 ].  H o w e v er, s e ar c h e s a cr o s s a
l ar g er p ar a m et er s p a c e ar e m oti v at e d b y alt er n ati v e pr o-
d u cti o n m e c h a ni s m s [ 1 3 – 3 3 ] a n d a xi o n s t h at c o u pl e t o t h e
St a n d ar d M o d el si mil arl y t o t h e Q C D a xi o n b ut wit h-
o ut t h e stri ct c o n n e cti o n b et w e e n c o u pli n g str e n gt h a n d
m a s s [ 3 4 – 4 4 ].

C a viti e s ar e a n e x c e pti o n al t o ol t o s e ar c h f or a xi o n
D M. H o w e v er, t h e y ar e f u n d a m e nt all y li mit e d i n t h e a x-
i o n m a s s t h at t h e y c a n pr o b e. T hi s i s b e c a u s e t h e a xi o n
m a s s m u st b e m at c h e d t o a r e s o n a nt fr e q u e n c y of t h e
c a vit y, w hi c h ar e i n v er s el y r el at e d t o it s si z e. T h er e-
f or e, t o r e s o n a ntl y s e ar c h f or hi g h er a xi o n m a s s e s, t h e
c a vit y m u st b e pr o hi biti v el y s m all, li miti n g t h e t ot al e x-
p o s ur e. R e c e nt str at e gi e s t o b o o st e x p o s ur e t o hi g h- m a s s
a xi o n s i n cl u d e n o n-r e s o n a nt d et e cti o n of si n gl e- p h ot o n s
i n a l ar g e v ol u m e di s h a nt e n n a [4 5 ], a n d m o di fi c ati o n s t o
t h e p h ot o n’ s di s p e r si o n r el ati o n i n di el e ctri c [ 4 6 – 4 8 ] or
pl a s m a [ 4 9 – 5 1 ] str u ct ur e s t u n e d t o a s p e ci fi c m a s s.

∗ a b e rli n @f n al. g o v
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W hil e t h e s e s e ar c h e s ar e f o c u s e d o n p h ot o n d et e cti o n,
a n ot h er p o s si bilit y i s t o dir e ctl y d et e ct t h e i n- m e di u m e x-
cit ati o n s i n cr y st al t ar g et s i n v ol vi n g, e. g., el e ctr o n s [ 5 2 –
8 0 ], p h o n o n s [7 6 , 7 7 , 8 1 – 8 7 ], a n d m a g n o n s [8 2 , 8 8 – 9 2 ].
Si n c e t h e e n er g y of t h e s e m o d e s ( ∼ m e V − e V) i s n ot s et
b y t h e t ar g et si z e, b ut r at h er b y t h e p h y si c s of t h e l o c al
e n vir o n m e nt, t h e y ar e i d e al f or hi g h- m a s s a xi o n s e ar c h e s.
F urt h er m or e, t h e m a n uf a ct uri n g of l o w- n oi s e t ar g et s a n d
t h e t e c h n ol o g y r e q uir e d t o d et e ct si n gl e q u a nt a of s u c h
e x cit ati o n s i s at t h e f or efr o nt of t h e D M dir e ct d et e c-
ti o n c o m m u nit y a n d i s t h u s a n a cti v e ar e a of d e v el o p-
m e nt [ 9 3 ]. I n p arti c ul ar, c urr e nt e x p eri m e nt s, s u c h a s
C D E X [ 9 4 ], D A MI C [9 5 – 1 0 0 ], E D E L W EI S S [1 0 1 – 1 0 3 ],
S E N S EI [ 1 0 4 – 1 0 6 ], a n d S u p er C D M S [1 0 7 – 1 0 9 ], utili z e
e V- s c al e el e ctr o ni c e x cit ati o n s i n Si a n d G e t ar g et s. M or e
n o v el t ar g et s wit h s u b- e V el e ctr o ni c e x cit ati o n s h a v e al s o
b e e n pr o p o s e d, s u c h a s n arr o w g a p s e mi c o n d u ct or s [ 1 1 0 ],
Dir a c m at eri al s [ 6 1 , 6 3 , 6 5 , 6 9 – 7 2 ], s pi n- or bit c o u pl e d
m at eri al s [ 5 7 , 7 9 ], a n d d o p e d s e mi c o n d u ct or s [7 3 ]. A d di-
ti o n all y, p h o n o n e x cit ati o n s h a v e b e e n st u di e d i n a wi d e
v ari et y of t ar g et m at eri al s [ 7 6 , 8 0 , 8 2 – 8 5 , 1 1 1 ], i n cl u d-
i n g G a A s a n d Al2 O 3 a s pl a n n e d f or t h e T E S S A R A C T
e x p eri m e nt [ 1 1 2 ].

I n t hi s L ett e r , w e d e m o n str at e t h at t h e e ntir et y of t h e s e
i d e a s c a n b e u s e d t o s e ar c h f or t h e a xi o n- p h ot o n c o u pli n g
i n E q. (1 ), pr o vi d e d t h at t h e t ar g et c a n b e pl a c e d i n si d e
a m a g n eti c fi el d, t h u s c r e ati n g a “ m a g n eti z e d m e di u m. ”
I n p arti c ul ar, w e s h o w t h at i n a m a g n eti z e d m e di u m t h e
i n cl u si v e a xi o n a b s or pti o n r at e i nt o i n- m e di u m e x cit a-
ti o n s i s dir e ctl y r el at e d t o t h e di el e ctri c f u n cti o n. W hil e
c ert ai n si g n al s of a xi o n D M h a v e pr e vi o u sl y b e e n f o u n d
t o b e r el at e d t o t h e di el e ctri c f u n cti o n o n a c a s e- b y- c a s e
b a si s, w e s h o w h er e t h at t hi s i s u ni v er s al. T hi s i s i m-
p ort a nt b ot h e x p eri m e nt all y, si n c e t h e di el e ctri c c a n b e
m e a s ur e d, a n d t h e or eti c all y, b e c a u s e it br o a dl y c a pt ur e s
t h e a b s or pti o n r at e i nt o a n y i n- m e di u m e x cit ati o n, a b-
str a cti n g a w a y fr o m c al c ul ati o n s s p e ci fi c t o a n y si n gl e
e x cit ati o n. T hi s all o w s u s t o e a sil y e v al u at e t h e s e n si-
ti vit y of v ari o u s m at e ri al s, a s w ell a s i d e ntif y a l ar g er
s c o p e of r el e v a nt si g n al s t h at h a v e pr e vi o u sl y b e e n o v er-
l o o k e d, s u c h a s l o w- e n er g y el e ctr o ni c e x cit ati o n s. B el o w,
w e b e gi n b y d eri vi n g t h e a b s or pti o n r at e wit h t w o m et h-
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FIG. 1. Projected sensitivity to electromagnetically-coupled axion dark matter, for a kg · yr exposure of various targets inside a
10 T magnetic field. Solid colored lines assume negligible backgrounds, and dotted colored lines assume a dark count (DC) rate
of RDC = 1010/kg · yr. Targets utilizing single-phonon excitations include GaAs (light blue) and Al2O3 (purple) (proposed for
the TESSARACT experiment [112]), as well as SiO2 (turquoise). The Si (dark green) and Ge (light green) targets correspond to
single-electron excitations currently searched for by the CDEX [94], DAMIC [95–100], EDELWEISS [101–103], SENSEI [104–
106], and SuperCDMS [107–109] experiments. Doped Si (Si∗, pink) [73] and ZrTe5 (red) [57] correspond to novel targets
utilizing low-energy electronic excitations. Shaded gray regions are existing limits derived from horizontal branch (HB) star
cooling [113], the CAST helioscope [114, 115], and searches for a→ 2γ decays by the MUSE [116], HST [117], and VIMOS [118]
telescopes. Also shown as gray lines are projections from the IAXO (solid) [119], BREAD (dashed) (assuming DCs of ∼ 104

or <∼ 1 for masses below or above ∼ 100 meV, respectively, over 103 days) [45], and LAMPOST (dotted) (assuming ∼ 10 DCs

per 106 s run and ∼ 104 runs) [48] experiments. The orange band denotes the range of couplings and masses as motivated by
the QCD axion.

ods. The first derivation involves self-energies, analogous
to calculations performed in the context of direct detec-
tion experiments; the second is provided within the lan-
guage of classical axion electrodynamics. These deriva-
tions provide complementary ways to understand the un-
derlying physics. We then discuss the projections shown
in Fig. 1, which illustrate the promising ability to explore
new, high-mass, QCD axion parameter space.

Absorption Rate.— Before deriving the rate for axion
absorption in a magnetized medium, we begin with a
synopsis of the final result for isotropic targets. The total
axion absorption rate, per unit exposure, is given by

R '
(
gaγγ B0

ma

)2
ρ

DM

ρT

Im

[ −1

ε(ma)

]
, (2)

where ρ
DM
' 0.4 GeV/cm3 is the local axion DM energy

density, ρ
T

is the mass density of the target, and ε(ma)
is the dielectric function evaluated at energy ω = ma and
momentum deposition q = 0, appropriate for absorption
kinematics (q � ω) which are assumed throughout. The
simplicity of this expression derives from the separability
of the axion absorption process as a+B0 → E followed by
absorption of the corresponding electric field.1 The for-
mer process is governed by the strength of the external

magnetic field and gaγγ , while the latter is determined
by the dielectric function, independent of both the axion
physics and, in the q � ω limit, the magnetic permeabil-
ity. This separability is advantageous since, in princi-
ple, the dielectric function of the target can be measured
directly. In the absence of measurement, this parame-
terization is useful as a bridge between particle physics
and first principles condensed matter calculations. First
principles calculations are a useful tool to understand
the contributions of individual excitations, which cannot
be understood from a measurement of the inclusive di-
electric function. However, this generally ceases to be
a problem when the various excitations are sufficiently
separated in energy.

The idea of relating the dielectric function to the DM
absorption rate into in-medium excitations has been used
for other DM models [52–54, 56, 79, 80], as well as in
calculations of the DM absorption rate into in-medium
photon states [50, 51, 120]. For example, for kinetically-
mixed dark photon DM, A′, the absorption rate into in-
medium excitations is [52, 56, 80]

R ' κ2 ρDM

ρ
T

Im

[ −1

ε(mA′)

]
, (3)

where κ is the kinetic-mixing parameter and mA′ is the A′
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B0 B0

FIG. 2. An illustrative Feynman diagram for the axion a
self-energy in a magnetized medium. The optical theorem
relates the imaginary part of this diagram to the axion ab-
sorption rate. The external magnetic field B0 is represented
as a background source, and the shaded “blob” represents any
in-medium modifications to the photon propagator (e.g., from
electron and phonon excitations).

mass. The similarity between the dark photon absorption
rate in Eq. (3) and the axion absorption rate in Eq. (2)
is immediately clear. As a result, for DM particles of the
same mass, the sensitivity to electromagnetically-coupled
axions can be simply rescaled via the mapping gaγγ B0 ↔
κma, corresponding to

gaγγ ∼ 10−10 GeV−1 ×
(

κ

10−14

) (
ma

meV

)(
T

B0

)
. (4)

We now turn to the details of the calculation, begin-
ning with a self-energy treatment similar to Refs. [53, 56,
121], then turning to an alternative derivation employing
classical equations of motion, similar to Refs. [87, 122].

Self-Energy Calculation.— The starting point of the self-
energy derivation is the optical theorem, which relates
the absorption rate of a particle to the imaginary part of
its self-energy. The self-energy can then be computed by
summing over all the relevant Feynman diagrams. The
Feynman diagram for axion absorption in a magnetized
medium is shown in Fig. 2; the vertex Feynman rule is
derived from the Lagrangian in Eq. (1), and the pho-
ton propagator is modified due to the presence of the
medium.

Following Refs. [53, 56, 121], instead of directly com-
puting the diagram in Fig. 2, we identify the diagrams
which mix the axion and photon, and those which do
not. If the axion and photon mix, the in-medium fields
are those that diagonalize the 2× 2 self-energy matrix of
a and A. The diagonalizing fields â and Â (the axion-like
and photon-like fields, respectively) are a linear combi-
nation of a and A. The probability of axion absorption
per unit time is then related to the self-energy of â,

Γ ' − 1

ma
Im

[
Πaa +

∑
λ

Πλ
aA Πλ

Aa

m2
a −Πλ

AA

]
, (5)

1 This description is appropriate for the axion masses of interest
here, such that the target size is much larger than the skin-depth

∼
(
ma Im

[√
ε
] )−1

. In this case, the effects of boundary condi-
tions (arising from, e.g., the finite size of the target or external
electromagnetic shielding) can be ignored [51, 123, 124].

written in terms of the unmixed self-energies of the a,A
fields, Πaa and ΠAA, respectively, and the mixing terms,
ΠaA, ΠAa. Πλ

AA is the self-energy of A projected onto
the λth polarization eλµ, defined to diagonalize Πµν

AA:

Πλ
AA = −eλµ Πµν

AA e
λ
ν . Πλ

aA is the self-energy mixing a and
A, projected onto the same photon polarization vector,
i.e., Πλ

aA = −eλµ Πµ
aA.

In the absence of direct axion couplings to electrons,
the only non-zero self-energies (ignoring vacuum pro-
cesses) are Πµν

AA and Πµ
aA. Furthermore, since the Ward

identities (QµΠµν
AA = QµΠµ

aA = 0, where Qµ = (ω,q))

relate the temporal and spatial components, only Πij
AA

and Πi
aA need to be computed. The photon self-energy

is determined by the dielectric tensor εij through Πij
AA =

−ω2(1 − εij). Note that the spatial component of the
photon polarization vectors diagonalize the dielectric ten-
sor, εij =

∑
λ ελe

i
λe
j
λ, where ελ ≡ eλi ε

ij eλj , such that

Πλ
AA ' ω2(1 − ελ). The axion-photon self-energies

are determined by the term in Eq. (1) involving the
vector potential which, after integrating by parts, is
gaγγ ȧA · B0. The mixed self-energies are then given
by Πi

aA = igaγγmaB
i
0 = −Πi

Aa. Substituting ΠAA and
ΠaA into Eq. (5), and taking the q → 0 limit, results in

Γ ' g2aγγ
ma

∑
λ

(eλ ·B0)
2

Im

[ −1

ελ(ma)

]
. (6)

This expression can be further simplified in the limit of
an isotropic target. The dielectric of an isotropic target
is independent of polarization, ελ = ε, and the photon
polarization vectors are the standard transverse eµ± =

(0, q̂±) and longitudinal eµL = (q, ωq̂)/
√
Q2 ones, where

q̂± are two vectors mutually orthonormal to q̂. The sum

over polarizations can be performed using
∑
λ e

i
λe
j
λ = δij .

Applying these approximations, Eq. (6) simplifies to

Γ ' (gaγγ B0)2

ma
Im

[ −1

ε(ma)

]
. (7)

The rate per unit exposure R in Eq. (2) is then obtained
by multiplying Γ by the number of axions in the target
and dividing by the target mass.

Classical Equations of Motion.— Alternatively, the ab-
sorption rate can be derived using classical axion electro-
dynamics. Throughout, we will implicitly work in Lorenz
gauge. Our starting point is the wave equation for the
vector potential, which is approximately ε ∂2tA ' ja,
where ja = gaγγ ȧB0 is the axion effective current and ε
is the dielectric tensor. This equation is trivially solved
for A by switching to momentum space and projecting
onto the photon polarization vectors eλ, which deter-
mines the corresponding electric field to be

E ' −gaγγ a
∑
λ

(eλ ·B0)

ελ
eλ . (8)
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The rate for axion absorption is governed by the axion
equation of motion, which is approximately

(∂2t +m2
a) a ' gaγγ E ·B0 , (9)

with E given by Eq. (8). The probability per unit time
for axion absorption is determined by solving for the
imaginary component of the axion frequency in Eq. (9),
Γ ' Im(−ω2)/ma. This leads to a result in agreement
with Eq. (6).2

Projected Sensitivity.— The sensitivity of a variety
of targets is shown in Fig. 1, assuming a kg · yr expo-
sure and B0 = 10 T. In our estimates, we demand
N > 3

√
1 +NDC + δ2N2

DC , where N = RMT t and
NDC = RDCMT t are the the number of signal events
and dark counts (DCs), respectively, RDC is the DC rate,
MT is the target mass, t is the exposure time, and δ ≤ 1
is the systematic uncertainty in the DC. In the absence
of background, NDC � 1, the sensitivity to the axion-
photon coupling scales as gaγγ ∝ (MT t)

−1/2. If back-
grounds are instead significant, NDC � 1, the reliance
of the signal on B0 allows these DCs to be directly mea-
sured by removing the magnetic field, thereby suppress-
ing systematic uncertainties, δ � 1. In the statistically-
limited regime, δ � 1/

√
NDC, an observable signal only

needs to overcome Poisson fluctuations in noise, such
that gaγγ ∝ (RDC/MT t)

1/4. Below, we begin by dis-
cussing the sensitivity of various targets assuming neg-
ligible backgrounds, and then proceed to examine the
impact of currently measured noise sources.

For ma
>∼ eV, enough energy is deposited to excite an

electron across the ∼ 1 eV band gap in standard semi-
conductors, such as Si and Ge, which is then read out by
drifting the charge to a sensing output. This is the op-
erating principle of many ongoing experiments, such as
CDEX [94], DAMIC [95–100], EDELWEISS [101–103],
SENSEI [104–106], and SuperCDMS [107–109]. In our
estimate of the signal rate in Eq. (2), we use the mea-
sured dielectric functions of Si and Ge from Ref. [127],
and do not incorporate multi-phonon responses at lower
energies [80] since these are subdominant to the single-
phonon responses of the polar materials discussed below.
As shown in Fig. 1, background-free Ge targets have the
potential to be the best laboratory-based search for the
QCD axion for masses greater than that probed by the
CAST helioscope [114, 115] and smaller than that probed
by astrophysical searches for a→ 2γ decays [116–118].

2 A similar calculation yields the kinetically-mixed dark photon
absorption rate. To leading order in κ, the approximate equation
of motion for the visible vector potential is ε ∂2t A ' −κm2

A′A
′,

where we have employed the visible/invisible field basis in which
A and A′ are coupled and decoupled from Standard Model
sources, respectively (see, e.g., Refs. [125, 126]). Analogous to
the axion case, the A equation of motion can be solved for in mo-
mentum space, and then substituted into the equation of motion
for A′, (∂2t + m2

A′ )A
′ ' −κm2

A′A, whose imaginary frequency
component determines the absorption rate of Eq. (3).

While the energy of electronic excitations is limited to
∼ eV scales in standard semiconductors, novel targets
have lower ∼ meV electronic excitations. For example,
Dirac [61, 63, 65, 69–72] and spin-orbit coupled materi-
als [57, 79] have small bulk band gaps. One such tar-
get that falls under both categories is ZrTe5; while its
Dirac character is somewhat debated [57], the presence
of its small band gap has been firmly established [128].
However, since its dielectric response has not been ac-
curately measured, we adopt the first-principles calcula-
tion performed in Ref. [57]. In addition to pure targets,
doping is another method to create electronic states be-
low the band gap. Recently, Ref. [73] studied Si doped
with phosphorus as a candidate target, using an analytic
model for the dielectric response consistent with measure-
ments [129, 130]. In Fig. 1, we rescale their quoted dark
photon sensitivity, using the mapping described above.

Phonon excitations [76, 80, 82–85, 111] in the ∼ (1 −
100) meV energy range have also been studied as an
avenue to detect axions [82, 87]. The results shown in
Fig. 1 are consistent with the first principles calculation
done in Ref. [82]. We have chosen to focus on GaAs,
Al2O3, and SiO2 targets, as they are of active investiga-
tion in the sub-GeV DM community; the first two are cur-
rently planned for the TESSARACT experiment [112],
and SiO2 has also been identified as an optimal target for
light DM scattering [76]. The measured dielectric data
for these targets in the phonon energy regime is taken
from Ref. [80].

Backgrounds.— The sensitivity of detectors focused on
readout of single-electron excitations are currently lim-
ited by DCs [93]. The SENSEI experiment [105, 131],
utilizing a Si Skipper CCD detector, is the current state-
of-the-art for measuring charge from single-electron ex-
citations. Recent measurements indicate a DC rate of
108/kg · yr and 106/kg · yr for energy ranges of <∼ 4.7 eV
and ∼ (4.7 − 8.3) eV, respectively, and rates consistent
with zero for larger energies. Assuming that similar back-
ground levels in the two-electron bin can be achieved in
a Ge based detector, noise reduction by three orders of
magnitude (RDC ∼ 103/kg · yr) is necessary to attain
sensitivity to the QCD axion at eV-scale masses. Similar
noise levels, but at much lower energies, are also neces-
sary for doped Si and ZrTe5 targets to attain sensitivity
to the QCD axion at ∼ 100 meV masses.

Calorimetric detectors (e.g., SuperCDMS CPD [132],
which measures phonons produced from single-electron
excitations) have registered significantly higher noise lev-
els, RDC ∼ 1010/kg · yr. As an estimate of the back-
grounds that will contaminate sensors based on detec-
tion of single-phonon excitations, we assume RDC =
1010/kg · yr and δ <∼ 1/

√
NDC for the dotted colored

lines shown in Fig. 1. If the DCs are reduced to just
∼ 108/kg · yr at ∼ 100 meV energies, an Al2O3 or SiO2

target can be sensitive to the QCD axion at couplings
smaller than that bounded by considerations of stellar
energy loss.
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While their origin is unknown, noise levels are gener-
ally peaked towards smaller energies [133]. Recent work
has focused on progressing the understanding of such
backgrounds. For instance, it has been calculated that a
subdominant fraction of DCs arises from secondary ra-
diation generated by high-energy tracks [134] and pho-
tons [135] in low-threshold charge and phonon detectors,
respectively. Additionally, a bulk of eV-scale phonon
backgrounds in superconducting calorimetric detectors
has recently been shown to emerge from cooling-induced
micro-fractures in auxiliary detector components [136].

The setup investigated in our work differs from previ-
ously proposed applications of these targets in the use
of a large external magnetic field, whose dominant ef-
fect will be disrupting detection technology based on su-
perconducting devices (measurements of typical semicon-
ducting sensors have found minor changes to their oper-
ation when exposed to ∼ 1 T magnetic fields [137]). For
example, transition edge sensors (TES) (the main tech-
nology for reading out single-phonon excitations in the
TESSARACT experiment) are not operative in >∼ µT
magnetic fields [138]. However, there is a strong depen-
dence on the direction of the magnetic field relative to the
face of the TES. Additionally, if the region of bulk tar-
get within the external magnetic field can be physically
separated from the superconducting detector, these prob-
lems can be avoided. Other complications arising from,
e.g., additional radioactive components or Lorentz-force
induced mechanical stress may also be introduced. A de-
tailed investigation of these effects is beyond the scope
of this work and these will also need to be confronted
in other axion experiments operating in the meV − eV
energy range [45, 48]. However, we do not expect fun-
damental roadblocks in this approach since ∼ 10 T mag-
netic fields only change electronic energies at the level of

∼ meV, well below the energies investigated here.

Discussion.— The past decade has seen a meteoric rise
in target proposals to hunt for sub-GeV DM. In an exter-
nal magnetic field these targets are also powerful probes
of axions in a mass range that is notoriously difficult
to explore, corresponding to ma ∼ 10 meV − 10 eV.
Searching for axions with these targets has the intrin-
sic advantage of directly utilizing all future experimental
improvements in background reduction, an effort which
has assiduously driven direct detection experiments to
incredible precision in recent history. The axion absorp-
tion rate in a magnetized medium can be simply written
in terms of the measurable dielectric function, encoding
all in-medium responses. This synergizes with future de-
velopments towards optimizing the energy loss function
of the material, Im(−1/ε), as well as further study into
other novel low-energy excitations, such as axion quasi-
particles [139, 140] or chiral phonons [141].
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“Searching for light in the darkness: Bounds on alp
dark matter with the optical muse-faint survey,” Phys.
Lett. B 814 (2021) 136075, arXiv:2009.01310
[astro-ph.CO].

[117] P. Carenza, G. Lucente, and E. Vitagliano, “Probing
the blue axion with cosmic optical background
anisotropies,” arXiv:2301.06560 [hep-ph].

[118] D. Grin, G. Covone, J.-P. Kneib, M. Kamionkowski,
A. Blain, and E. Jullo, “A telescope search for
decaying relic axions,” Phys. Rev. D 75 (2007) 105018,
arXiv:astro-ph/0611502.

[119] I. Shilon, A. Dudarev, H. Silva, and H. H. J. ten Kate,
“Conceptual design of a new large superconducting
toroid for iaxo, the new international axion
observatory,” IEEE Trans. Appl. Supercond. 23 no. 3,
(2013) 4500604, arXiv:1212.4633
[physics.ins-det].

[120] G. B. Gelmini, A. J. Millar, V. Takhistov, and
E. Vitagliano, “Probing dark photons with plasma
haloscopes,” Phys. Rev. D 102 no. 4, (2020) 043003,
arXiv:2006.06836 [hep-ph].

[121] E. Hardy and R. Lasenby, “Stellar cooling bounds on
new light particles: plasma mixing effects,” JHEP 02
(2017) 033, arXiv:1611.05852 [hep-ph].

[122] S. Dubovsky and G. Hernández-Chifflet, “Heating up
the Galaxy with Hidden Photons,” JCAP 12 (2015)
054, arXiv:1509.00039 [hep-ph].

[123] S. Chaudhuri, P. W. Graham, K. Irwin, J. Mardon,
S. Rajendran, and Y. Zhao, “Radio for hidden-photon
dark matter detection,” Phys. Rev. D 92 no. 7, (2015)
075012, arXiv:1411.7382 [hep-ph].

[124] R. Balafendiev, C. Simovski, A. J. Millar, and
P. Belov, “Wire metamaterial filled metallic
resonators,” Phys. Rev. B 106 no. 7, (2022) 075106,
arXiv:2203.10083 [hep-ph].

[125] P. W. Graham, J. Mardon, S. Rajendran, and
Y. Zhao, “Parametrically enhanced hidden photon
search,” Phys. Rev. D 90 no. 7, (2014) 075017,
arXiv:1407.4806 [hep-ph].

[126] A. Berlin, R. Harnik, and R. Janish, “Light Shining
Through a Thin Wall: Evanescent Hidden Photon
Detection,” arXiv:2303.00014 [hep-ph].

[127] D. W. Lynch and W. R. Hunter, “Handbook of optical
constants of solids,” in Handbook of Optical Constants
of Solids. 1985.

[128] L. Moreschini, J. C. Johannsen, H. Berger,
J. Denlinger, C. Jozwiak, E. Rotenberg, K. S. Kim,
A. Bostwick, and M. Grioni, “Nature and topology of
the low-energy states in zrte5,” Phys. Rev. B 94 (Aug,

2016) 081101. https:
//link.aps.org/doi/10.1103/PhysRevB.94.081101.

[129] A. Gaymann, H. P. Geserich, and H. v. Löhneysen,
“Temperature dependence of the far-infrared
reflectance spectra of si:p near the metal-insulator
transition,” Phys. Rev. B 52 (Dec, 1995) 16486–16493.
https:

//link.aps.org/doi/10.1103/PhysRevB.52.16486.
[130] A. Gaymann, H. P. Geserich, and H. v. Löhneysen,
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