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Dark photons (DPs) produced in the early Universe are well-motivated dark matter (DM) candidates.
We show that the recently proposed tunable plasma haloscopes are particularly advantageous for DP
searches. While in-medium effects suppress the DP signal in conventional searches, plasma haloscopes
make use of metamaterials that enable resonant absorption of the DP by matching its mass to a tunable
plasma frequency and thus enable efficient plasmon production. Using thermal field theory, we confirm the
in-medium DP absorption rate within the detector. This scheme allows us to competitively explore a
significant part of the DP DM parameter space in the DP mass range of 6–400 μeV. If a signal is observed,
the observation of a daily or annual modulation of the signal would be crucial to clearly identify the signal
as due to DP DM and could shed light on the production mechanism.
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I. INTRODUCTION

Uncovering the nature of dark matter (DM), the pre-
dominant constituent of matter in the Universe, remains
an elusive target and subject of significant scientific
efforts (see, e.g., Ref. [1] for a review). While a lot of
attention has been devoted to exploring DM composed
of weakly interacting massive particles (WIMPs),
another generic possibility is DM composed of very
light (≪OðeVÞ) bosonic particles that exhibit classical
fieldlike behavior.
Dark (hidden) photons (DPs) constitute a prototypical

example of spin-1 bosonic light DM (e.g., [2–4]). Associated
with an additional U(1) dark sector gauge symmetry, they
appear in minimal extensions of the Standard Model (SM)
and are also well motivated by fundamental considerations
(e.g., [5]). Analogously to axions [6–8], DPs can be readily
produced in the early Universe through the misalignment
mechanism [9–13] (other production channels, such as
inflationary fluctuations [14,15] or decays of precursor
fields [16–20], are also possible). Depending on its pro-
duction history, the resulting DP vector field may or may not

have a preferred direction of alignment at present timewithin
our Galaxy.
A central pillar in experimental efforts to search for the

DM are direct detection experiments that attempt to
measure the energy deposited within a detector by inter-
actions of DM in the Milky Way halo passing through it.
Light DM with mass significantly smaller than OðGeVÞ
will not deposit sufficient nuclear recoil energy within
conventional ton-scale direct detection experiments (e.g.,
[21–23]) with keV-level thresholds optimized toward
WIMP searches, focusing on electroweak mass scales.
Hence, other types of searches are required to explore it.
For light DM, DPs or axions/axionlike particles (we refer

to these generically as “axions”), sensitivity to OðeVÞ mass
scales can be gained within large direct detection experi-
ments searching for ionization signals due to DM absorption
by bound electrons [24,25]. Detection proposals based on
small OðmeVÞ band-gap materials envision good sensitivity
for light DM with masses above the gap, allowing for
efficient quasiparticle excitation (e.g., phonons), including
superconductors [26,27], graphene [28], Dirac materials
[29,30], superfluid helium [31–35], and polar materials
[36]. Axion haloscope experiments (see, e.g., Ref. [37]
for a review) can typically also efficiently probe DPs,
including setups based on cavity resonators (e.g., [38–44])
and dielectrics [45,46] as well as dish antennas [47–51].
In-medium effects within detectors themselves suppress

DP interactions and thus present a major limiting factor for
experimental searches. If the DM interaction is on reso-
nance with quasiparticle production within the material,
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such as plasmons, these effects can be mitigated. In a recent
study [52], a novel tunable plasma haloscope for axion
detection has been proposed. While the more conventional
axion haloscope cavity searches for axions coupled to
photons rely on resonant axion-photon conversion asso-
ciated with cavity frequency modes, the plasma haloscope
takes advantage of novel metamaterial properties to con-
sider axion-plasmon resonant conversion. The tunable
plasma frequency that resonantly matches the axion mass
is not directly associated with the dimensions of the
detector in plasma haloscopes and allows to efficiently
cover a large axion parameter space.
In this work we show that plasma haloscopes constitute

particularly advantageous testing grounds forDPs. Plasmons
have been extensively discussed in relation to dark sectors
within astrophysical environments (e.g., [4,53–55]), the
early Universe (e.g.. [56]) and more recently in the context
of “inelastic” nuclear recoils from heavy∼MeV − GeV DM
within the more conventional direct detection experi-
ments [57,58].
While DP-plasmon resonances have been considered

in astrophysical environments (e.g., [54,55]), they have
not been discussed in laboratory settings. Utilizing a
DP-plasmon resonance with a tunable frequency, plasma
haloscopes allow to take full advantage of in-medium
effects that often plague DP searches, and thus significantly
enhance detection sensitivity.

II. DARK PHOTON IN-MEDIUM RESONANCE

The low-energy effective Lagrangian due to the presence
of a gauge boson X of a hidden sector U(1) symmetry that
kinetically mixes (e.g., [10,24,59,60]) with the ordinary
photon A is

L ⊃ −
1

4
FμνFμν −

1

4
XμνXμν þ sin α

2
FμνXμν

þ eJμEMAμ þ
m2

X cos
2 α

2
XμXμ; ð1Þ

where Fμν, Xμν denote the fields strengths of the SM
photon and the DP, respectively, JμEM is the electromagnetic
current, mX is the DP mass1 after neglecting terms of order
α2 (see below) and sin α is the kinetic mixing parameter.
The kinetic mixing term can be removed by diagonalization
through Ã ¼ A cos α, X̃ ¼ X − sin αA. In the interaction
ðÃ; X̃Þ basis, the effective Lagrangian is

L ⊃ −
1

4
F̃μνF̃μν −

1

4
X̃μνX̃μν þ e

cos α
JμEMÃμ

þm2
X cos

2 α

2
ðX̃μX̃μ þ 2χX̃μÃ

μ þ χ2ÃμÃμÞ; ð2Þ

where χ ≡ tan α and Ã, X̃ denote the photon produced in
electromagnetic interactions and the DP sterile state,
respectively. In the interaction basis the electromagnetic
coupling gets renormalized to ðe= cos αÞ and there are
Ã − X̃ photon-DP oscillations due to mass-mixing.
Neglecting Oðχ2Þ terms and dropping the tilde, we have

L ⊃ −
1

4
FμνFμν −

1

4
XμνXμν þ eJμEMAμ

þm2
X

2
ðXμXμ þ 2χXμAμÞ; ð3Þ

which gives the wave equation in vacuum (in momentum
space)

−K2Aν ¼ χm2
XX

ν ð4Þ

where we defined the four momentum K ¼ ðω;kÞ. Here
we have used the Fourier expansion for a free field with the
energy ω ¼ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkj2 þm2

X

p
. We treat the fields as complex,

Xμ
cðt;xÞ, of which the actual fields constitute the real part

Xμ ¼ RefXμ
cg. As in Ref. [61], we include a volume V in

the definition of the Fourier transform, which will later
simplify the definition of the DM density in Eq. (15),

Xμ
cðt;xÞ ¼

ffiffiffiffi
V

p Z
d3k
ð2πÞ3 X

μðkÞe−iðωt−kxÞ: ð5Þ

Our use of a classical field description is justified as the
state occupation number is very large (e.g., [47]).
For a DP that kinetically mixes with the SM photon,

effects of in-medium propagation can be significant. In-
medium interactions can be accounted for by including a
linear response (e.g., [30,53,62]),

Jμind ¼ −ΠμνAν; ð6Þ

where Πμν is a polarization tensor. Hence, the total current
coupling to photon is eJμEM þ Jμind. Let us first assume an
isotropic and parity invariant medium, and later discuss the
extremely anisotropic wire metamaterial scenario. In the
Lorentz gauge, the polarization tensor is described by two
polarization functions ΠT and ΠL, for transverse and
longitudinal excitations (e.g., [24])

Πμν ≡ ie2hJμEMJνEMi ¼ −ΠTðeμþe�νþ þ eμ−e�ν− Þ − ΠLe
μ
Le

�ν
L

¼
X
i¼�;L

ΠiP
μν
i ; ð7Þ

where eL and eþ;− are the longitudinal and the transverse
polarization vectors, respectively, and Pμν

i are projectors.
Assuming k parallel to the ẑ axis, the polarization
vectors are

1TheDPmass can begenerated via theHiggs or the Stueckelberg
mechanisms.
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eL ≡ ðk2;ωkÞ
k

ffiffiffiffiffiffi
K2

p and eþ;− ≡ 1ffiffiffi
2

p ð0; ex � ieyÞ; ð8Þ

where ex, ey are orthogonal unit vectors perpendicular to
the unit vector k=k.
The wave equation for the interaction eigenstate

A ¼ ðA0;AÞ, in the absence of a JμEM reads

−K2Aν ¼ −ΠμνAμ þ χm2
XX

ν: ð9Þ
The relationship between the dielectric tensor ϵ and the

polarization tensor components is given by [24,63]

ϵL ¼ 1 −
ΠL

ω2 − k2
and ϵT ¼ 1 −

ΠT

ω2
ð10Þ

so that for small k (small velocity of the DM) ϵT ¼ ϵL ¼ ϵ.
The dielectric function has real and imaginary parts, just
like the polaritazion tensor. The real part is a phase shift in a
travelling photon wave function, while the imaginary part is
due to absorption of photons travelling in the medium. In
the Drude model, typically used to describe metals, ϵ can be
written as

ϵ ¼ 1 −
ω2
p

ω2 − iωΓ
≃ 1 −

ω2
p

ω2
þ i

Γω2
p

ω3
; ð11Þ

where Γ is the damping within the medium. For small k we
have that ω ≃mχ and the zero-components of the fields are
negligible, A0 ≃ ðk ·A=ωÞ ≃ 0 and X0 ≃ 0 (see Appendix
of Ref. [47]). Thus, the ordinary electric field produced by
DP (assuming an isotropic medium) is given by

jEðk ¼ 0Þj ¼
���� χmX

ϵ
Xðk ¼ 0Þ

����: ð12Þ

III. OUTPUT POWER

We would like to relate the X field in Eq. (12) with the
DM energy density. First, we note that the detected electric
field, as produced by DP in Eq. (12), should be the time
derivative of the interaction eigenstate.2

Another remark is related to the fieldX in Eq. (5), which
is the sterile interaction eigenstate. In contrast, the DP DM
is residing in a vacuum propagation eigenstate (i.e., a
mass eigenstate), after a nontrivial cosmological evolution
[10,64–67]. The vacuum propagation eigenstates ðA0; X0Þ,
found by diagonalizing the mass term of Eq. (2), can be
related to ðA;XÞ via

�
A

X

�
¼

�
cos α sin α

− sin α cos α

��
A0

X0

�
≃
�

1 χ

−χ 1

��
A0

X0

�
;

ð13Þ

where χ has been assumed to be small. We observe that
the DM (vacuum propagation eigenstate) consists primarily
of the sterile interaction eigenstate, which is the source in
Eq. (12).
At this point, we can relate X in Eq. (12) with the DM

energy density. The Hamiltonian of the DP is that of a
massive photon (i.e., the Proca field),

HDPðt;xÞ ¼
1

2
½EX · EX þ BX · BX

þm2
XðX0X0 þX ·XÞ�; ð14Þ

where EX¼∂0Xþ∇X0 and BX¼∇×X. Thus, the energy
density is [10,68]

ρ ¼ 1

V

Z
d3xHDPðt;xÞ ¼

1

V

Z
d3x

1

2
∂0X · ∂0X

¼
Z

d3k
ð2πÞ3

ωðkÞ2
2

jXðkÞj2; ð15Þ

where we used the Fourier expansion in Eq. (5) and
indicated the only term in H whose integral is not zero.
The space average of the complex DP field is

hXμ
cðtÞi ¼ 1

V

Z
d3xXμ

cðt;xÞ

¼ Xμðk ¼ 0Þffiffiffiffi
V

p e−imXt ≡ Xμ
0e

−imXt; ð16Þ

corresponding to a plane wave with frequency mX whose
amplitude Xμ

0¼ðX0
0;X0Þwe defined as Xμ

0¼Xμðk¼0Þ= ffiffiffiffi
V

p
Equation (15) allow us to make contact between the two

different formulations of DP DM as a classical field and as
particles, the latter given by the local velocity distribution
of DM particles in the laboratory frame flabðvÞ, through

ρ ¼ ρ

Z
d3vflabðvÞ: ð17Þ

Thus, taking k ¼ mXv in Eq. (15) the DM velocity
distribution is identified with [61]

flabðvÞ ¼
m3

Xω
2

2ð2πÞ3ρ jXðkÞj2: ð18Þ

The kinetic energy of DM particles in the dark halo of
our Galaxy is of Oð10−6ÞmX. Neglecting terms of this
order, we can identifyωðkÞ2 ¼ m2

X in Eq. (15). Then, using
the inverse Fourier transform of Eq. (5) we obtain

2We have a different result with respect to the one quoted in
Ref. [46] [see the discussion after their Eq. (9)], in which what is
called “electric field” is in our case ð1 − ϵÞE. However, the final
results of Ref. [46] do not depend on this expression (nor do ours,
as we tune the haloscope to obtain ϵ → 0).
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ρ ¼ m2
X

2
hjXcðt;xÞj2i; ð19Þ

where the brackets indicate the space average of the square
magnitude of the DP field. Further, neglecting the DM
velocity that is of Oð10−3Þ, i.e., using

XμðkÞ ¼ Xμðk ¼ 0Þ
V

ð2πÞ3δ3ðkÞ ¼ Xμ
0ffiffiffiffi
V

p ð2πÞ3δ3ðkÞ ð20Þ

in the Fourier expansion Eq. (5) (which means approxi-
mating the local DP DM velocity distribution by flabðvÞ ¼
ðm2

X=2ÞρjX0j2δð3ÞðvÞ), allows us to identify the DP field
with the plane wave in Eq. (16). Therefore,

ρ ¼ m2
X

2
jhXcðtÞij2 ¼

m2
X

2

jXðk ¼ 0Þj2
V

¼ m2
X

2
jX0j2: ð21Þ

This result immediately follows from Eq. (19) for a field
constant in space and can be obtained directly using
Eq. (20) and ½ð2πÞ3δ3ðkÞ�2 ¼ Vð2πÞ3δ3ðkÞ in the integral
of Eq. (15).
We can also make contact through the expressions we

obtained for the DM energy density ρ with the momentum
density function fXðkÞ that we employ in Appendix.
Writing the energy density as

ρ ¼
Z

d3k
ð2πÞ3 ωðkÞfXðkÞ; ð22Þ

we can use Eq. (15) and obtain

fXðkÞ ¼
ωðkÞ
2

jXðkÞj2: ð23Þ

Alternatively, if we neglect the DM velocity, i.e., using
Eq. (20), we find

fXðkÞ ¼
ð2πÞ3
2

mXjX0j2δð3ÞðkÞ: ð24Þ

The power P in a plasma is given by

P ¼ ΓU; ð25Þ

where U is the stored energy. The damping is given by
Γ ¼ ω=Q, where Q is the quality factor and (ω=Q) denotes
the full-width-half-maximum of the signal.
For DP, the on resonance output power, when put in a

suggestive form reminiscent of cavity haloscopes [10], is
thus given by

Pout ¼ κΓ
1

4

Z �∂ðϵωÞ
∂ω jEj2 þ jBj2

�
dV

¼ κχ2ρmXQVdG; ð26Þ

where in the first line we used the definition of energy
density of the electromagnetic field within a dispersive
medium [69] and in the second line we used Eq. (21) and
defined the “geometric factor”

G ¼ jϵj2
m2

Xχ
2jX0j2Vd

1

2

Z �∂ðϵωÞ
∂ω jEj2 þ jBj2

�
dV; ð27Þ

which is typically ofOð1Þ. Note that the E-field structure is
the same as in the case of the axion (Ref. [52]). Here,
ρ ¼ 0.45 GeV=cm3 is the local DM density (the value
assumed in, e.g., Ref. [70] and compatible with observa-
tions [71–73]), Vd is the fiducial volume of the detector,
and κ is the signal coupling efficiency factor.
In Appendix, we employ the machinery of thermal field

theory to directly compute the power absorbed by the
detector in the “propagator approach” [55]. Our results
confirm the expressions obtained with classical electro-
dynamics in the main text, as well as the expressions
obtained with quantum field theory (with in-medium
corrections), as used in, e.g., Refs. [24,29].

IV. THIN WIRE METAMATERIALS

Recent advances in material science have devoted
significant attention to metamaterials, composite materials
with periodically or randomly distributed artificial micro-
structure with size and spacing smaller than the wavelength
of interest. Their unique properties can be exploited for new
physics searches.
We briefly describe wire metamaterials, which have

recently been proposed for the realization of tunable plasma
haloscopes [52]. As demonstrated in Ref. [74], an extended
network of thin wires comprises a composite dielectric that
behaves like a metal with a plasma frequency in the GHz
range. We envision a configuration based on a system of
aligned wires in the ẑ-direction. Since such a system con-
stitutes an extremely anisotropic medium, the longitudinal
and transverse modes of polarization tensor are mixed. This
can be encoded through a matrix (see, e.g., Ref. [30])

KAB ≡ eAμΠμνeBν ; ð28Þ

where the A and B indices run over the longitudinal and
transverse polarization vectors. A nonmagnetic material has
a symmetric polarization tensor and we can thus diago-
nalize K. In the z-direction of the wires the effective
dielectric constant can be described by the standard
Drude model for metals [74,75], with eigenvalues

ϵ≡ ϵz ¼ 1 −
ω2
p

ω2 − iωΓ
and ϵ⊥z ¼ 1: ð29Þ

For a rectangular array of wires, with a wire radius d and an
interwire spacing in each direction perpendicular to the
wires of a and b, the plasma frequency is given by [75]
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ω2
p ¼ 2π=s2

logð s
2πdÞ þ FðrÞ ; ð30Þ

where s ¼ ffiffiffiffiffiffi
ab

p
, r ¼ a=b and

FðrÞ ¼ −
1

2
log rþ

X∞
n¼1

�
cothðπnrÞ − 1

n

�
þ πr

6
; ð31Þ

allowing for ωp ∼ GHz when s ∼ cm spacing. Since the
plasma frequency is predominantly determined by the
interwire spacing, this setup allows to realize a tunable
plasma haloscope. The resulting electric field is thus

jEj ¼
���� χmX

ϵ
X cos θ

����; ð32Þ

where θ is

cos θ ¼ jẑ ·Xj
jXj : ð33Þ

Envisioning a finite cylindrical experimental configuration,
the discussion of bounded plasma solutions for the field
propagation in plasma haloscopes can be found in Ref. [52].
Unlike axions, DPs can have electric fields in directions

other than the ẑ-direction of wire alignment. If the boundary
of the plasma is a conducting cylinder, for electric fields
polarized in the nonaxial directions the device behaves like a
resonant cavity. Thus, in principle, DPs can excite transverse
electric modes (i.e., modes with Ez ¼ 0) if the mode
frequency matches the DP mass. However, as the DP
interacts with cavities analogously to the axion, the rate is
proportional to the overlap integral of the DP wave function
and the cavity mode. In the case of transverse electric
modes in a cylinder, this overlap is zero [76]. Thus, we only
consider Ez.

V. EXPERIMENTAL SETUP

We now discuss a setup configuration for DP detection
with a plasma haloscope. The output power is immediately
read from Eq. (26) as

Pout ¼ κχ2ρmXQVdG cos2 θ: ð34Þ

For an unknown DP field direction at the experiment, our
limits are obtained by averaging over all the possible
directions, with hcos2 θi ¼ 1=3. Such an average occurs
when the polarization of the DP fluctuates over short
timescales, so that a measurement samples many different
polarizations. In the case of a fixed polarization, for a
measurement longer than a day the signal will still be
averaged over to give an Oð1Þ number, but the exact
average will depend on the angle of the DP with the Earth
and the experiment’s location on Earth.

For simplicity we will follow the specifications of
Ref. [52]. We consider a cylindrical structure enclosing
copper wires with diameter of ∼10 μm, which are readily
commercially available. We take Q ¼ 102, κ ¼ 0.5.3

Unlike the axion case [52], amagnetic field is not required
for DP search and hence we are not restricted by the
geometric considerations related to the magnet bore size.
However, such a device will still need to be cooled, which
limits the volume. For a quantum limited detection at low
frequencies a dilution refrigerator is required [77], which is
unlikely to be possible forV > Oðm3Þ. ADMX,which has a
cavity volume of 136 L, has the largest dilution refrigerator
currently used in axion detection [78]. However, one could
also envision a larger, warmer system aiming at lower
frequencies. Another limitation for considered volume is
that heavier DPs with large de Broglie wavelength λDB will
lose coherence over the experiment’s dimensions, which
both reduces the expected signal and increases the signal’s
sensitivity to the (unknown) DP velocity dispersion, similar
to cavities and dielectric haloscopes [61]. Hence, each
dimension of the experiment should not exceed Oð10Þ%
of the DP’s de Broglie wavelength.
Employing the physical dimensions for the experiment as

proposed in Ref. [52], we consider a cylinder of volume
V ¼ 0.8 m3 and diameter 60 cm. For a lower limit on
detection frequency, we envision a minimum of 300 wires,
which in a 60 cm diameter cylinder gives a wire spacing of
3 cm.4 The lower limit on the number ofwires stems from the
requirement that the medium behaves as a plasma, which
was confirmed to occur within a square array of ≳200–400
wires [79]. FromEq. (30), this translates into a lower limit on
detection sensitivity to plasma frequency νp ¼ 1.5 GHz,
corresponding to a DP mass of mDP ≃ 6 μeV. These con-
siderations also applied to Ref. [52], signifying that
plasma haloscopes are more sensitive to light DM at smaller
mass range than originally thought. Note that when the
wavelength of light in the medium becomes larger than the
experiment the power becomes suppressed [80]. For us,
this translates into geometry factor approaching zero as
R=

ffiffiffiffi
ϵz

p
ω → 0, where R is the radius of the cylinder. We

illustrate this suppression explicitly in the left panel of Fig. 1,
where at 1.5 GHz G ¼ 1.7 × 10−2—leading to a hundred-
fold suppression of the power. Thus, if even lower frequen-
cies are desired, one must increase the radius of the
experiment, at the possible expense of a sub Kelvin cooling
system. An alternative could be to operate slightly off the

3This corresponds to a critically coupled system where the
power extracted as signal is equal to other losses.

4In Ref. [52] there was an error in converting plasma
frequencies to physical wire spacings, leading to the frequency
associated with a given spacing being overestimated by a factor of
2π. However, as the discussed frequency limits are based on
general engineering considerations and not a specific realization
of the experiment, this is not very significant.
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plasma frequency, thusmodifying thewavelength tomatch a
resonant mode of the cavity.
For considerations of a (soft) upper limit on detection

frequency, we note that mechanically tuning such a device
would prove very challenging for sub-mm wire spacings.
However, as can be seen from Eq. (30), only one direction
needs to be tuned in order to change ωp [52]. Thus, one can
compensate for limitations in the tuning direction by
manufacturing wires to be more densely packed in an
orthogonal direction. Hence, if the closest possible spacing
is a ∼ 1 mm, one could still achieve a plasma frequency of
νp ¼ 100 GHz with an orthogonal-direction wire spacing
of b ∼ 0.5 mm. We note that employing an arbitrarily small
spacing in the direction that is not being tuned would not
prove beneficial. To illustrate this, we depict in the right
panel of Fig. 1 the plasma frequency of Eq. (30) as a
function of spacing b for a set of 10 μm wires of spacing
a ¼ 1 mm. We observe that ωp is saturated as b → 0

(though the formalism breaks down when the wire radius
becomes comparable to the spacing). Hence, if one is
restricted to mechanical tuning, the minimum spacing
allowed in the tuning direction determines the maximal
plasma frequency. To get to 100 GHz would require a
minimum spacing ≲1.5 mm. However, we note that wire
metamaterials can be tuned via the Josephson effect [81],
which would evade such constraints.

VI. SIGNAL DETECTION

We envision detecting the signal via an antenna coupled
to the system. While the full design of such an antenna
would be the subject of a detailed technical proposal, if
multiple elements are needed to extract power from the full
volume a summing network could be employed, as was
proposed for axion detection in Ref. [82]. As the refractive
index is almost purely imaginary on resonance, waves
decay over a distance 1=

ffiffiffiffi
ϵz

p
ω in transverse (non-z)

directions. Thus, systems with R ≫ 1=
ffiffiffiffi
ϵz

p
ω require some

antenna elements to be placed inside the medium for a full
readout. Under these assumptions, we can obtain the scan
rate via Dicke’s radiometer formula for signal-to-noise ratio
(S=N) (see discussion in, e.g., Ref. [83])

S
N

¼ P
Tsys

ffiffiffiffiffiffiffiffiffiffiffi
Δt

ΔνDP

s
; ð35Þ

where Tsys is the system noise temperature, ΔνDP ≃
10−6νDP is the DP signal line width, Δt is the measurement
time that covers a frequency range ∼Q=ω. Here, frequency
is νDP ¼ ω=ð2πÞ, where ω ¼ mDP on resonance. We
consider quantum limited detection,5 taking Tsys ¼ mDP.
For our parameters, the power at a given frequency is

Pout ¼ 1.1 × 10−22 W

�
κ

0.5

��
G
1

��
χ

10−15

�
2
�

Q
100

�

×

�
Vd

0.8 m3

��
ν

10 GHz

��
ρ

0.45 GeV=cm3

�
: ð36Þ

At higher masses, this equation is modified by the
restriction that experimental size does not exceed ∼30%
of λDB. As we are considering a narrow aspect ratio
cylindrical cavity whose height h exceeds the diameter,
we impose h < 0.3λDB. At lower frequencies, the geo-
metric factor G of Eq. (27), displayed on Fig. 1, is
suppressed due to the finite size of the waveguide [52].
We can obtain a rough estimate of the experimental

livetime required to scan over a region of parameter space
by treating the resonance as a rectangular spectrum with a
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0.100

0.500
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0
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100

150
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FIG. 1. Left: geometric factor G of Eq. (27), obtained using finite plasma field description within a wave-guide as derived in Ref. [52],
describing a system of radius 30 cm with a quality factor Q ¼ 100 as a function of plasma frequency νp. Right: plasma frequency
νp ¼ ωp=ð2πÞ, given in Eq. (30), of a wire metamaterial configuration composed of aligned 10 μm copper wires as a function of inter-
wire spacing in orthogonal directions perpendicular to the wires, a ¼ 1 mm and b. As the spacing b → 0, the plasma frequency saturates
to a maximal value. This indicates both the maximum reachable plasma frequency as well as tunability of a given system.

5At low frequencies (≲10 GHz) detection near quantum limit
has been demonstrated with Josephson parametric amplifiers
operating at low temperatures [77].
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width given by the full width half maximum (ω=Q) and
height given by the half maximum (Pout=2). This estimate
assumes that a relatively rapid frequency tuning (≪Δt)
without disturbing the system is possible, although these
effects could be included [84]. Given that a low Q is
assumed, each measurement is relatively long, so this is not
a significant restriction on the tuning time. Thus, integrat-
ing Eq. (35), the total scanning time between frequencies ν1
and ν2 is given by

tscan ¼ 4 × 10−6Q
Z

ν2

ν1

dν

�
S
N

�
2
�
Tsys

Pout

�
2

: ð37Þ

Requiring a signal-to-noise ratio of ðS=NÞ ≥ 3, a kinetic
mixing parameter value down to χ ≃ 7 × 10−16 can be
probed across our whole parameter range of 6 − 400 μeV
within ∼5 years of experimental livetime.
For the above input parameters and experimental

livetime of 5 years, in Fig. 2 we display the projected
sensitivity for DP parameter range in green along with
existing constraints.6 We note that while axion haloscope
limits are often converted in the literature into limits on
DPs in the vein of Ref. [10], many of the published limits
have employed magnetic field as a veto on signals
(e.g., Refs. [87,88]). Thus, any potential DP signals were
rejected, signifying that one cannot directly reinterpret such
studies as DP searches. In Ref. [78] such a procedure was
also used, however only injected simulation candidate
events were present before this was done. Hence, while
it is uncertain if a DP would have been observed if there had
been a candidate event, one can use the lack of candidates
as a limit. In the cases which did not explicitly employ such
a procedure, we assume that no veto was employed. If the
analysis is done allowing forDP signals, cavity searches such
as ADMX [39], HAYSTAC [89], CULTASK [40], ORGAN
[41], KLASH [42] and RADES [43,44] are potentially very
sensitive to DPs, particularly for ν≲ 10 Ghz. As multiple
axion haloscope searches perform such vetoing, we only
display published DP projected sensitivities along with
existing limits, the most relevant being dielectric haloscopes
like MADMAX [45,90]. With a small enough mass-gap,
Dirac materials could also be sensitive in the range of our
parameter space of interest [29].
To plot limits, we have assumed that the DP field

direction changes relatively rapidly, so the averaged angle
can be used for all experiments. As individual measure-
ments are long, plasma and dielectric haloscopes would
obtain similar results for a fixed DP direction. However,
cavity haloscopes generally measure for very short periods,

and so would only sample a single value of cos2 θ in each
measurement. Further, usually multiple measurements,
presumably occurring at different times of the day, are
combined to get the final limits. To get a limit on a time
varying signal would require time and location information
for each measurement when combined, in order to take into
account signals potentially vanishing at different times of
the day. As detailed timing information is usually not
reported, it is non-trivial to rigorously turn existing limits
into DP limits in such a scenario.
While for axions both quantum limited and constant

noise temperatures were explored in Ref. [45], the limits
plotted for DP in Ref. [90] assumed a more modest noise
temperature of 8 K. Thus for a direct comparison we plot
also a more conservative system with Tsys ¼ 8 K (dashed
green line). We note, however, that as near quantum limited
detection is currently available below ∼10 GHz, such a plot
is somewhat pessimistic in the low mass regime.7 As shown
in Fig. 2 even with conservative parameters plasma halo-
scopes are capable of searching a large fraction of the DP

FIG. 2. Projected sensitivity reach of plasma haloscopes for DP
searches assuming an 0.8 m3 volume of plasma with a quality
factor Q ¼ 100. We assume a 5 year livetime, and display both
the optimistic quantum limited (solid green) as well as 8 K noise
temperature (dashed green) cases. Existing limits (dark gray)
from haloscope cavity searches of ADMX [70,91–93] and
HAYSTAC [89] are shown. We display the projected DP reach
of MADMAX (blue) dielectric haloscope, which assumes a
constant 8 K noise temperature [90].

6Dish antenna experiments [48], such as SHUKET [85] and
Tokyo (University of Tokyo) [86], also probe this mass range.
However, they are more suited for broadband searches at larger
values of χ and their limits are less sensitive than the parameter
range displayed.

7Recently an alternatively designed dielectric haloscope, DALI
[94], was proposed. However, Ref. [94] neglected the quantum
limit of linear amplification. HAYSTAC is exploring using
squeezed states with Josephson parametric amplifiers at lower
frequencies to evade the quantum limit [95], however Ref. [94]
assumed linear amplifiers would be used, desiring commercially
available technology.
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parameter space, being complementary to dielectric halo-
scopes like MADMAX. In particular, if both types of
experiments use mechanical tuning, the smaller spacings
between elements in plasma haloscopes for a given
frequency make it more suitable for somewhat lower
frequencies.

VII. SIGNAL MODULATION

Due to Earth’s motion with respect to the Galaxy, shown
schematically in Fig. 3, there is a time modulation of a DM
signal, since the DM distribution is constant in time in the
Galactic rest frame during the duration of any experiment
(although the local DM distribution at the experiment may
change if it enters and/or exists a small enough DM lump or
stream, as we comment below). Equation (18), where v is the
velocity of a DM particle in the detector’s rest frame, relates
the classical field and the particle formulations of DP DM.
Aside from the velocity and location of the detector, the
orientation of the direction of the wires ẑ in Eq. (33) also
changes periodically in the Galactic rest frame.
This leads to three distinct time modulation effects (see,

e.g., [83]): (1) the periodic change of the detector speed
with respect to the Galaxy, (2) a possible change in DM
density during data taking, and (3), the daily change in
orientation of the detector with respect to the Galaxy (due
to Earth’s rotation about itself). This last effect occurs only
for DP, but not axions, in some DM generation models and
makes use of the strong directionality of the detector we
consider.
The time modulation effects due to the periodic change

in the velocity of the detector in the Galactic rest frame are
very different when the DM particle is absorbed compared
to when it scatters off and deposits only a portion of its
kinetic energy within the detector.
When theDMparticle is absorbed, the energy deposited in

the detector is the particle massmX plus its kinetic energy of
Oð10−6ÞmX, since the characteristic DM speed isOð10−3Þc.
The DM signal obtains a finite width due to the spread of the
kinetic energy. The peak frequency of the DM line is at
ωpeak ¼ mXð1þ v2Sun=2Þ, where vSun, the speed of the Sun
with respect to the Galaxy, is about 240 km=s (see e.g., [72]

for a discussion of the uncertainties in this speed). The orbital
motion of Earth, with speed close to 30 km=s, produces an
annual modulation of amplitude Δv of the detector’s speed
with respect to the Galaxy, and thus a periodic shift
ðvSunΔvÞωpeak of Oð10−7Þωpeak in the DM line peak fre-
quency. Hence, detecting this modulation would require an
experimental energy resolution of Oð10−7ÞmX.
The existence of a escape speed vesc of about 550 km=s

from the Galaxy at Earth’s location introduces a high
frequency cutoff ωmax ¼ mXð1þ ðvesc þ vSunÞ2=2Þ of the
DM line. The escape speed has been measured by the
RAVE and GAIA surveys, with values between 480 km=s
and 640 km=s [96–98] with respect to the Galaxy (con-
sidering the 90% C.L. intervals of each measurement).
The cutoff could be difficult to measure due to the fast
decrease of the DM speed distribution with increasing
speed, but it is also annually modulated with an amplitude
½ðvesc þ vSunÞΔv�ωmax of Oð10−6Þωmax.
The daily rotation of Earth around itself, whose surface

speed at the equator is Oð10−6Þc, would induce an even
smaller daily modulation of the peak frequency ωpeak (and
also of ωmax). This would consequently require an even
finer energy resolution of Oð10−9ÞmX.
The extremely good energy resolution required to detect

the annual modulation of DM line peak, and possibly its
daily modulation, could be achievable with a long enough
measurement time once a signal has been observed. The
potential detection of the time modulation of the peak
frequency, as well as other features of the DM line shape,
due e.g., to Sun’s gravitational lensing, DM streams, or a
dark disk, have been studied at length, primarily in the
context of axion detection, see, e.g., [61,83,99–103].
A seemingly erratic time modulation in the amplitude of

the signal could occur due to the existence of pervasive very
dense and small (relative to the size of the Solar System)
clumps of the DM. These clumps are predicted if DP DM is
produced due to fluctuations of the vector field during
inflation [14], as described in Ref. [83], e.g., if the
experiment passes through a clump about every day and
spends several seconds within it.
An important daily modulation of the DP signal could

arise due to the strong dependence of the output power of
Eq. (34) on the orientation of the DP vector field X with
respect to the direction of the wires in the experiment,

Pout ¼ PMAX
out cos2 θ: ð38Þ

A daily modulation would only arise if the direction of the
DP field is fixed in a large enough region of the Galaxy near
Earth, such that the experiment spends at least several days
within it. This could be possible if the DP DM is produced
through a misalignment mechanism after inflation, depend-
ing on details of structure formation in the Universe (see,
e.g., Ref. [10]). The possibility of observing a directional
modulation has been studied for other detectors for DP

FIG. 3. Out of scale diagram of Earth’s motion with respect to
the Galaxy, due to both the orbital and the Solar System motions.
We also show the direction of the north galactic pole Ngal and the
north ecliptic pole Necl.
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detection (see, e.g., Ref. [68]) and also for axion detection
(see, e.g., Ref. [61]). In the most favorable case in which
our detector is located at 45° latitude and the direction ofX
coincides with the direction of the wires, assumed to be in
vertical position in the detector, at one time of the day (so
that cos θ ¼ 1 at this instant) the daily modulation would be
maximal. The output power would be maximal Pout ¼
PMAX
out at one time of the day, and 12 hours later (when the

azimuth at the location of the experiment would be at 90°
with respect to the original position, thus cos θ ¼ 0) the
power would be Pout ¼ 0. Thus, in this most favorable case,
the daily modulation of the output power would be 100%.
Even just splitting the daily observation into two equal time
interval bins in this most favorable case, the total signal in
the half day centered at the instant of maximum power
would contain 92.4% of the daily signal (and the other half
just the remaining 7.6%), which would make for a very
distinguishable daily modulation. Instead, in the worst case
scenario, if the X direction coincides with Earth’s rotation
axis, cos θ would be a constant (and related to the latitude
of the experiment, always assuming vertical wires) and the
daily modulation would be zero.
The observation of this directional daily modulation of

the signal would not only allow to reconstruct the direction
of the field X with respect to the detector, and thus with
respect to the Galaxy (any direction in the experiment
frame can be easily expressed in the Galactic rest frame and
vice versa—see, e.g., Appendix A of Ref. [104], and
Ref. [105]), but could also point toward the DP DM
production through the misalignment mechanism.
If the DP DM is instead produced through quantum

fluctuations of the vector field during inflation, the direc-
tion of the field could change many times during the
duration of the experiment, and even during a day. As
already mentioned in Ref. [83], in this latter case an optimal
setup using simultaneously multiple experiments aligned
in different directions would be require to determine the
instantaneous direction of X.
If a signal is observed, the observation of a daily or

annual modulation of the signal would be crucial to clearly
identify the signal as due to DP DM.

VIII. CONCLUSIONS

In this work we have shown that recently proposed
plasma haloscopes are particularly well suited for DP DM
searches. Plasma haloscopes take advantage of in-medium
effects, which suppress the signal in conventional searches.
Using description based on thermal field theory as well as
classical electrodynamics, we have confirmed the DP
absorption rate at the experiment. By employing metama-
terials, the plasma frequency in plasma haloscopes can be
tuned to match the DP mass, which allows to competitively
probe the region of the parameter space with DP masses of
6–400 μeV. Once detected, analysis of signal modulation

will allow for a definitive test that DM has been observed
and could shed light on the production mechanism.

ACKNOWLEDGMENTS

We thank Francesco Capozzi, Jòn Gudmundsson,
Matthew Lawson, Georg Raffelt, Karl Van Bibber, and
Frank Wilczek for helpful discussions. A. M. thanks
Thierry Grenet for pointing out the factor of 2π error in
Ref. [52]. A. M. is supported by the European Research
Council under Grant No. 742104 and is supported in part
by the research environment grant “Detecting Axion Dark
Matter In The Sky And In The Lab (AxionDM)” funded by
the Swedish Research Council (VR) under No. Dnr 2019-
02337. The work of G. G., V. T., and E. V. was supported
by the U.S. Department of Energy (DOE) Grant No. DE-
SC0009937.

APPENDIX: ABSORPTION RATE FROM
THERMAL FIELD THEORY

Here we employ thermal field theory to obtain the
DP DM absorption rate, following the discussion of
Refs. [55,106]. The emission and absorption rates of a
boson by a medium is related to the self-energy of the
particle in the medium itself as [107,108]

ImΠ ¼ −ωΓ; ðA1Þ

where Γ ¼ Γabs − Γprod is the rate with which the consid-
ered particle distributions approach thermal equilibrium.
Thus, the absorption rate is obtained by calculating the in-
medium DP self-energy. This statement corresponds to the
optical theorem in the framework of thermal field theory.
We need to generalize the approach used for dark photon

production by an electromagnetic plasma as in Ref. [55] to
the case in which a non-thermal population of cold DM is
absorbed by a detector. Let us use the momentum distri-
bution fXðkÞ so that the DP number density n is

n ¼
Z

d3k
ð2πÞ3 fX: ðA2Þ

For a boson with absorption rate Γabs and production rate
Γprod one finds [107]

∂f
∂t ¼ −fΓabs þ ð1þ fÞΓprod: ðA3Þ

We consider that only A and X interconvert in the
medium so that the production rate of one is equal to
the absorption rate of the other. Since the plasma haloscope
is at cryogenic temperatures there is no separate population
of photons in the medium. For the DP masses considered
here the occupation number is large, fX ≫ 1. Hence, the
DP and photon evolve respectively as
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∂fX
∂t ≃ −fXΓX ðA4aÞ

∂fA
∂t ¼ −fAΓX

prod þ ð1þ fAÞΓX
abs; ðA4bÞ

where ΓX ¼ ΓX
abs − ΓX

prod. Here, we are assuming that the
passage from vacuum to the haloscope is strongly non-
adiabatic, so that the components in the basis of interaction
eigenstates of the vacuum propagation eigenstate constitut-
ing the DM are conserved after the interface. This means
that the active component is small right after passing
through the medium interface (as it is proportional to χ,
not χ=ϵ), while the sterile component is large. This is
analogous to the case of neutrinos oscillating in a matter
potential in the “slab approximation” [109,110].
Using ∂fA=∂t ¼ −∂fX=∂t, one has

ΓX
abs ≃ ðfX − fAÞΓX ≃ −fX

ImΠX

ω
; ðA5Þ

where in the last approximation we have assumed that
fX ≫ fA and used Eq. (A1).
At lowest order the DP self-energy, shown in Fig. 4, is

given by [55]

ΠL;T
X ¼ m2

X þm2
Xχ

1

K2 − ΠL;TðKÞm
2
Xχ; ðA6Þ

where K ¼ ðω;kÞ is the four-momentum of the external
DP and ΠL;T are the self-energy of the longitudinal and
transverse plasmons respectively (we drop A in the nota-
tion). Both longitudinal and transverse excitations can be
produced by the DP population, which can be absorbed
both when with longitudinal and transverse polarization.
From Eq. (A6), it is seen that we need the plasmon self-

energy to obtain the DP absorption rate. The real part,
which modifies the dispersion relations of photons in the
medium,

ω2 − k2 ¼ ReΠT;L; ðA7Þ

in the nonrelativistic approximation is given by [55]

ReΠT ¼ ω2
p; ðA8aÞ

ReΠL ¼ K2

ω2
ω2
p; ðA8bÞ

where ωp is the plasma frequency. These are Eqs. (6.32)
and (6.38) of Ref. [53], considering that they are written for
the case in which Im ΠT;L ¼ 0. We see that the dispersion
relation for the transverse plasmon gives ω2 − k2 ¼ ω2

p,
with the usual interpretation of transverse excitations as
particles with mass ωp. The latter is given in a system of
wires by Eq. (30). The longitudinal plasmon, on the other
hand, has a peculiar dispersion relation, so that in the
nonrelativistic limit ω is independent from k. The imagi-
nary part of the photon self-energy is related to the rate Γ by
which plasmons thermalize in the medium—i.e., the damp-
ing in the classical description.
When treating longitudinal plasmons one defines the

vertex renormalization constant ZL [54]

K2 ¼ Z−1
L ω2; ðA9Þ

relevant for the coupling of external photons or plasmons to
electrons in the medium. We then interpret

ΓL ¼ −ZLImΠL=ω: ðA10Þ

Enforcing the on-shell condition K2 ¼ m2
X, the resulting

absorption rate of DPs is

ΓX
abs ¼ fLXm

2
Xω

2
χ2ΓL

ðω2 − ω2
pÞ2 þ ðωΓLÞ2

þ fTXm
4
X

χ2ΓT

ðm2
X − ω2

pÞ2 þ ðωΓTÞ2
; ðA11Þ

where we have defined the longitudinal and transverse DP
populations (fLX and fTX, respectively, and fLX þ fTX ¼ fX),
and we have used Eq. (A1) to define ΓT ¼ −ImΠT=ω. This
expression closely resembles the production rate of X
bosons obtained in Ref. [111]. Moreover, interpreting

χ2eff ¼ χ2
m4

X

ðm2
X − ω2

pÞ2 þ ðωΓTÞ2
ðA12Þ

as an effective coupling, we find the same expression as
Eq. (4.4) of Ref. [29] (see also Refs. [24,30]).
The longitudinal and transverse photons are indistin-

guishable in the zero momentum limit, ΓT ¼ ΓL ≡ Γ, so
that for nonrelativistic DPs on resonance (ω ¼ mX ¼ ωp)
the number absorption rate per unit volume is

FIG. 4. Feynman diagram representing the DP (single line) self
energy contribution due to the mixing with the plasmon (double
line), through the vertex χm2

X (crosses). The plasmon propagator
is cut by the diagonal dashed line to indicate that its frequency is
taken to be equal to the DP mass as its momentum goes to zero,
i.e., ω ¼ mX ¼ ωp.
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ΓX
abs ¼ fX

χ2m2
X

Γ
: ðA13Þ

As long as the dark matter distribution is narrower than
the line width of the resonance, the DP momentum
distribution can be written as

fX ¼ nð2πÞ3δ3ðkÞ; ðA14Þ

where n ¼ ρ=mX is the DM number density, which
coincides with Eqs. (24) and (21). Thus, the power
absorbed in a homogeneous and isotropic detector with
volume Vd is given by

P ¼ Vd

Z
d3k
ð2πÞ3 ωΓ

X
abs ¼ χ2ρm2

X
Q
mX

Vd; ðA15Þ

where Q ¼ ω=Γ is the quality factor and ρ is the local DM
density. Equation (A15) is equivalent to Eq. (26) in the
main text

Pout ¼ κP; ðA16Þ

in the limit where boundary conditions are negligible so
that the “geometric factor” goes to unity.
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