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We establish new experiments to search for dark matter based on a model of a light scalar field with a
dilaton-like coupling to the electromagnetic field, which is strongly motivated by superstring theory. We
estimate the power of the photon signal in the process of a nonresonant scalar-photon transition and in a
cavity resonator permeated by electric and magnetic fields. We show that existing cavity resonators
employed in experiments like ADMX have a low but nonvanishing sensitivity to the scalar-photon
coupling. As a result, by repurposing the results of the ADMX experiment, we find new limits on the scalar-
photon coupling in the range of the scalar field masses from 2.7 to 4.2 μeV. We discuss possible
modifications of this experiment, which enhance the sensitivity to the scalar field dark matter. We also
propose a broadband experiment for scalar field dark matter searches based on a high-voltage capacitor.
The estimated sensitivity of this experiment exceeds that of the experiment based on molecular
spectroscopy by nearly 2 orders of magnitude.
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I. INTRODUCTION

Scalar and pseudoscalar fields are considered as leading
candidates for dark matter (DM) particles. Awidely known
example of a pseudoscalar particle as an extension of the
Standard Model is the QCD axion, predicted in Refs. [1–7].
The axion-photon interaction gaγγaE⃗ · B⃗ suggests that the
axion field amay be converted into photons in an electric (E⃗)
or magnetic (B⃗) field. A technique for detecting axions that
utilizes this effect was proposed by Sikivie in Refs. [8,9].
Although the axion field has not been detected yet, the
allowed values of the axion-photon coupling constant gaγγ
are highly constrained fromanumber of experiments, such as
ADMX [10–18], ORGAN [19,20], CAST [21–23], and
light-shining-through-a-wall experiments [24].
The scalar field counterpart of the axion is the dilaton ϕ

[25], which couples to the electromagnetic field through the

operator gϕγγϕðB2 − E2Þ with the dimensionful coupling
constant gϕγγ. The dilaton field extension of the Standard
Model is strongly motivated by superstring theory; see,
e.g., Refs. [26–31]. Moreover, the scalar-photon interaction
serves as a window for possible physical manifestations in
chameleon models of gravity; see, e.g., Ref. [32] for a
review. In contrast with the axion, the dilaton mass is much
less theoretically constrained, and this represents a chal-
lenge for experimentalists to look for such particles over a
wide range of values of the mass and coupling constant.
Both axion and dilaton fields are supposed to be light

enough to exhibit wave-like properties. In particular, assum-
ing that the scalar field makes up the majority of cold
nonrelativistic dark matter, one concludes that such dark
matter is described by a coherently oscillating background
field ϕ ¼ ϕ0 cosωt, with the frequency ω equal to the mass
of this field. In Refs. [33–39] it was shown that a coupling of
this field to photons yields potentially observable effects of
oscillations of fundamental constants that might be detected
with atomic clocks. Scalar-field darkmatter was searched for
with the use of optical cavities [40] and gravitational-wave
detectors [41–43], and the corresponding astrophysical
effects were discussed in Refs. [35,44]. Scalar-photon
oscillations were studied in Ref. [45]. Constraints on the
scalar-field dark matter coupling were found using measure-
ments from the DAMA experiment [46,47] and from atomic
and molecular spectroscopy experiments [48–52]. Limits on
the scalar-photon interaction within the chameleon model of
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gravity were found in Refs. [53,54]. Recently, searches for
scalar dark matter using photonic, atomic, and mechanical
oscillators were proposed in Refs. [55].
In this paper, we consider the possibility of the detection

of scalar-field dark matter using cavity resonator haloscope
techniques, analogous to the axion dark matter model [8,9].
We show that axion-detecting cavity experiments like
ADMX have a low but nonvanishing sensitivity to the
scalar field coupling gϕγγ . This allows us to find new limits
on this constant by simply repurposing the results of the
ADMX experiment [15,18]. Further improvements of these
limits would require some modifications of the existing
cavities employed in such experiments. We propose some
modifications of this experiment with various configura-
tions of electric and magnetic fields to maximize the
sensitivity.
Although cavity resonators may have a good sensitivity to

the scalar-photon coupling gϕγγ , they usually only allow one
to explore a relatively narrow band of frequencies, while the
range of allowed masses of DM particles is very wide. In this
respect, broadband experiments are necessary for studying
the scalar-field dark matter model. We propose one such
experiment that utilizes the effect of the transformation of the
scalar field into a photon in a strong electric field inside a
capacitor. We show that light scalar-field dark matter should
induce a detectable oscillating electric field in the capacitor.
We expect that this technique should improve existing limits
on gϕγγ found in Refs. [48–52] from atomic and molecular
spectroscopy experiments.
The rest of the paper is organized as follows. In Sec. II

we develop analytical expressions for the power of the
photon signal from the scalar-photon transformation. Here
we consider both a nonresonant transition in electric and
magnetic fields and a transformation inside cavity reso-
nators. We also provide numerical estimates for the power
of this transformation in a cavity similar to the one used in
the ADMX experiment. In Sec. III we find new constraints
on the scalar-photon coupling constant by repurposing the
results of the ADMX experiment and propose new experi-
ments with enhanced sensitivity to scalar-field dark matter.
Here we also present a new experimental approach for the
broadband detection of scalar-field dark matter with the use
of a capacitor sourced by a high-voltage DC power unit and
compare the projected sensitivity with the limits from other
experiments. Section IV is devoted to a summary and
discussion of the results of this work.
In this paper we use natural units with ℏ ¼ c ¼

ϵ0 ¼ μ0 ¼ 1. The results of numerical estimates will be
represented in SI units as well.

II. SCALAR-PHOTON TRANSFORMATION

A. Scalar-photon interaction

In this subsection we introduce the dilaton-like inter-
action of the scalar field with the electromagnetic field and

derive the corresponding modifications of the Maxwell
equations. We show that the scalar-field dark matter
interaction with the permanent electric and magnetic fields
serves as a source for electromagnetic waves.

1. Interaction with background scalar field

In vacuum, the interaction of the electromagnetic field
Fμν with a real scalar field ϕ is described by the Lagrangian

L ¼ −
1

4
FμνFμν −

gϕγγ
4

ϕFμνFμν; ð1Þ

with a dimensionful coupling constant gϕγγ. The scalar field
ϕ here is considered as a background field obeying the
Klein-Gordon equation ð□þm2

ϕÞϕ ¼ 0 with mass mϕ. In
this paper, we consider a plane-wave solution for the scalar
field,

ϕ ¼ Re½ϕ0eiðp⃗·x⃗−ωtÞ�; ð2Þ

with momentum p⃗ and energy ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

ϕ

q
.

In general, dark matter particles may either be produced
in decays of Standard Model particles or have a primordial
origin. In the former case these particles are usually
ultrarelativistic, while in the latter case they contribute to
the cold dark matter. If these particles saturate the local dark
matter density ρDM ¼ 0.45 GeV=cm3, the amplitude of the
scalar field (2) may be written as

ϕ0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mϕ

: ð3Þ

The momentum of such particles may be written as
p⃗ ¼ ωβ⃗, with β ¼ 10−3c being the virial velocity in our
Galaxy.
In this subsection, however, we consider the general case

with an arbitrary DM particle velocity. The ultrarelativistic
case will be discussed at the end of this section with a
reference to the CAST experiment [21–23] which may
detect scalar DM particles emitted from the Sun.

2. Modifications of Maxwell’s equations in a medium

In a medium with dielectric constant ϵ and magnetic
susceptibility μ, the Lagrangian (1) becomes

L ¼ 1

2

�
ϵE⃗2 −

1

μ
B⃗2

�
þ 1

2
gϕγγϕðE⃗2 − B⃗2Þ; ð4Þ

where E⃗ ¼ −∇Φ − ∂tA⃗ and B⃗ ¼ ∇ × A⃗ are electric and
magnetic fields, respectively. The corresponding modifi-
cations of Maxwell’s equations are

∇ · ðϵE⃗þ gϕγγϕE⃗Þ ¼ 0; ð5aÞ
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∇ × ðμ−1B⃗þ gϕγγϕB⃗Þ − ∂tðϵE⃗þ gϕγγϕE⃗Þ ¼ 0; ð5bÞ

∇ × E⃗þ ∂tB⃗ ¼ 0; ð5cÞ

∇ · B⃗ ¼ 0: ð5dÞ

Consider background static electric E⃗0 and magnetic B⃗0

fields. Equations (5a) and (5b) suggest that the scalar field
ϕ interacting with these background fields serves as a
source of effective electric charge and current densities:

ρϕ ¼ −gϕγγ∇ · ðϕE⃗0Þ; ð6aÞ

j⃗ϕ ¼ gϕγγE⃗0∂tϕ − gϕγγ∇ × ðϕB⃗0Þ: ð6bÞ

With these sources, Eqs. (5a) and (5b) may be cast in the
form

∇ · ðϵE⃗Þ ¼ ρϕ; ð7aÞ

∇ × ðμ−1B⃗Þ − ∂tðϵE⃗Þ ¼ j⃗ϕ: ð7bÞ

Note that ρϕ and jϕ satisfy the continuity equation,
∂tρϕ þ∇ · j⃗ϕ ¼ 0.

B. Nonresonant transformation power in static electric
and magnetic fields

In this subsection, we find a solution of Eqs. (7a) and
(7b) that will be applied to calculate of the scalar-photon
transformation power. This derivation is similar to that for
the axion-photon transformation presented in Ref. [56].
In what follows, we assume that ϵ and μ are constant over

space and time. Then, in the Lorentz gauge, ϵμ∂tΦþ
∇ · A⃗ ¼ 0, the Maxwell equations (7a) and (7b) imply

ð−∇2 þ ϵμ∂2t ÞΦ ¼ ϵ−1ρϕ; ð8Þ

ð−∇2 þ ϵμ∂2t ÞA⃗ ¼ μj⃗ϕ; ð9Þ

with ρϕ and jϕ given by Eqs. (6a) and (6b).
To derive the power of radiation from the scalar-to-

photon transformation it is sufficient to consider only the
equation for the vector potential (9) because it is possible to
show that the contribution with ρϕ drops out from the
Pointing vector at large distance from the source (in the
wave zone); see, e.g., Ref. [57].
We will look for a solution of Eq. (9) within the ansatz

A⃗ðx; tÞ ¼ Re½A⃗ðxÞe−iωt�, with A⃗ðxÞ obeying

ð−∇2 − ϵμω2ÞA⃗ðxÞ ¼ μj⃗ϕðxÞ; ð10aÞ

j⃗ϕðxÞ ¼ −gϕγγϕ0eip⃗·x⃗½iωE⃗0 þ ð∇þ ip⃗Þ × B⃗0�: ð10bÞ

Here the plane-wave solution for the scalar field (2) has
been employed. Making use of the Fourier transform for the
external magnetic field, B⃗0ðxÞ ¼

R
d3xeiq⃗·x⃗B⃗0ðqÞ, the last

term in Eq. (10b) may be written as ð∇þ ip⃗Þ × B⃗0ðxÞ ¼
i
R
d3xeiq⃗·x⃗ðq⃗þ p⃗Þ × B⃗0ðqÞ. Here p⃗ represents the scalar

field momentum, while q⃗ is the momentum carried by the
external magnetic field B⃗0. We will keep both of these
momenta because either of these terms may be leading. In
particular, in helioscope experiments like CAST, the scalar-
field momentum is supposed to be in the keV range, and the
condition p ≫ q is satisfied. In searches for ultralight
(mϕ ≪ 10−6 eV) Galactic halo scalar dark matter, the
opposite condition may be satisfied, p ≪ q. In microwave
cavities like the one in the ADMX experiment, these two
terms may be comparable, p ∼ q.
The solution of Eq. (10a) may be written in terms of

Green’s function,

A⃗ðxÞ ¼ μ

4π

Z
V
d3x0

eikjx⃗−x⃗0j

jx⃗ − x⃗0j j⃗ϕðx
0Þ; ð11Þ

where k ¼ ffiffiffiffiffi
ϵμ

p
ω. The integration is performed over the

volume V with nonvanishing electric field E⃗0 and magnetic
field B⃗0. At large distance, r≡ jx⃗j ≫ V1=3, this solution is
approximated as

A⃗ðx⃗Þ ¼ μ
eikr

4πr
j⃗ϕðkÞ þO

�
1

r2

�
; ð12Þ

where

j⃗ϕðkÞ ¼
Z
V
d3xe−ik⃗·x⃗j⃗ϕðxÞ

¼ −igϕγγϕ0

Z
V
d3xeiðp⃗−k⃗Þx⃗½ðp⃗ − i∇Þ × B⃗0 þ ωE⃗0�:

ð13Þ

Here p⃗ ¼ ωβ⃗, x⃗ ¼ rn⃗, and k⃗ ¼ kn⃗, with a unit vector n⃗.
The power of electromagnetic radiation per solid angle in

the direction n⃗ is [56]

dP
dΩ

¼ lim
r→∞

hn⃗ · ðE⃗ × H⃗Þir2 ¼ μkω
32π2

jn⃗ × j⃗ϕðkÞj2; ð14Þ

where h…i denotes the time average. The power of the
scalar-photon transition is obtained upon integration of
Eq. (14) over the solid angle Ω,

P¼ g2ϕγγρDM
16π2ϵ

Z
d3kδðjk⃗j−ωÞ

×

����
Z
V
d3xeiðp⃗−k⃗Þ·x⃗n⃗× ½E⃗0þðβ⃗− iω−1∇Þ× B⃗0�

����2: ð15Þ
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Here we made use of the relation (3). Using a similar
relation for the energy flux of the scalar field, P⃗ ¼ 1

2
ϕ2
0ω

2β⃗,
we also find the differential cross section for the scalar field
to photon transformation,

dσ
dΩ

¼ 1

jP⃗ϕj
dP
dΩ

¼g2ϕγγ
μkω
16π2β

×

����
Z
V
d3xeiðp⃗−k⃗Þ·x⃗n⃗× ½E⃗0þðβ⃗− iω−1∇Þ× B⃗0�

����2: ð16Þ

The results for the differential cross section (16) and
power (15) are very similar to the corresponding expres-
sions for the axion-photon transformation found in
Refs. [8,9]. However, here the roles of external electric
and magnetic fields are swapped. In particular, when the
electric field is vanishing (as is the case in many cavity
haloscope experiments) the cross section (16) depends on
the angle between the applied magnetic field B⃗0 and the
scalar field velocity, jB⃗0 × β⃗j2 ¼ B2

0β
2 sin2 θ. As a result,

the factor sin2 θ should result in daily and annual modu-
lations of the expected signal from the scalar field to photon
transformation. The cross section (16) is suppressed by the
factor β2 ∼ 10−6 as compared with the axion-photon trans-
formation cross section studied in Refs. [8,9].
Helioscopes, however, can detect scalar and pseudosca-

lar particles with equal efficiency. Indeed, the CAST
experiment [21–23] aims at detecting axions produced
by the Sun with energies of order 1 keV. In contrast with
galactic halo dark matter, such axions are ultrarelativistic
with β ≈ 1. Moreover, since this helioscope is based on a
moving platform and is aimed at the Sun, the applied
magnetic field is always perpendicular to the axion or scalar
field momentum, sin θ ≈ 1. Thus, all constraints found by
the CAST experiment [23] on the axion-photon coupling
constant gaγγ literally apply to the scalar field coupling gϕγγ .
The corresponding limits on gϕγγ are given in Fig. 1.

Note that in Ref. [58] it was shown that an interaction
similar to that in Eqs. (6a) and (6b) and (7a) and (7b) also
appears in the axion electrodynamics with magnetic
monopoles. Therefore, the nondetection of solar axions
in the CAST experiment is consistent with the nonobser-
vation of magnetic monopoles.
The opposite case with vanishing external magnetic field

and nonzero electric field corresponds to the scalar field to
photon transformation in matter. In this case, the role of the
electric field E0 is played by the internal Coulomb fields in
atoms and molecules. The possibility of detecting this effect
in the DAMA experiment was discussed in Refs. [46,47]. In
contrast with the axion case, however, we expect no daily or
annual modulation of the signal because the power of the
produced electromagnetic field is independent of β sin θ;
see Eq. (15).
Note also that astrophysical constraints on the scalar

field coupling gϕγγ were studied in a recent paper [44].

C. Transformation in a cavity resonator

In Refs. [8,9] it was shown that axion dark matter could
be effectively detected with the use of cavity resonators.
Such cavity resonators have been employed, e.g., in the
ADMX [10–18] and ORGAN [19,20] experiments. In this
subsection, we show that the cavity resonator technique
appears to be efficient for measuring the scalar-photon
coupling gϕγγ as well. We calculate the power of the photon
signal from the scalar-photon transformation in permanent
electric and magnetic fields in such cavities.

1. Estimates of the photon signal power

Consider a cavity of volume V with static electric field
E⃗0 and magnetic field B⃗0. The vector potential in the cavity
is expanded over the cavity eigenmodes e⃗α, (Φ ¼ 0 gauge
is assumed1),

A⃗ðx; tÞ ¼
X
α

e⃗αðxÞψαðtÞ; ð17Þ

which satisfy

∇ · ðϵe⃗αÞ ¼ 0; ð18aÞ

10−9

10−10

10−4 10−3 10−2 10−1 100

m  (eV)

g
 (

G
eV

−1
)

CAST

FIG. 1. Upper limits on the coupling gϕγγ derived from the
results of the CAST experiment [23].

1In general, this gauge is inconsistent with Eq. (8), since a
nonvanishing field Φ is produced by the effective charge density
ρϕ. For cold dark matter described by the scalar field (2) the
effective charge density may however be ignored, ρϕ ¼ 0, as
compared with the effective current j⃗ϕ, and the gaugeΦ ¼ 0may
be imposed. Indeed, the effective charge density appears in the
following corollary of Maxwell’s equations (7a)–(7b):
∇2E⃗ − ϵμ∂2t E⃗ ¼ μ∂tj⃗ϕ þ ϵ−1∇ρϕ. For a slowly varying electric
field E⃗0 and dielectric constant ϵ, the last term here is suppressed
by the factor β2 ¼ 10−6, where β⃗ ¼ p⃗=ω is the virial velocity of
DM particles.
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∇ × ðμ−1∇ × e⃗αÞ − ϵω2
αe⃗α ¼ 0; ð18bÞ

n⃗ × e⃗αjS ¼ 0; ð18cÞ
Z
V
d3xϵe⃗αðxÞe⃗βðxÞ ¼ δαβ; ð18dÞ

where S is the boundary of the cavity and n⃗ is the unit
vector normal to its surface, and ωα are the eigenfrequen-
cies. Substituting the vector potential (17) into Eq. (7b) and
making use of Eqs. (18a)–(18d), we find that the amplitude
ψαðtÞ obeys the damped driven harmonic oscillator
equation

�
d2

dt2
þ γα

d
dt

þ ω2
α

�
ψαðtÞ ¼ −gϕγγϕ0Re½e−iωtFðpÞ�; ð19Þ

with

FðpÞ ¼
Z
V
d3xeip⃗·x⃗e⃗α · ½iωE⃗0 þ ð∇þ ip⃗Þ × B⃗0�: ð20Þ

Here γα is the damping constant related to the cavity quality
factor as Qα ¼ ωα=γα. The term with the dissipation in
Eq. (19) is added manually.2

In resonance, ωα ¼ ω ≈mϕ, the steady-state solution of
Eq. (19) reads

ψαðtÞ ¼ −
gϕγγϕ0

ωγα
Re½ie−iωtFðpÞ� ð21Þ

and, making use of integration by parts with the boundary
condition (18c), Eq. (20) may be cast in the form

FðpÞ ¼ 1

ψα

Z
V
d3xeip⃗·x⃗ðB⃗0 · B⃗α þ E⃗0 · E⃗αÞ: ð22Þ

Here E⃗α ¼ −ψ 0
αe⃗α and B⃗α ¼ ψα∇ × e⃗α are the electric and

magnetic fields of the α eigenmode in the cavity, respec-
tively. In terms of the function (20) these fields read

E⃗α ¼ gϕγγϕ0γ
−1
α Re½e−iωtFðpÞ�e⃗α;

B⃗α ¼ −
gϕγγϕ0

ωγα
Re½ie−iωtFðpÞ�∇ × e⃗α: ð23Þ

Making use of these solutions, we find the time-averaged
power from the conversion of the scalar field into the α
mode of the cavity,

P ¼ γα
2

Z
V
d3x

�
ϵE⃗α · E⃗α þ

1

μ
B⃗α · B⃗α

�

¼ g2ϕγγϕ
2
0

2γα
jFðpÞj2: ð24Þ

Remembering thatQα ¼ ω=γα is the cavity quality factor in
the mode α and ϕ2

0 ¼ 2ρDM=m2
ϕ, we represent Eq. (24) in

the conventional form

P ¼ 1

mϕ
g2ϕγγρDMðB2

0 þ E2
0ÞVCαQα; ð25Þ

where

Cα ¼
1

ðB2
0 þ E2

0ÞV
j RV d3xeip⃗·x⃗ðB⃗0 · B⃗α þ E⃗0 · E⃗αÞj2
1
2

R
V d

3xðμ−1B⃗α · B⃗α þ ϵE⃗α · E⃗αÞ
ð26Þ

is the form factor which quantifies the coupling strength of
cavity eigenmode α to the external electric field E⃗0 and
magnetic field B⃗0.

2. Coupling to external magnetic field

In axion-detecting cavities like ADMX or ORGAN,
strong magnetic fields are applied while the electric field is
vanishing, E⃗0 ¼ 0. In this case, the general expressions
(25) and (26) become

P ¼ 1

mϕ
g2ϕγγρDMB

2
0VCαQα; ð27Þ

Cα ¼
1

B2
0V

j RV d3xeip⃗·x⃗B⃗0 · B⃗αj2R
V d

3xμ−1B⃗α · B⃗α

: ð28Þ

Note that the factor eip⃗·x⃗ may be omitted if the cavity is
much smaller than the scalar-field de Broglie wavelength.
The radiation power (27) may be represented in physical

units (watts):

P ¼ 1.3 × 108 W

�
gϕγγ

GeV−1

�
2
�
3 μeV
mϕ

��
ρDM

0.45 GeV=cm3

�

×

�
B0

7.6 T

�
2
�

V
136 L

��
Cα

0.4

��
Qα

30000

�
: ð29Þ

This expression is very similar to the power of the axion-to-
photon conversion estimated for the ADMX experiment
[15]. These expressions coincide upon the substitutions
gϕγγ → gaγγ and mϕ → ma. However, as will be shown in
Sec. III B, the value of the form factor (28) is much smaller
than that for the axion.

2It is possible to show that the same result may be found in a
more systematic way by adding to Maxwell’s equations (7a) and
(7b) the terms with external charges and currents arising in the
cavity walls. A similar derivation based on the complex Poynting
theorem was reported in Ref. [59] for axion electrodynamics.
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3. Coupling to external electric field

When the external magnetic field is vanishing, B⃗0 ¼ 0,
the general expressions (25) and (26) turn into

P ¼ 1

mϕ
g2ϕγγρDME

2
0VCαQα; ð30Þ

Cα ¼
1

E2
0V

j RV d3xeip⃗·x⃗E⃗0 · E⃗αj2R
V d

3xϵE⃗α · E⃗α

: ð31Þ

The latter equation shows that if the homogeneous external
electric field E⃗0 is directed along the z axis of a cylindrical
cavity, the dominant cavity eigenmode is TM010. The
corresponding form factor reads Cα ¼ 0.69 for a perfect
cylindrical cavity (see, e.g., Ref. [56]), or Cα ¼ 0.4 for the
cavity employed in the ADMX experiment [15]. Assuming
the latter value for the form factor, we represent the power
(30) in physical units:

P ¼ 38W

�
gϕγγ

GeV−1

�
2
�
3 μeV
mϕ

��
ρDM

0.45 GeV=cm3

�

×

�
E0

1 MV=m

�
2
�

V
136 L

��
Cα

0.4

��
Qα

30000

�
: ð32Þ

Note that here we assumed reference values for the cavity
volume and quality factor as in the ADMX experi-
ment [15,18].
Comparing Eq. (32) with Eq. (29), we conclude that the

cavity resonators with a magnetic field are in general much
more efficient for the detection of scalar-field dark matter.

4. Signal-to-noise ratio

The approach for detecting the scalar-field dark matter
with cavity resonator is very similar to the corresponding
axion-detection experiments like ADMX [17]. Therefore,
the signal-to-noise ratio is given by the standard expression
(see, e.g., Ref. [56])

SNR ¼ P
kBT

ffiffiffi
t
b

r
; ð33Þ

where P is the expected signal power (25), T is the total
noise temperature, t is the integration time, and b≡ f=Q is
the cavity bandwidth.

III. EXPERIMENTAL PROPOSALS
AND CONSTRAINTS

In this section we analyze the sensitivity of axion-
detection experiments to the scalar-photon coupling gϕγγ .
As will be shown below, it is possible to find new constraints
on this coupling just by repurposing the results of theADMX
experiment. Moreover, we propose new experiments dedi-
cated to the detection of scalar-field dark matter. We divide

them into two large classes corresponding to resonant
cavities and broadband detection techniques.

A. Broadband detection with a capacitor

In this subsection we show that a capacitor under a
strong DC electric field may serve as a broadband experi-
ment to search for scalar-field dark matter.
Consider a capacitor with a plate separation d charged by

an external source of a high voltage V0, as in Fig. 2. The
corresponding permanent electric field strength inside the
capacitor is E0 ¼ V0=d. The interaction of the scalar-field
dark matter (2) with this electric field is described by
Eqs. (7a) and (7b). With no external magnetic field, B⃗0 ¼ 0,
these equations may be cast in the form

∇ · ðϵE⃗þ P⃗ϕÞ ¼ 0;

∇ðμ−1B⃗Þ − ∂tðϵE⃗þ P⃗ϕÞ ¼ 0; ð34Þ

with

P⃗ϕ ¼ gϕγγϕE⃗0 ð35Þ

being the effective polarization vector due to the scalar field
interaction with the electric field E⃗0. The electric field E⃗
may be expanded as E⃗ ¼ E⃗0 þ E⃗ϕ, with the background

field E⃗0. As follows from Eq. (34), the field E⃗ϕ reads

E⃗ϕ ¼ −ϵ−1P⃗ϕ ¼ −gϕγγϕϵ−1E⃗0: ð36Þ

This field E⃗ϕ induces an AC voltage on the plates of the
capacitor,

Vϕ ¼ E⃗ϕ · d⃗ ¼ −gϕγγϵ−1ϕV0: ð37Þ

Note that this effect depends solely on the applied voltage
V0 and may be observed practically in any capacitor.

FIG. 2. Sketch of a capacitive broadband experiment for a
scalar-field dark matter search. The capacitor is charged by a
high-voltage V0 producing a static electric field E⃗0 inside the
capacitor. Scalar-field dark matter interacting with E⃗0 creates the
effective polarization P⃗ϕ and oscillating electric field E⃗ϕ. This
produces an alternating voltage Vϕ ¼ Eϕd registered through a
high-impedance amplifier.
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Assuming that the size of the capacitor is much smaller
than the de Broglie wavelength of the scalar field, Eq. (2)
may be written as ϕ ¼ ϕ0 cosωt. In this case, Eq. (37)
implies the following rms voltage due to the scalar-field
dark matter:

hVϕi ¼
1ffiffiffi
2

p gϕγγϵ−1V0ϕ0 ¼ gϕγγϵ−1V0

ffiffiffiffiffiffiffiffiffi
ρDM

p
mϕ

; ð38Þ

where we made use of Eq. (3) for the scalar field amplitude
ϕ0. Equation (38) shows that the signal is linear in the
scalar-photon coupling gϕγγ . Thus, this experiment may
have an advantage against other experiments where the
signal is quadratic in gϕγγ.
In our numerical estimates we assume that the applied

voltage V0 ¼ 600 kV. This voltage may be produced, e.g.,
by a commercially available x-ray power supply [60].
For the signal detection a low-noise RF-amplifier may
be used such as HFC 50D/E [61] with a spectral noise floorffiffiffiffiffiffi
SV

p
≥ 0.2 nV=

ffiffiffiffiffiffi
Hz

p
below 50 MHz. Numerically, the

spectral noise of this amplifier (in volts) may be modeled
by the function

ffiffiffiffiffiffi
SV

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7.4185 × 10−14

f1.12
þ 9.252 × 10−19

f0.176

s
; ð39Þ

where f is the signal frequency measured in hertz. With the
noise described by this function and the scalar field signal
(38), we find the signal-to-noise ratio (SNR) for the scalar
field dark matter detection experiment shown in Fig. 2:

SNR ¼ gϕγγV0

ffiffiffiffiffiffiffiffiffi
ρDM
SV

r �
106t
fϕ

�1
4

: ð40Þ

Here we assume that the virialized dark matter has a

bandwidthΔfϕ ∼
fϕ
106
, and the measurement time t is greater

than the scalar field coherence time so that t > 106

fϕ
. For

measurement times t< 106

fϕ
, we substitute ð106tfϕ

Þ14 → t
1
2. Thus,

by setting SNR ¼ 1 in Eq. (40) with 30 days of integration
time, we are able to find the sensitivity of this experiment;
see Fig. 3.
As compared with other experiments [40,43,50–52], the

detection of scalar-field dark matter with a capacitor may
have advantages for various darkmattermasses. In particular,
the projected sensitivity is nearly 2 orders of magnitude
higher than that of molecular spectroscopy experiments [51]
and is comparable to that of atomic spectroscopy [52] and
unequal-delay interferometer experiments [40]. Although
the capacitor experiment are not as sensitive as gravitational-
wave detectors [43], it would allow one to probe the region of
higher scalar field mass. It should also be noted that limits
from all of these experiments are significantly weaker than
the constraints from the equivalence principle test [62–64].

Nevertheless, they provide important information about this
dark matter model because they impose independent con-
straints on the couplings.
Note that the capacitor experiment proposed in this

section may be used to probe the axion electrodynamics
model [58]. In particular, all limits on gϕγγ should apply to
the coupling constant gaAB in this model as well.

B. Limits on gϕγγ from ADMX

In typical haloscope experiments, a TM010 mode in a
cylindrical cavity is employed, inside a solenoidal magnetic
field aligned along the z axis of the cavity. If the applied
magnetic field is perfectly uniform along the z direction with
no fringing, then the scalar dark matter form factor (28) is
exactly zero for such modes in cylindrical cavities. In fact, it
does not matter how one orients the cavity with respect to the
applied magnetic field, as the form factors for all modes
inside a typical (haloscope-style) cylindrical cavity, with a
perfectly uniform axial magnetic field, are zero.
In reality, solenoid fields are not perfectly uniform, and

fringing effects exist, which create small but nonzero form
factors for various modes inside resonators. For instance, for
the TM010 mode in the ADMX Run 1c experiment, with the
real ADMX solenoid, the form factor (28) is estimated as

Cα ≈ 10−12; ð41Þ

and for the ADMX Run 1c Sidecar experiment [65]

Cα ≈ 10−8: ð42Þ

This value imposes a strong suppression compared with the
axion detection form factor Caxion ¼ 0.4 in the ADMX
experiment [15,18]. Nevertheless, it is still possible to derive
new constraints on the scalar-photon coupling gϕγγ by

10−11 10−10 10−9 10−8 10−710−12

10−15

10−17

10−13

10−11

10−9

g
 (

G
eV

− 1
)

m  (eV)

EP test

[51]
[52]

10−19

[50]

[40]

[43]

FIG. 3. Projected sensitivity of thebroadbanddetection capacitor-
based experiment (pink region) and a comparison with the
constraints on the scalar-photon coupling gϕγγ from other experi-
ments [40,43,50–52]. It is assumed that the capacitor is sourcedwith
a 600 kV voltage and has SNR ¼ 1. The dashed line represents the
constraints from the equivalence principle [62–64].
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rescaling the constraints on the axion-photon coupling
reported in Refs. [15,18] by the factor

κ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cα=0.4

p
¼ 1.6 × 10−4: ð43Þ

Here we assumed the value (42) for the scalar field detection
form factor. The corresponding limits on gϕγγ in Fig. 4 vary
from

gϕγγ ≲ 2.5 × 10−12 GeV−1 for mϕ ¼ 2.7 μeV ð44Þ

to

gϕγγ ≲ 3.5 × 10−12 GeV−1 for mϕ ¼ 4.2 μeV: ð45Þ

To the best of our knowledge, the coupling constant gϕγγ has
not been constrained in this region yet. We hope that future
experiments may further improve these constraints.
Note that in the calculation of the form factors (41) and

(42)we ignored the factor eip⃗·x⃗ inEq. (28) because p⃗ · x⃗ ≪ 1.
However, the terms with p⃗ · x⃗ introduce the dependence of
the from factor on the scalar field momentum and may be
responsible for daily and annual modulations of the signal.
Moreover, such terms may produce nonvanishing form
factors for some of the modes in the cavity. In particular,
we find that theTE111modehas a form factorC ≈ 1.7 × 10−6

when the momentump is aligned along the x direction of the
cavity. Given this value of the form factor, the constraints in
Fig. 4 could be further improved if this modewere measured
in the ADMX experiment.

C. New cavity resonator proposals

Equations (41) and (42) show that the cavity resonator in
the ADMX experiment has a low sensitivity to the scalar
field coupling constant gϕγγ . In this subsection, we discuss
some proposals of cavity resonators with maximized
sensitivity to scalar-field dark matter.

Equations (25) and (26) show that the role of electric and
magnetic fields is swapped as compared with the corre-
sponding expressions in the axion cavity experiment
proposals [8,9]. Therefore, to maximize the sensitivity to
scalar-field dark matter one may consider a cylindrical
cavity resonator with an axial static electric field E⃗0; see
Fig. 5(a). In such a resonator, top and bottom caps play the
role of the capacitor plates. Assuming that the strength of
the applied electric field may be of order E0 ∼ 1 MV=m,
the estimate of the signal power is given by Eq. (32).
The form factor represented in Eq. (31) is maximized for
the TM010 mode, Cα ¼ 0.69 for a perfect cylindrical cavity.
Cavity resonators permeated by the magnetic field are

commonly used in searches for wavy dark matter because it
is technically challenging to create strong electric fields in a
large volume. In Fig. 5(b), we propose a magnetic-field-
based cavity resonator with maximized sensitivity to the
scalar-field dark matter. Such a cylindrical cavity should
have the shape of a ring permeated by an azimuthal
magnetic field, which could be applied with a toroidal
solenoid, where current loops run through the central hole
in the cavity, and around the outside. In such a cavity,
TM010 modes are present, but unlike in the axial magnetic
field they have appreciable scalar dark matter form factors,
given the applied magnetic field runs in the φ direction (the
same direction as the cavity mode magnetic field).
Numerical simulations with the use of COMSOL software
indicate that such cavities can achieve form factors close to
unity, Cα ∼ 1, but the exact value of this form factor
depends on the cavity parameters. This makes the cavity
resonator in Fig. 5(b) very promising for future experiments
searching for scalar-field dark matter with sub-meV mass.

IV. SUMMARY AND DISCUSSION

In this paper we developed a theory and a number of new
experimental proposals for measuring the constant of

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

10−11

10−12

g
 (G

eV
−1

)

m  (µeV)

ADMX

FIG. 4. Upper limits on the coupling gϕγγ as a function of mass
mϕ. These limits are found by rescaling the corresponding
constraints on the axion coupling constant gaγγ (reported in
Refs. [15,18]) with the constant (43).

-q

+q

TM010 B0I

TM010

a b

E0

FIG. 5. Designs of cavity resonator experiments for the
detection of scalar-field dark matter. (a) A cavity utilizing a
strong permanent electric field E⃗0. (b) A ring-shaped cylindrical
cavity with azimuthal magnetic field B⃗0 (red circles) created by a
toroidal solenoid with current I (yellows loops).
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scalar-photon interaction gϕγγ . This coupling constant
quantifies the strength of the dilaton-like interaction of
scalar-field dark matter with the electromagnetic field (1)
that is analogous to the axion-photon coupling gaγγ . Similar
to the axion case [8,9], scalar-field dark matter can trans-
form into photons in strong electric and magnetic fields. We
found the power of the corresponding photon signal (15) in
the case of a nonresonant process and (25) in cavity
resonators. In comparison with the axion case [8,9] (see
also Ref. [56]), the roles of electric and magnetic fields in
these expressions are swapped. As a consequence, existing
cavity-based axion dark matter search experiments like
ADMX or ORGAN have a low sensitivity to the scalar-
photon coupling constant gϕγγ . The experiments searching
for Solar axions like CAST, however, possess a good
sensitivity to the scalar-photon coupling gϕγγ . This allowed
us to find new limits on this coupling by repurposing the
results of the CAST experiment; see Fig. 1.
We demonstrated that a perfect cylindrical cavity per-

meated by a uniform axial magnetic field does not allow
one to detect scalar-field dark matter because the corre-
sponding cavity form factor (28) vanishes identically. In
actual cavities, however, the solenoid magnetic field is not
perfectly uniform, and the form factor (28) acquires a small
but nonvanishing value. In particular, due to the fringing of
the magnetic field in the ADMX experiment [15,18] the
form factor is of order Cα ≈ 10−12, while in the ADMX
Sidecar experiment [65] it is Cα ≈ 10−8; see Eqs. (41) and
(42), respectively. These values of the form factor allowed
us to find new limits on the coupling gϕγγ in the scalar field
mass range from 2.6 to 4.2μ eV; see Fig. 4. These limits
were obtained from the corresponding constraints on the
axion-photon coupling gaγγ by rescaling the results of the
ADMX experiment [15,18] with the coefficient (43).
To enhance the value of the form factor for scalar-field

dark matter detection some modifications of the existing
cavity resonators are needed. In Sec. III C we proposed a
new ring-shaped cavity resonator permeated with an
azimuthally oriented magnetic field induced by a toroidal
solenoid. As we have shown, the from factor of such a
cavity is of orderOð1Þ, although its exact value depends on
the particular geometry of the cavity. Alternatively, a high
value of the form factor may be achieved in a cylindrical

cavity permeated by a strong axial electric field,Cα ¼ 0.69.
We hope that either of these proposals may be implemented
in future experiments searching for scalar-field dark matter.
Although cavity resonators may have a good sensitivity

to light scalar-field dark matter, this detection technique
does not allow one to cover a wide range of masses of this
particle. In Sec. III A we proposed a broadband detection
technique utilizing a capacitor charged to a high voltage.
The scalar field interacting with the static electric field of
the capacitor induces an effective polarization and electric
field in the capacitor, which oscillate with the scalar field
frequency. The signal in this experiment is formed by the
corresponding oscillating component of the voltage on
the plates of the capacitor. Assuming reasonable values
for the external voltage source and the noise level in the
detector, we showed that the sensitivity to gϕγγ in this
experiment may be nearly 2 orders in magnitude higher
than the existing constraints on this coupling frommolecular
spectroscopy experiments [51] and is comparable to atomic
spectroscopy experiments [52]; see Fig. 3. The advantage of
this experiment is that the signal (38) has a linear dependence
on the coupling constant gϕγγ . Thismakes this techniquevery
promising for searches for light scalar-field dark matter.
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