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The kinetically mixed dark photon is a simple, testable dark matter candidate with strong theoretical
motivation. Detecting the feeble electric field dark photon dark matter produces requires extremely
sensitive detectors. Bulk acoustic resonators (BARs), with their exceptionally high-quality phonon modes,
are highly sensitive detectors, and have previously leveraged this sensitivity to search for gravitational
waves in the MHz to GHz frequency range. The BAR phonons are typically read out by detecting the
electric field generated by the BAR materials’ piezoelectricity. Here we show that this piezoelectricity also
rewards such detectors sensitivity to dark photon dark matter, as the dark electric field can resonantly excite
BAR phonons. A single 10 g piezoelectric BAR in a large, cold, environment can be orders of magnitude
more sensitive to the kinetic mixing parameter than any current experiment, with only a month-long
exposure and thermally limited backgrounds.
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I. INTRODUCTION

Ultralight bosons, with sub-eV mass, are particularly
compelling dark matter (DM) candidates. They can be
produced by a plethora of cosmological mechanisms, and
naturally arise in many Standard Model extensions, e.g.,
pseudoscalar axions are a promising solution to the strong
CP problem [1–4], and massive vectors appear when
spontaneously breaking gauge groups. The diversity of
couplings ultralight bosons can have with the Standard
Model necessitates using a range of experiments to search
for them. For example, cavity haloscopes (e.g., ADMX
[5]), are sensitive to the electromagnetic fields generated by
an axion passing through an external magnetic field [6], and
single-phonon based direct detection experiments (e.g.,
TESSERACT [7]), are sensitive to phonons created by the
absorption of ultralight DM [8–12]. Sensitive detectors
primarily used for other physics purposes have also
synergized with the effort to search for ultralight bosonic
DM. For example, Weber bars [13] and resonant mass
detectors [14], primarily used for kHz frequency gravita-
tional wave (GW) detection, have been shown to sensitive
to scalar DM which can oscillate fundamental constants
and generate strain [15,16]. For recent reviews of ultralight
DM, see Refs. [17,18].

Here we focus on a specific spin-1 ultralight DM
candidate, the kinetically mixed dark photon, whose
interaction Lagrangian is given by,

L ⊃ −
1

4
VμνVμν þm2

V

2
VμVμ −

κ

2
VμνFμν; ð1Þ

where Vμ is the dark photon field, mV is the dark photon
mass, κ is the kinetic mixing parameter, Vμν ¼
∂μVν − ∂νVμ, and Fμν is the electromagnetic field strength
tensor. The relic abundance of dark photon DM can be
generated cosmologically by a variety of different mech-
anisms, including the misalignment mechanism (with
additional nonminimal gravitational couplings) [19], infla-
tionary production from quantum mechanical fluctuations
[20,21], topological defect decay [22] or via resonances
with additional particles [23–26]. However it has recently
been shown that if the dark photon mass is generated
via a Higgs mechanism, defect production can spoil the
aforementioned production mechanisms [27]; further
model-building can be done to alleviate these strong
constraints [28].
In this paper we show that cm-scale piezoelectric bulk

acoustic resonators (BARs) can search for dark photon DM
beyond the reach of any current experiment. Their piezo-
electric nature allows the dark photon electric field to
resonantly drive excitations of BAR phonons, which can
possess exceptionally high quality factors, attaining values
as large as 1010 [29]. Such piezoelectric BARs have been
used previously to search for scalar DM [15,16] and high-
frequency GWs [30–32]. A single 10 g piezoelectric BAR
placed in large, shielded environment, e.g., the Colossus
dilution refrigerator under construction at Fermilab [33],
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can achieve orders of magnitude better sensitivity to the
kinetic mixing parameter than current cavity-based
searches, with only a month of exposure time.
We begin with a discussion of the phonons modes inside

BAR devices, illustrating how the boundary conditions can
localize phonon mode profiles. We then derive the signal
power delivered to a piezoelectric BAR due to dark photon
DM, and assess the overall sensitivity to κ with a variety
of choices for the BAR dimensions and experimental
configurations. Throughout we work in natural units where
c ¼ ℏ ¼ kB ¼ 1.

II. BULK ACOUSTIC RESONATOR PHONONS

A BAR is a crystal fabricated to host acoustic phonons
with large quality factors (Qp). Since the longest wave-
length (lowest frequency) acoustic phonons inside a BAR
are determined by the device dimensions, their profiles can
be engineered by changing the BAR geometry. A common
choice for the BAR shape is a plano-convex geometry, or a
cylinder whose top is an inverted parabola [30]. This
geometry admits phonon modes with Gaussian profiles
which taper toward the edge; a crucial feature to exponen-
tially avoid losses from the BAR edge [34]. A cross section
of the plano-convex BAR we consider here is shown
in Fig. 1. Lðx; yÞ ¼ L0 − Δðx; yÞ is the length in the ẑ
direction and L0 is the length in the center (x ¼ 0, y ¼ 0).
Δðx; yÞ ¼ hðx2 þ y2Þ=R2, is the height profile of the
inverted parabolic top, h is the “dip” height, and R is
the BAR radius. The typical hierarchy of length scales
is h ≪ L0 ≪ R.
The phonons that can occupy the BAR are those which

satisfy the elastic wave equation and boundary conditions.
We assume stress-free boundary conditions on the surface,
although because the phonon mode profiles will be
exponentially suppressed in the x̂; ŷ directions the stress-
free boundary criteria is only important for the boundaries
in the ẑ direction. The phonons can be read out without
imposing stress in the ẑ direction due to the BAR
piezoelectricity. Phonons in the BAR will generate an
electric field that can be sensed by disconnected electrodes

spatially separated from the BAR in the ẑ direction, as in
Ref. [30]. This requires that the electric field generated is in
the ẑ direction. Different piezoelectrics will have different
phonon modes that can generate electric fields in the ẑ
direction. For simplicity, we focus on a crystal whose
generated electric field in the ẑ direction is dominantly
due to a displacement in the ẑ direction, i.e., u ≈ uẑ.
Correspondingly, this means that the detector is directional,
and most sensitive to the ẑ component of the dark
electric field.
A derivation of the phonon mode profiles,UnðxÞ, and the

necessary approximations to solve for them, are discussed
in detail in the Appendix, and analogous derivations can be
found in Refs. [11,30,35]. The relevant mode profiles are
given by,

UnðxÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi

Mnωn
p cos

�
nπz

Lðx; yÞ
�
exp

�
−
x2 þ y2

2r2n

�
; ð2Þ

where n ≥ 1, Mn ¼ ρπr2nL0, ρ is the BAR mass density,
ωn is the phonon energy, and Un is normalized toR
U2

nd3x ¼ ð2ρωnÞ−1. The displacement operator is
quantized in terms of these mode profiles as, uðx; tÞ ¼P

n UnðxÞ½bne−iωnt þ b†neiωnt�, where b†n; bn are the raising
and lowering operators, respectively, which satisfy the
canonical commutation relations, ½bn; b†n0 � ¼ δnn0 . The fre-
quency of the nth mode is,

ωn

2π
¼ ncl

2L0

∼ 5 MHz × n

�
cl

10 km=s

��
1 mm
L0

�
; ð3Þ

where cl is the longitudinal speed of sound. The Gaussian
phonon mode profile radius, rn, is,

rn
R

¼
�

ct
ωnR

�
1=2
�
L0

2h

�
1=4

∼
10−1

n1=2

�
L0

1 mm

�
3=4
�
10 cm
R

�
1=2
�
10 μm

h

�
1=4

; ð4Þ

where ct is the transverse sound speed, and we have
assumed ct ≈ cl in the parametric expression. There are
two competing factors in the optimization of rn for dark
photon detection. rn must be small to minimize losses
through the edges (and therefore achieve a large Qp), but it
must also be large to increase the effective mass of the
detector,Mn, which increases the coupling to dark photons,
which we will now discuss in detail.

III. SIGNAL

The dark photon interaction in Eq. (1) will generate an
effective, “dark,” electric field, E0, which couples to
phonons in the piezoelectric BAR. This can be understood
as a direct mixing between the photon and dark photon,
as in Eq. (1), or by transforming to the mass basis,

FIG. 1. Cross-section schematic of a plano-convex bulk acous-
tic resonator. The device dimensions, h; R; L0 are outlined in
black, and the x, y-dependent distances [Lðx; yÞ and Δðx; yÞ] are
highlighted in blue. An example Gaussian phonon mode profile is
shown in red, with a radius rn given in Eq. (4).
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Aμ → Aμ − κVμ. In the mass basis Vμ couples to Uð1ÞEM
charged fields, ψ , as κQVμψ̄γ

μψ , where Q is their electro-
magnetic charge, and therefore κVμ acts as an effective
electromagnetic potential. In the long-wavelength limit the
dark electric field generated is dominated by the time
derivative of the vector potential, and in free space is,
E0≈κ∂tV≈κ

ffiffiffiffiffiffiffiffi
2ρV

p
ϵV cosðmVtÞ, where ρV ≈ 0.4 GeV=cm3

is the local DM density, and ϵV is the dark photon
polarization. The dark photon can be considered long-
wavelength since its de Broglie is much larger than the
experiment, λV ¼ 2π=ðmVvÞ ∼ 100 mðμeV=mVÞ, where
v ∼ 10−3 is the typical local DM velocity.
There are two effects which suppress the dark electric

field inside the BAR relative to free space: screening and
shielding. Since the BAR is also dielectric the dark electric
field is suppressed, E0 ≈ κ

ffiffiffiffiffiffiffiffi
2ρV

p
ϵV cos ðmVtÞ=ε0, where ε0

is the low-frequency dielectric constant. The more subtle
suppression is due to any conductive walls around the
BAR. While these are necessary to shield the experiment
from environmental electric fields, they also impose con-
ditions on the electric fields which can exist inside the
shield. While the exact suppression depends on the shield
geometry, parametrically, the shielding suppression is [36],

E0 ≈
κ
ffiffiffiffiffiffiffiffi
2ρV

p
ϵV

ε0
cos ðmVtÞ minf1; ðmVRsÞ2g; ð5Þ

where Rs is the size of the shield. Therefore one needs
mV ≫ 1=Rs ∼ 10−1 μeVð1 m=RsÞ to be unaffected by
shielding.
The dark electric field interacts with the BAR via the

interaction Hamiltonian, δH ¼ −
R
E0 · Pd3x, where Pi ¼

eijkpt ∇juk is the polarization vector expressed in terms of the

piezoelectric coefficients, eijkpt , and displacement operator.
Given the device geometry in Fig. 1, with L0 ≪ R, the
polarization vector will be dominated by the gradient in the
ẑ direction. Additionally, our focus is on targets which
dominantly couple the ẑ components of the displacement
and electric fields, i.e., ezzzpt ≫ eizkpt , for i, k not equal to z. In
this limit the interaction Hamiltonian is,

δH ≈ −κ
ffiffiffiffiffiffiffiffi
2ρV

p ept
ε0

cos θV cos ðmVtÞ
Z

½∇zu�d3x; ð6Þ

where cos θV ¼ ϵV · ẑ, and ept ≡ ezzzpt .
Given the interaction Hamiltonian in Eq. (6) we use

Fermi’s Golden rule to compute the excitation rate, or signal
power deposited to the system: Ps ¼ 2πmV jhnjδH0j0ij2 ×
δðmV − ωnÞ, where δH ¼ δH0eimVt þ H:c:. However, since
neither the dark photon or phonon mode are perfect reso-
nances the delta function will be smeared by the larger of
the linewidths. Including this smearing, and evaluating the
hnjδH0j0imatrix element using Eq. (6) and jni ¼ b†nj0i, the
signal power is,

Ps ¼ 32κ2
ρV
ρ2

e2pt
ε20

Mn

L2
0

m2
Vγncos

2θV
ðm2

V − ω2
nÞ2 þ ðωnγnÞ2

; ð7Þ

where γn ¼ ωn=Qs is the signal linewidthwhichhas aquality
factor of Qs ¼ minfQp; QDMg, where QDM ∼ 106 is the
effective dark photon quality factor [18]. Since acoustic
phonons in BAR devices regularly achieve quality factors
between 106–1010 [29,30,34], they are well in the limit
of Qp ≫ QDM, and therefore Qs ∼ 106. On resonance,
mV ¼ ωn, Eq. (7) simplifies to,

Pres
s ¼ 32κ2

ρV
ρ2

e2pt
ε20

Qs

mV

Mn

L2
0

cos2θV: ð8Þ

IV. SENSITIVITY

We assume that read out of the phonons generated by the
signal power in Eq. (8) is done via linear amplification of
the voltage generated between electrodes spatially sepa-
rated in the ẑ direction from the BAR, as in Ref. [30]. The
signal-to-noise ratio, SNR, can then be determined by the
Dicke radiometer equation, SNR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Tobs=Δν
p

Ps=Teff

[37], where Tobs is the observation time, Teff is the effective
noise temperature, and Δν ¼ ω=ð2πQpÞ is the bandwidth.1
Teff is primarily determined by thermal and amplifier noise
contributions [30]. We assume that the amplifier operates at
the standard quantum limit (SQL), such that its noise
temperature is ω ≈mV [39] when T < ω, where T is the
physical temperature. The effective noise temperature of
the system, with an amplifier that achieves the SQL, is then
Teff ¼ maxfT;mVg; the system is limited by thermal noise
when mV < T (Teff ¼ T) and limited by quantum noise
when T < mV (Teff ¼ mV).
The challenge of SQL readout at dilution refrigerator

temperatures in the MHz to 10 GHz frequency range is
shared by many ongoing axion and dark photon experi-
ments. For frequencies below 10MHz DC superconducting
quantum interference devices (DC SQUIDs) are commonly
used [36], and have shown thermally limited operation at
T ¼ 4 K, with initial measurements indicating improve-
ments as the SQUID is cooled [40]. In the 10 MHz to GHz
frequency range readouts using AC SQUIDs have been
estimated to be thermal noise limited for T ¼ 100 mK
[36,41]. The GHz and above frequency range has more
options: HEMT amplifiers are commercially available but
typically do not reach the SQL [41], and Josephson
parametric amplifiers (JPAs) can achieve the SQL but have
limited bandwidth [42] (although “traveling-wave” JPAs
can improve bandwidth [42]). Lastly we note that single

1The bandwidth is proportional to 1=Qp versus 1=QDM since
we are in the regime where QDM ≪ Qp [38].
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phonon detection techniques [11] can avoid quantum
noise entirely.
The specific BAR material we consider is x-cut quartz

(SiO2), whose relevant electromagnetic and mechanical
parameters are given in Table I. Quartz has been used
extensively in BAR applications [30–32,34,43]. The crystal
cut determines the orientation of the crystal axes with
respect to the BAR axes, shown in Fig. 1. X-cut quartz is
oriented such that the crystal x̂ axis is parallel to the BAR ẑ
axis. This orientation maximizes the coupling between the ẑ
components of the dark electric field and BAR phonon
since the largest piezoelectric coefficient in SiO2 is exxxpt ≡
ept [44–46] (which is ezzzpt in BAR (Fig. 1) coordinates).
X-cut quartz has been considered specifically as a BAR
in Ref. [43].
With the material parameters for x-cut quartz in Table I

we can now compute the expected sensitivity to the kinetic
mixing parameter, κ, using the Dicke radiometer equation
discussed previously. The sensitivity to κ is given para-
metrically as,

κ∼10−16
�

mV

10−2 μeV

�
5=4
�

L0

1mm

�
1=4
�

h
10 μm

�
1=4

×
�
10 cm
R

�
1=2
�
108

Qp

�
1=4
�

Teff

10mK

�
1=2
�
month
Tobs

�
1=4

; ð9Þ

assuming an SNR ¼ 1. Note that this scaling assumes no
shielding suppression, which is included by multiplying
by maxf1; ðmVRsÞ−2g, as discussed before Eq. (5). The
dependence on frequency, or n, can be found parametrically
by setting mV ¼ ωn in Eq. (9). The improvement to the
sensitivity from Qp, Teff , and Tobs is a direct consequence
of the Dicke radiometer equation, and a larger BAR radius,
R, simply increases the effective mass,Mn, since rn ∝ R1=2

[Eq. (4)]. The dependence of the sensitivity on L0 and h is a
bit more subtle. While increasing L0 increases Mn, it also
increases the phonon mode wavelengths. This is detrimen-
tal to the sensitivity since the dark electric field couples to
the BAR phonons via ∇zu. However, L0 cannot be too
small since there is another trade-off: the smallest DMmass
a BAR device is sensitive to is mmin

V ¼ πcl=L0. The
sensitivity in Eq. (9) also improves with smaller dip
heights, h. This is because decreasing h increases rn
[Eq. (4)], and therefore increases Mn. However again there
is a trade-off. The smaller h is, the less “trapped” the
phonon mode is, and the worse its quality factor, Qp, will
be. Therefore h should be chosen to be large enough to
ensure high-quality phonons exist, but small enough to
optimize the sensitivity.
In Fig. 2 we compare the sensitivity of different resonator

geometries and shield configurations assuming Qp ¼ 108.

TABLE I. Relevant material parameters for x-cut quartz (SiO2).
All parameters are from the materials project [46] for material ID
mp-7000. Sound speeds are averaged values using the Voigt-
Reuss-Hill bulk and shear moduli.

Material: SiO2 (x-cut quartz) References

Mass density ρ 2.6 g=cm3 [44]
Static dielectric ε0 4.5 [47]
Piezoelectric coefficient ept 0.14 C=m2 [44,45]
Sound speeds ðcl; ctÞ ð5.9; 4.3Þ km=s [44,45]

FIG. 2. Projected sensitivity of a single piezoelectric BAR to the kinetic mixing parameter, κ [Eq. (1)], for the designs in Table II,
averaging over the DM polarizations (cos θV → 1=

ffiffiffi
3

p
). The sensitivity of the first ten resonances is indicated by dots; for higher modes

the sensitivity lies along the extending line. Dots and solid lines assume Tobs ¼ 1 month. Dashed lines show the scanning sensitivity,
assuming Tobs ¼ 1 yr, and simultaneous readout of all phonon modes, for each e-fold in mV . The minimum detectable mass for each
design is mmin

V ¼ πcl=L0. The prominent turnover at mV ∼ 1=Rs is due to shielding effects [Eq. (5)]. Gray shaded regions are excluded
cosmologically [19], orange shaded regions are excluded by recent Parker Solar Probe (PSP) bounds [49], and red shaded regions are
excluded by current haloscope experiments [48]. The purple line is the projected “Gen. II” sensitivity of a qubit-coupled high-overtone
BAR (qc-hBAR) using single phonon readout [11]. Dotted gray lines are projections for the ALPHA [50], DM-Radio [36], Dark E-field
[51], and MADMAX [50,52] experiments.
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The specific parameters for each of the designs are given in
Table II, and the design names are color-coordinated with
the projected sensitivity lines in Fig. 2. The sensitivity
curves can be understood parameterically with Eq. (9).
Current and projected bounds from other experiments are
compiled with the help of Ref. [48]. The projected
sensitivity of the first ten resonances which couple to
the dark electric field, i.e., all odd n in 1 ≤ n ≤ 19, are
shown as dots, and then extended as a line for visual
simplicity. The dots and solid lines assume Tobs ¼ 1month.
We will now discuss the choices for the “resonator,” and
then the “experiment,” parameters in Table II, then discuss
the scanning sensitivity (dashed lines, Fig. 2), and lastly
compare the sensitivity to other broadband and resonant
experiments searching for dark photons in the MHz to GHz
frequency range.
The MAGE design (left panel, Fig. 2) resonator param-

eters in Table II were chosen to match Ref. [32]. The
resonator parameters for the other designs were chosen to
optimize some aspect of the κ sensitivity given experi-
mental design parameters. Larger Rwere chosen, relative to
MAGE, since this improves sensitivity and because larger
BARs can fit inside an experimental design with larger Rs.
The “broad” and “peak” alternative designs correspond to
different choices for L0. For the “Broad” configuration, L0

is chosen to broaden the sensitivity in mass, down to
mV ∼ 1 neV. For the “peak” configuration, L0 is chosen to
maximize the peak sensitivity at the shielding effect
boundary, mV ∼ 1=Rs (Lpeak

0 ≈ πclRs). The dip height, h,
is chosen such that the phonon modes are well-trapped
(rn ≪ R), which parametrically happens as long as
h≳ L0ðL0=RÞ2.
The MAGE design roughly corresponds to the ongoing

high-frequency GWexperiment (multimode acoustic gravi-
tational wave experiment (MAGE) [32]) which uses a
quartz-based BAR. A predecessor to MAGE has already
been built and operated at 3.4 K [31], and used to place
bounds on scalar DM [15,16] and high-frequency GWs
[30–32]. The BAR and shield dimensions in Table II are
from Ref. [32]. Figure 2 shows the sensitivity if readout at

the SQL can be achieved over the entire frequency range.
The sensitivity of the current MAGE experiment is limited
to simultaneous readout of 30 modes due to readout
electronics [32], and frequencies below Oð10 MHzÞ due
to the DC SQUID [40]. A dedicated analysis of MAGE data
to search for dark photons is left for future work. “MAGE-
cold” assumes the same BAR and shield already built, but
operated at dilution refrigerator temperatures, T ¼ 10 mK.
A main limitation in the MAGE design is its small,

Rs ∼ 10 cm, shield. Effectively searching for dark photon
DM at sub-GHz frequencies requires a large, cold envi-
ronment. The largest volume dilution refrigerator,
“Colossus” [33], is currently being constructed at
Fermilab and will have a volume of roughly 1 m3 cooled
to T ¼ 20 mK.2 We consider the sensitivity of two different
BARs operating inside Colossus (middle panel, Fig. 2).
Lastly, the “cryo tank” configuration (right panel, Fig. 2)
shares the same “peak” and “broad” resonator dimension
optimizations as “Colossus,” but is operating inside a much
larger shield, at a warmer T ¼ 4 K.
Since the dark photon mass is unknown, it is also

important to understand the sensitivity when the dark
photon mass is scanned. In a single-mode experiment
approximately QDM ∼ 106 scan steps are required per
e-fold in mV ,

3 reducing the observation time per step
by QDM and requiring Tobs → Tobs=QDM in the Dicke
radiometer equation.4 However, if multiple, Nm, line-
widths are read out simultaneously the number of scan
steps is reduced, increasing the observation time per step
to TobsNm=QDM. The dashed lines in Fig. 2 show the
scanning sensitivity assuming Tobs ¼ 1 yr, and simulta-
neous readout of all phonon modes, for each e-fold in mV

TABLE II. Summary of the experimental parameters assumed for each design. “Resonator” parameters define the
physical dimensions, and massM ≈ ρπR2L0, of the BAR. “Experiment” parameters define the size of the shielding
environment, Rs, and the physical temperature of the BAR, T. Experimental parameters for the MAGE designs are
from Ref. [32], and the parameters of the “Colossus” dilution refrigerator are from Ref. [33].

Resonator Experiment

Design Length (L0) Dip height (h) Radius (R) Mass (M) Shield size (Rs) Temperature (T)

MAGE 1 mm 0.5 mm 15 mm 2 g 10 cm 4 K
MAGE—cold 1 mm 0.5 mm 15 mm 2 g 10 cm 10 mK
Colossus—broad 1 cm 44 μm 15 cm 2 kg 1 m 20 mK
Colossus—peak 62 μm 10 nm 15 cm 10 g 1 m 20 mK
Cryo Tank—broad 1 cm 44 μm 15 cm 2 kg 10 m 4 K
Cryo Tank—peak 620 μm 11 nm 15 cm 110 g 10 m 4 K

2Newer commercially available dilution refrigerators are also
approaching volumes of 1 m3, e.g., the Bluefors XLDsl [53].

3An e-fold in mV is a range of masses whose maximum is e
times the minimum, e.g., 1 μeV ≤ mV ≤ 2.7 μeV.

4We note that the observation time per step while scanning,
Tobs=QDM, must also be greater than the thermalization time,
τth ¼ Qp=ω [16], which is approximately satisfied for all ω
shown in Fig. 2.
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[Nm ∼mVL0=ðπclÞ].5 To realize this scanning sensitivity
the BAR frequencies must be tuned. While active electro-
magnetic tuning has been demonstrated in Ref. [54],
complete scanning between each resonance will likely
require BARs of different L0, or other forms of electric or
mechanical tuning [55,56].
Lastly we present a parametric comparison of the

sensitivity of a piezoelectric BAR to other broadband
and resonant dark photon detectors, e.g., Dark E-field
[51] and DM Radio [36], respectively, planning to search
for dark photons in the MHz to GHz frequency range. In
these other experiments the power entering the detector is
given by P ∼ κ2 minfQDM; QrgρVmVV, where Qr is the
resonator quality factor and V is the detector volume [36].
Resonant experiments typically have quality factors as
large as Qr ∼QDM, whereas broadband experiments have
smaller Qr ≪ QDM. To begin our comparison we can
write Eq. (8) in a similar form, Pres

s ∼ βκ2QDMρVmVVBAR,
where β ¼ 32e2pt=ðρε20ðπclÞ2Þ ∼ 0.6 in a SiO2 BAR, and
VBAR ≡Mn=ρ is the effective volume of the phonon
mode. Therefore we see that the signal power in other
resonant detectors is larger than in piezoelectric BARs
given the same volume. However, the quantity important
for determining sensitivity is the SNR, and the noise
power is reduced when the resonator quality factor is
much larger than QDM [38]. Comparing the SNR per
volume we find,

SNRBAR=VBAR

SNR=V
∼

8<
:
102
�

Qp

1010

�
1=2

Qr∼QDM

107
�

Qp

1010

�
1=2
�
10
Qr

�
Qr≪QDM;

ð10Þ

Therefore we see that, due to the large quality factors of
BAR phonons, piezoelectric BARs can have a much
larger SNR per volume than other resonant or broadband
dark photon detectors.

V. DISCUSSION

Phonons in bulk acoustic resonator (BAR) devices have
been shown to be exceptionally sensitive probes of new
physics, from scalar DM [15,16] to high-frequency GWs
[30–32]. Here we show that piezoelectric BARs, such as
quartz (SiO2), have additional sensitivity to dark photon
DM. The incoming dark photon generates an electric field
which, due to the BAR piezoelectricity, resonantly excites
the phonons in the BAR. We have shown that a single,
Oð10gÞ mass piezoelectric BAR with thermally limited
backgrounds can be orders of magnitude more sensitive
to the kinetic mixing parameter, κ, than ongoing experiments

with only a month of exposure (Fig. 2). This is a novel
avenue to search for physics beyond the Standard Model
with existing BAR experiments, such as MAGE [32], and
inspires a new approach to dark photon DM direct detection.
Piezoelectric BARs may have uses in other, comple-

mentary, searches for physics beyond the Standard Model.
In an external magnetic field of strength B0 an axion will
convert to an electric field [6]. If this conversion happens
within the piezoelectric BAR the signal will be similar to
the dark photon DM signal considered here, and the
sensitivities from Fig. 2 can be rescaled [57],

gaγγ ∼
10−16

GeV

�
κ

10−15

��
ma

10−2 μeV

��
1 T
B0

�
; ð11Þ

whereω ¼ ma is the axionmass. If nuclear spin polarization
can be achieved additional axion couplings can be searched
for via the “piezoaxionic” effect [56]. Furthermore, a kg-
scale, cold SiO2 target shows great promise as a target for
light, sub-GeV DM scattering in to higher energy,OðmeVÞ,
phonons [58]. It is therefore worth considering if such a
target can be multipurpose, capable of simultaneously sens-
ing single OðmeVÞ phonons and measuring the OðμeVÞ
phonon population, or if piezoelectric readout of down-
converted higher energy phonons is possible.
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APPENDIX: PHONON EIGENMODE
DERIVATION

In this appendix we provide a derivation of the phonon
eigenmode profiles in Eq. (2). We will closely follow the
derivation presented in Ref. [11]; similar derivations can be
found in Refs. [30,35]. The phonon eigenmodes are
solutions to the elastic wave equation that satisfy the
boundary conditions at the edges of the bulk acoustic
resonator (BAR). Our goal here is to specify the necessary
simplifying approximations to gain an analytic under-
standing of these eigenmodes. A general analysis of these

5This is the number of dominantly coupled modes which have
mode functions given by Eq. (2). Additional, more weakly
coupled, modes may also prove to be useful, and are discussed
in detail in the Appendix.
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eigenmodes in an anisotropic medium requires dedicated
numerical analyses, which we leave for future work.
Our first simplifying approximation is that the BAR

crystal is isotropic, such that the mechanical wave equation
for the displacement, u, is determined by only the trans-
verse, ct, and longitudinal, cl, sound speeds,

∂
2u
∂t2

≈ c2l∇ð∇ · uÞ − c2t∇ ×∇ × u: ðA1Þ

Even in the isotropic limit the wave equation couples the
components of u. However solutions where u dominantly
oscillates in a given direction exist in approximation. For
example, u ≈ uẑ is a solution when u varies slowly in x̂; ŷ:
∂u=∂x ∼ ∂u=∂y ≪ ∂u=∂z. In this limit Eq. (A1) admits
solutions where the x̂ and ŷ components of uwill always be
small, and the equation of motion for u is,

∂
2u
∂t2

≈ c2l
∂
2u
∂z2

þ c2t

�
∂
2u
∂x2

þ ∂
2u
∂y2

�
: ðA2Þ

We now consider the boundary conditions which must be
imposed to find the eigenmode solutions to Eq. (A2). We
assume stress-free boundary conditions on each of the BAR
surfaces. Since the solutions we are interested in will vanish
exponentially near the edge of the BAR, in the x̂ and ŷ
directions, the only non-trivial boundary condition is on the
top and bottom surfaces in the ẑ direction. Mathematically
the stress-free condition is,

n̂ · σjz¼0 ¼ n̂ · σjz¼Lðx;yÞ ¼ 0; ðA3Þ

where n̂ is the vector normal to the surface, σij ¼ λδijð∇ ·
uÞ þ μð∇iuj þ∇juiÞ is the stress tensor, λ ¼ ρðc2l − 2c2t Þ,
and μ ¼ ρc2t . In the limit where the x̂ and ŷ components of
u are negligible (x̂ · u ∼ ŷ · u ≪ u), u varies slowly in x̂ and
ŷ (∂u=∂x ∼ ∂u=∂y ≪ ∂u=∂z), and the top surface position,
Lðx; yÞ ¼ L0 − Δðx; yÞ, does not vary rapidly in x̂; ŷ
(∂Δ=∂x ∼ ∂Δ=∂y ≪ 1) the boundary condition in
Eq. (A3) reduces to,

∂u
∂z

����
z¼0

¼ ∂u
∂z

����
z¼Lðx;yÞ

≈ 0: ðA4Þ

Even in this approximation, implementing the boundary
condition is non-trivial due to the x, y dependence of the

top surface position in Δðx; yÞ. However assuming Δðx; yÞ
is a perturbation, we can change variables,

ζ ≡ z
Lðx; yÞ ðA5Þ

and move the x, y dependence in the boundary conditions
to the equation of motion such that the system is
reduced to,

∂
2u
∂t2

≈
c2l
L2
0

�
1þ 2Δ

L0

�
∂
2u
∂ζ2

þ c2t

�
∂
2u
∂x2

þ ∂
2u
∂y2

�
;

∂u
∂ζ

����
ζ¼0

¼ ∂u
∂ζ

����
ζ¼1

¼ 0: ðA6Þ

We look for solutions to Eq. (A6) of the form,

un ¼ cos ðnπζÞTnðx; yÞe�iωnð1þδÞt; ðA7Þ

where ωn ≡ clnπ=L0, and δ is a small, free parameter. Note
that these solutions satisfy the boundary condition in
Eq. (A6). Substituting Eq. (A7) in to the equation of
motion in Eq. (A6), and using the plano-convex top surface
function, Δðx; yÞ ¼ hðx2 þ y2Þ=R2, renders an equation of
motion for Tnðx; yÞ,

δTn ¼ −
c2t
2ω2

n

�
∂
2Tn

∂x2
þ ∂

2Tn

∂y2

�
þ h
L0R2

ðx2 þ y2ÞTn: ðA8Þ

This equation of motion is mathematically identical to the
Schrödinger equation for a particle of massm ¼ ω2

n=c2t in a
2D simple harmonic oscillator with natural frequency
ω ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=ðmR2L0Þ

p
. The solutions are indexed by

n ¼ fnx; ny; ng,

Tnðx; yÞ ¼
�
e−x

2=ð2r2nÞHnx

�
x
rn

�	�
e−y

2=ð2r2nÞHny

�
y
rn

�	
;

δn ¼
ct

ωnR

ffiffiffiffiffiffi
2h
L0

s
ðnx þ nyÞ; ðA9Þ

where Hi are the Hermite polynomials, nx ≥ 0, ny ≥ 0, and
rn is given in Eq. (4). The total phonon eigenmodes are then,

UnðxÞ ¼ N n cos

�
nπz

Lðx; yÞ
�
exp

�
−
x2 þ y2

2r2n

�
Hnx

�
x
rn

�
Hny

�
y
rn

�
; N n ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1

Mnωn

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2nxþnynx!ny!

s
ðA10Þ

which have energy ωn ¼ ðnπcl=L0Þð1þ δnÞ, and Un are normalized to
R
U2

nd3x ¼ ð2ρωnÞ−1 (assuming rn ≪ R) such that
Un corresponds to a single phonon solution.
The eigenmodes reported in Eq. (2) correspond to the nx ¼ ny ¼ 0 solutions. The nx ¼ ny ¼ 0modes are the focus since

they have the strongest coupling to a long-wavelength dark electric field. To see this explicitly we can compute the on-
resonance power in Eq. (8) for any even nx, ny [Pres

s ðnx; nyÞ] by a simple rescaling,
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Pres
s ðnx; nyÞ ¼ Pres

s ×
N 2

n

N 2
n
×

 
½R e−x2=ð2r2nÞHnxðx=rnÞdx�½

R
e−y

2=ð2r2nÞHnyðy=rnÞdy�
½R e−x2=ð2r2nÞdx�½R e−y2=ð2r2nÞdy�

!
2

≈ Pres
s ×

1

2nxþnynx!ny!
×

 
½R e−x2=ð2r2nÞHnxðx=rnÞdx�½

R
e−y

2=ð2r2nÞHnyðy=rnÞdy�
2πr2n

!
2

¼ Pres
s ×

1

2nxþnynx!ny!
×

�
nx!ny!

ðnx=2Þ!ðny=2Þ!
�

2

; ðA11Þ

which behaves as Pres
s ðnx; nyÞ ∼ Pres

s × ðnxnyÞ−1=2 for large nx, ny.
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