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Semiconductors are by now well-established targets for direct detection of MeV to GeV dark
matter via scattering off electrons. We show that semiconductor targets can also detect significantly
lighter dark matter via an absorption process. When the dark matter mass is above the band gap
of the semiconductor (around an eV), absorption proceeds by excitation of an electron into the
conduction band. Below the band gap, multi-phonon excitations enable absorption of dark matter
in the 0.01 eV to eV mass range. Energetic dark matter particles emitted from the sun can also be
probed for masses below an eV. We derive the reach for absorption of a relic kinetically mixed dark
photon or pseudoscalar in germanium and silicon, and show that existing direct detection results
already probe new parameter space. With only a moderate exposure, low-threshold semiconductor
target experiments can exceed current astrophysical and terrestrial constraints on sub-keV bosonic
dark matter.

I. INTRODUCTION

One of the biggest mysteries in modern physics is the
identity of dark matter (DM). For over three decades, the
dominant candidate for DM has been the Weakly Inter-
acting Massive Particle (WIMP), which has served as a
guide to theory and experiment. Indeed, existing direct
detection experiments have been extremely successful in
constraining DM in the GeV to TeV mass range [1–4],
and ton-scale future detectors [5, 6] will further improve
reach into this parameter space.

The exploration of DM beyond the WIMP has gained
traction in recent years, both theoretically and experi-
mentally. For sub-GeV DM, various targets have been
proposed for detection of DM via scattering processes.
These include electronic ionization [7] as well as inelas-
tic photon emission [8] in atomic targets, excitation to
a conduction band in a semiconductor [7, 9–11], produc-
tion of scintillation photons [12], and ejection of valence
electrons in graphene [13], all sensitive in principle to DM
of ∼ MeV−GeV mass. (Indeed, constraints on DM scat-
tering with electrons in this mass range using Xenon10
data have already been derived [14].) The breaking of
Cooper pairs in a superconductor [15, 16], as well as a
two-excitation process in superfluid helium [17], are both
sensitive in principle to even lighter DM with mass down
to the warm DM limit of ∼ keV.

A number of well-motivated bosonic DM candidates
can have even lower masses, below a keV [18]. These
candidates can be probed in the same systems via an
absorption process, where all of the energy of the incom-
ing DM particle is absorbed. Various mechanisms have
been studied in the literature. Refs. [19, 20] considered
absorption of solar axions in atomic and semiconductor
targets, while Refs. [21, 22] derived direct detection con-
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straints on relic vector DM via an atomic transition in
Xenon, which is sensitive to DM masses above 12 eV.
Emission of an athermal phonon also allows DM absorp-
tion on a conduction electron in a superconductor [23],
probing DM with meV to 10 eV mass.

The purpose of this note is to show that for masses in
the (m)eV to keV range, absorption of relic bosonic DM
in semiconductor targets such as germanium and silicon
is highly competitive and complementary to atomic and
superconductor targets. A number of low-threshold di-
rect direction experiments employ semiconductor targets,
with current sensitivity to electronic energy depositions
as low as ∼ 50 eV in CDMSlite [24] and DAMIC [25].
In the near future, such experiments may have thresh-
olds as low as a few eV, with total exposures up to
∼ kg-year [11, 26].

When the DM energy is above the (∼ eV) band gap for
electron excitations, DM absorption proceeds in semicon-
ductors both through inelastic processes (via direct band
transitions) and athermal phonon emission (as in super-
conductors). This is possible for halo DM with mass
above the band gap as well as for for light DM that
is emitted from the sun, which has typical energies of
10− 1000 eV. The electronic excitations can then be ob-
served either directly in the form of secondary electron-
hole pairs, or in the form of phonons via an amplification
process.

Importantly, there is another process that potentially
allows access to DM with energy below the semiconduc-
tor band gap. Although electron excitations are not al-
lowed, there is no gap for phonon excitations. If two
phonon excitations are created, the kinematics of the
process change: the excitations are back-to-back, which
allows for momentum conservation while all the energy
of the DM is absorbed. No electron is excited across the
gap, and thus detection of low-energy athermal phonons
is crucial. This is the concept proposed in the context of
superfluid helium [17], and which can also be applied to
the case of semiconductors below the band gap.

For both electron and multi-phonon excitations, the
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DM absorption rate can be related to the measured op-
tical properties of the material, providing an excellent
description of all relevant processes. In what follows,
we will use data to determine the absorption rate for
both non-relativistic halo DM and DM emitted from the
sun, finding excellent reach for sub-keV bosonic DM with
semiconductor targets. In addition, we obtain constraints
from existing semiconductor and xenon experiments for
DM masses above 50 eV.

II. METHOD

The absorption rate of halo DM in a material is given
by

R =
1

ρ

ρDM

mDM
〈neσabsvrel〉 , (1)

where ρ is the mass density of the target, σabs is the DM
absorption cross section on electrons, mDM is the DM
mass, and ρDM = 0.3 GeV/cm3 is the local DM mass
density.

We will relate the absorption rate of dark photon and
pseudoscalar DM to measured optical properties of the
target. The absorption rate for photons is determined by
the in-medium polarization tensor of the electromagnetic
field, Π, via the optical theorem:

〈neσabsvrel〉γ = − Im Π(ω)

ω
. (2)

Here ω is the energy of the photon that is being ab-
sorbed, and we have used the fact that in the local limit,
where the three-momentum of the incoming photon |~q|
can be neglected, the transverse and longitudinal modes
of the polarization tensor are of equal size, denoted here
by Π(ω). This Π(ω) is related to the complex conduc-
tivity σ̂(ω) ≡ σ1 + iσ2, which describes the frequency-
dependent response of the system to an EM field,

Π(ω) ≈ −iσ̂ω . (3)

The conductivity is in turn related to the complex index
of refraction n̂ by n̂2 = 1 + iσ̂/ω.

From Eqs. (2) and (3) it is clear that the real part of
the conductivity σ1 is the absorption rate for excitations
of energy ω, and

〈neσabsvrel〉γ = σ1 . (4)

For a given target material, one can obtain measure-
ments of the conductivity σ̂ at various energies. Then,
by relating the absorption rate of DM in the material to
that of photons, the sensitivity to a DM candidate can be
obtained. Ref. [23] applied this method to an aluminum
superconducting target, and obtained the reach for relic
kinetically mixed vector and pseudoscalar DM, in the
meV to eV mass range. An analytically derived formula
for the absorption rate allowed Ref. [23] to extend the
constraints to scalar DM. In Ref. [21], absorption of ki-
netically mixed vectors in liquid Xenon was considered,

where ionization limits the reach for non-relativistic DM
to masses above∼ 12 eV. Since the bandgap of a semicon-
ductor such as germanium is smaller (of order ∼ 0.7 eV),
lower DM masses can be probed by absorption in semi-
conductors through an electron excitation process.

In Fig. 1 we show measurements of the optical con-
ductivity in germanium (left) and silicon (right), which
we will use to obtain the sensitivity of these materials
to light DM absorption. While the absorption rate scales
only with σ1, the effective coupling of a kinetically mixed
dark photon will also depend on σ2, so we show both
quantities.

In the top row, we consider the energy range where
absorption via electron excitation to the conduction band
is relevant, namely above the semiconductor band gap
(0.7 eV in germanium; 1.1 eV in silicon). For a broad
range of energies, the conductivity is obtained using room
temperature data from Refs. [27] (germanium) and [28]
(silicon). Note that while error bars are not provided for
these measurements, the variation of the measurements
between different experiments can be taken as a proxy for
the uncertainty. This uncertainty is typically less than a
few percent and up to ∼ 10% for some energies. Finally,
for energies above ∼1 keV, σ1 is obtained from the semi-
empirical theoretical calculations of Henke et al. [29]; σ2

will not be needed at these energies (see discussion below
Eq. (6)).

Since both germanium and silicon are indirect gap
semiconductors, absorption at energies near the band gap
is phonon-assisted: the electron excitation requires either
the emission or absorption of a phonon to conserve en-
ergy and momentum. As a result, the presence of thermal
phonons can have a substantial effect on the absorption
rate. For ω . few eV, we also show the absorption at
T = 77 K [30, 31] for comparison with the T ≈ 300 K
data. (The difference between absorption at tempera-
tures of 77 K and 4.2 K is even smaller [34, 35].) Antic-
ipating the low operating temperatures of SuperCDMS
and DAMIC, we use the T = 77 K data where available.

At larger energies (& 0.9 eV in germanium; & 2.5 eV
in silicon), direct band transitions without phonons are
possible, and the temperature dependence is expected to
be mild. Similarly, σ2 is primarily determined by the
band structure and also has only a mild temperature de-
pendence [36]. We thus expect that using the room tem-
perature data is a very good approximation for the low
temperature conductivity at these higher energies.

Turning now to energies below the semiconductor band
gap, we find that DM absorption can proceed instead
by multi-phonon excitations. The process is analogous
to infrared photon absorption, which arises due to a
second-order coupling of the crystal dipole moment with
phonons [37, 38]. Here an incoming photon can excite a
dipole moment in the lattice by creating phonons, quan-
tized lattice displacements. For germanium and silicon,
at least two phonons must be created in this process due
to the symmetry of the crystal.

The absorption of photons into multi-phonons has been
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FIG. 1. Top: Real and imaginary parts of the conductivity in germanium (left) and silicon (right) due to electron excitations,
using data obtained from Refs. [27] and [28], respectively. Above ∼1 keV, we obtain σ1 from Henke et al. [29]. The conductivity
is shown at room temperatures 290-300 K and is expected to be approximately independent of temperature well above the
band gap. We also show the absorption at T = 77 K for both silicon [30] and germanium [31]. Dashed curves shown in darker
(lighter) blue denote positive (negative) values of σ2. For comparison, the σ1 obtained from the semi-empirical theoretical
calculation of Henke et al. [29] is shown as the dotted gray line. Bottom: Real and imaginary parts of the conductivity in
germanium (left) and silicon (right) in the regime of multi-phonon excitations, obtained from Refs. [32] and [33], respectively.
The measured germanium absorption is primarily due to two-phonon excitation, while the silicon absorption shown includes
both two- and three-phonon excitations.

observed in the ∼few meV−0.1 eV energy range for ger-
manium and silicon (see, e.g., Refs. [32, 33]). The dom-
inant absorption is due to a two-phonon emission pro-
cess, where the two phonons are back-to-back. Such
two-phonon excitations can only occur for deposited en-
ergies below ∼0.1 eV, since there is a maximum en-
ergy for an acoustic phonon in a lattice. This maxi-
mum energy is roughly given by the Debye temperature,
0.03 eV/phonon for germanium and 0.06 eV/phonon for
silicon. Thus higher-order three-phonon excitations are
required for deposited energies above ∼0.1 eV, leading to
a smaller absorption rate.

The bottom row of Fig. 1 shows the conductivity at
these low energies. In this energy range, σ2 is given
by σ2 ≈ ω(1 − n2), with constant index of refraction
n ≈ 3.4 (4) for silicon (germanium) [39]. For σ1, we
again show the absorption at low temperature as well as
at room temperature for comparison. Due to the impor-

tance of thermal phonons for these absorption processes,
the temperature dependence is stronger than the case of
electron excitations. (For theoretical studies of the tem-
perature dependence of the two-phonon absorption, see
Ref. [38].) In deriving the reach for DM absorption, we
use the low-temperature data since the expected operat-
ing temperature of SuperCDMS SNOLAB is below 0.1 K.

The multi-phonon excitation for germanium is primar-
ily the two-phonon process, which only extends up to
0.06 eV due to the lower Debye temperature of germa-
nium. For silicon, two-phonon excitation can occur for
energies up to ∼ 0.12 eV. The regime of three-phonon
absorption has also been observed at higher energies,
and the approximate boundary between two- and three-
phonon absorption is indicated in the figure.
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III. RESULTS

To estimate the reach, we consider a 1 kg-year ex-
posure for both electron and multi-phonon excitations.
While experimental sensitivity to eV scale electron exci-
tations may be achieved in the near future, the energy
thresholds for phonon detection are much higher. A sig-
nificant challenge to detecting multi-phonon excitations
is lowering the phonon energy thresholds below an eV,
which will require exceptional improvement on current
technology and control over environmental noise (see e.g.,
Refs. [16, 40]). For a simple comparison between different
processes, however, we have assumed a single exposure.

In presenting the sensitivity to light dark matter,
we incorporate known backgrounds in the limit-setting
procedure, and assume that no other backgrounds
are present. In particular, for electron excitations
in silicon we include a flat radioactive background of
300/kg/yr/keV [41]. For electron excitations in germa-
nium, we include cosmogenic backgrounds, which can be
substantial for energies of 100-1000 eV [42], as well as
solar neutrino backgrounds below ∼ 10 eV. In compar-
ing these backgrounds with the mono-energetic signal,
we assume the energy resolution is similar to that of
CDMSlite [24], where the energy resolution is modeled
as σ2(E) = σ2

0 + αE + βE2 [43], except that we set
σ0 = 0 in our projections to account for the lower en-
ergy thresholds. For each mA, the reach is then derived
by considering energies within 2σ of mA.

Coherent nuclear scattering of solar neutrinos may also
be a background to the multi-phonon signal we consider.
For germanium, these nuclear recoils peak at energies of
0.1−10 eV, with a rate of order 1−10/kg/year/eV [7, 16].
However, considering only energies below 0.1 eV where
the multi-phonon excitations are relevant, the rate is less
than 1/kg/year. Similarly, for silicon the rate below
0.2 eV is much less than 1/kg/year and can be neglected.

It was also noted recently that coherent photon scatter-
ing on nuclei may be an important background at sub-eV
energies, with rates as large as tens of events per kg-year
in Ge or Si [44]. However, there are several caveats in
using these background rates, and so we do not include
them in our reach estimate. First, the rate depends on
the abundance of radioactive isotopes in the experiment,
which may be controllable to some extent. Second, this
background was calculated assuming recoils of free nu-
clei, which is valid for large recoil energies; for energies
of order the Debye energy ∼ 0.01 − 0.1 eV we expect
there to be a suppression in the energy deposition, simi-
lar to the largely recoil-free scattering seen in Mossbauer
spectroscopy [45].

A. Hidden Photons

Turning to DM models, we first consider a hidden pho-
ton that is kinetically mixed with the hypercharge gauge
boson. The hidden photon could compose all of the relic

DM, with an abundance set by a misalignment mecha-
nism [47–49]. There is an induced kinetic mixing of the
dark photon with the photon,

L ⊃ −κ
2
FµνV

µν , (5)

where Fµν and V µν are the field strengths for the photon
and hidden photon, respectively. A field redefinition of
the photon Aµ → Aµ − κVµ leads to the canonical basis,
where the electromagnetic current picks up a dark charge,
κeVµJ

µ
EM in vacuum.

In-medium effects can substantially alter the polariza-
tion tensor Π, however. For absorption of non-relativistic
halo DM, there is an effective mixing angle,

κ2
eff =

κ2m4
V

[m2
V − Re Π(mV )]

2
+ [Im Π(mV )]

2
, (6)

where Π is related to σ̂ ala Eq. (3), and the mea-
sured conductivities are shown in Fig. 1. Note that for
mV & 100 eV, κeff is well-approximated simply by κ. The
matrix element for absorption of the kinetically mixed
hidden photon on electrons is related to that of the pho-
ton by |M|2 = κ2

eff |Mγ |2. Then, the rate in counts per
unit time per unit target mass, Eq. (1), is given by

R =
1

ρ

ρDM

mDM
κ2

effσ1(mV ) . (7)

The projected sensitivity for a hidden photon via ab-
sorption in semiconductors at 90% CL is shown in Fig. 2
for 1 kg-yr of exposure. For absorption of halo DM, the
reach for germanium and silicon comes from electron ex-
citations for masses above 0.5 eV, while for lower mass
it arises from absorption via multi-phonon excitations.
Note that for germanium, the dips in sensitivity around
100 eV and 1 keV are due to the electron capture peaks
in the cosmogenic background. The projected 90% CL
reach of a superconducting aluminum target in the com-
plementary meV− eV mass range is depicted as well, for
the same exposure [23]. As is evident, the two-phonon
process provides a powerful probe of bosonic DM in the
O(1 − 100) meV mass range, comparable to that of su-
perconductors.

For DM mass below the band gap, we also consider
the reach for absorption of hidden photons emitted from
the sun. For mV � eV, the dominant solar production
mode for hidden photons is in the longitudinal modes,
with a flux that peaks at ω ≈ 10− 100 eV. The emitted
particles can then be absorbed via electron excitations,
with a differential absorption rate given by [46]

dR

dω
=

1

ρ

dΦ

dω

κ2m2
V σ1(ω)

[ω − σ2(ω)]
2

+ [σ1(ω)]
2 , (8)

where the flux of hidden photons at the earth is
dΦ
dω ∝ κ2m2

V . We integrate this rate over the energy range
1 − 1000 eV, following Ref. [50] for the flux, and obtain
the reach shown as the dashed lines in Fig. 2. Due to
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FIG. 2. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL for 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of kinetically mixed hidden photon dark matter. For absorption of
halo DM (solid lines), we show the reach considering multi-phonon excitations for mV = 0.01−0.2 eV, and electron excitations
for mV > 0.6 eV. The dashed lines show the reach for absorption of dark photons emitted from the sun. Our recast of constraints
from CDMSlite (germanium) for mV > 56 eV and DAMIC (silicon) for mV > 100 eV are indicated by the shaded green and
blue regions, respectively. We also show bounds from Xenon10 and Xenon100, including those from Ref. [21] (lighter shaded
red) and our own updated Xenon100 limits for 50-700 eV (darker shaded red); the projected reach for 1-kg-year exposure of
an aluminum superconducting target (grey line) [23]; and stellar emission constraints (shaded orange) [21, 46].

the strong κ4 dependence of the signal, this reach is rel-
atively weak compared to existing constraints. We note
that a ton-scale xenon experiment can achieve a similar
sensitivity to semiconductors only if the electronic energy
threshold of the former can be lowered to ∼100 eV.

Existing limits on absorption of halo DM from
Xenon10 and Xenon100 data are shown in Fig. 2
for masses above the ionization threshold in xenon of
12 eV. We include constraints obtained from Ref. [21],
which used 15 kg-day of Xenon10 data [51] for mV =
12 eV−1 keV and the Xenon100 solar axion search [52]
for mV > 1 keV. In addition, we have recast the recent
Xenon100 low-threshold analysis [53], which had a total
exposure of 30 kg-year, to obtain updated limits in the
mass range 50 − 700 eV. Ref. [53] provides their data
in the form of observed photoelectrons (PE) for each
event. For a deposited energy of mV , we obtain the dis-
tribution in PE using Refs. [54, 55], which gives a sig-
nal peaked at (mV /13.5eV)× 20 PE and with a width of

σ ≈
√
mV /13.5eV×7 PE. Accounting for the experimen-

tal efficiency, we compare the signal with the observed
counts in a bin of size 4σ to obtain the 90% CL limit. Our
result is roughly an order of magnitude stronger than the
Xenon10 limit from Ref. [21], and is shown as the dark
red shaded region in Fig. 2.

For comparison, we demonstrate that existing semi-
conductor targets already start to probe new parameter
space for DM mass down to 100 eV. Re-interpreting re-
cent results from CDMSlite [24], with 70 kg-day exposure
on germanium, and DAMIC [25], with 0.6 kg-day expo-
sure on silicon, we obtain limits on absorption of DM in
the halo, shown as the shaded green and blue regions in
Fig. 2.

For DAMIC, we derive 90% CL limits by comparing
the DM signal with the observed counts in a single energy
bin of width 100 eV. For the mono-energetic absorption
signal, we apply the given experimental efficiency and
also account for the finite energy resolution of the exper-
iment. Following Ref. [25], we model the energy resolu-
tion by a Fano model, σ2(E) = σ2

0 + (3.77eV)FE with
F = 0.133 ± 0.005. With typical total energy resolution
of ∼ 50 eV, this introduces an additional O(1) efficiency
for the DM signal to fall in a single bin. Assuming the
best-fit background of ≈0.5 events/bin, we then obtain
upper limits of the DM signal following Ref. [58], as de-
picted in Fig. 2.

We follow a similar procedure to obtain 90% CL lim-
its from CDMSlite. Here we model the energy resolu-
tion with a modified Fano model [43], given by σ2(E) =
σ2

0+αE+βE2. We fit these constants to the measured en-
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FIG. 3. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL with a 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of pseudoscalar dark matter. The solid lines show the reach for
absorption of halo DM, while the dashed lines are for absorption of pseudoscalars emitted from the sun. The reach of an
aluminum superconducting target is given by the solid grey line [23]. We show constraints from absorption of solar axions
in Xenon100 (shaded red) [52] and stellar emission from white dwarfs (shaded orange) [56]. The range of couplings for the
QCD axion is indicated by the shaded grey region. Constraints on pseudoscalar decays into photons (shaded blue) assume the
coupling in Eq. (12), and come from a line search for ma = 4.5− 7.5 eV [57] as well as from the extragalactic background light,
early reionization, and x-rays [48].

ergy resolutions given in Table I of Ref. [24] and include
an extra data point for the baseline energy resolution,
σ2(0) = (14 eV)2. For mV > 100 eV, we then set con-
servative limits using the observed counts within single
100 eV bins, making no assumption for the background
model. For DM masses closer to the experimental thresh-
old, mV = 56−100 eV, we instead use the 90% CL upper
limit on the rate in the lowest energy bin from Table I of
Ref. [24]. Our result is shown in Fig. 2

In Fig. 2, we also show existing Xenon10 limits on ab-
sorption of solar hidden photons, along with other stellar
cooling constraints from the sun, horizontal branch stars,
and red giant stars, assuming the dark photon obtains
its mass via the Stuckelberg mechanism [21]. (For stellar
constraints in the case that the dark photon mass arises
from a dark Higgs mechanism, see Ref. [46].)

We learn that semiconductor targets, such as germa-
nium and silicon, are powerful probes of hidden photon
DM with mass in the meV−keV range, finding a reach
that can supersede all existing terrestrial and astrophys-
ical bounds, with only mild exposure.

B. Pseudoscalars

Next, we consider a pseudoscalar a that couples to elec-
trons:

L ⊃ gaee
2me

(∂µa)ēγµγ5e . (9)

This pseudoscalar may be an axion-like particle, see
for example Ref. [48]. For comparison, we will show
the relation between the mass ma and coupling con-
stant for the QCD axion in our results: then the effec-
tive coupling can be written as gaee = Ceme/fa, with
(0.60 meV/ma) = (fa/1010 GeV), and we take Ce = 1/3
as an upper bound.

For non-relativistic halo DM, the leading
matrix-element-squared for absorption of the
pseudoscalar is related to photon absorption by
|M|2 ≈ 3(gaee/2me)

2(ma/e)
2|Mγ |2 [22, 23]. Then

the rate for pseudoscalar absorption is related to the
measured conductivity by

R ' 1

ρ

ρDM

mDM

3m2
a

4m2
e

g2
aee

e2
σ1(ma) . (10)

The expected 90% CL reach for pseudoscalar DM is
shown in Fig. 3, for germanium and silicon targets with
1 kg-year exposure. Here we consider only the reach from
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electron excitations, in accord with the electron coupling
of Eq. (9). Absorption from multi-phonon excitations is
not included, since this process relies on an effective cou-
pling of the DM with the ion displacements in the crys-
tal. We also depict the projected reach from absorption
of halo DM in a superconducting aluminum target [23].

For ma � keV, pseudoscalars can be emitted from the
sun and absorbed in the target, with a differential rate
given by [22]

dR

dω
=

1

ρ

dΦ

dω

ω2

2m2
e

g2
aee

e2
σ1(ω) , (11)

where dΦ/dω ∝ g2
aee is the solar flux at the earth. Follow-

ing Ref. [59] for the solar flux, we again integrate over the
energy range 1−1000 eV to obtain a reach with semicon-
ductors, shown as the dashed lines in Fig. 3. In contrast
to the hidden photons emitted from the sun, the pseu-
doscalar flux peaks at around ω ≈ keV. Consequently, we
find that experiments with higher energy threshold but
larger exposure perform better than low-threshold semi-
conductor targets. Fig. 3 shows the existing Xenon100
constraint [52] on DM emission from the sun, which is
better than the semiconductor reach. Furthermore, a
xenon experiment with a ton-year exposure and keV en-
ergy threshold could probe gaee > 10−12 [60] from solar
emission, similar to the reach of the superconducting tar-
get for halo DM.

The strongest constraints for ma < 10 eV arise from
stellar emission of light pseudoscalars in electron-dense
environments, such as white dwarfs [56]. We note that
the white dwarf constraint has a factor of few uncertainty,
with some of the data actually in favor of the presence of
a new particle [61–63].

The pseudoscalar coupling to electrons gives rise to a
loop-induced coupling to photons,

α

8π

gaee
me

aFµν F̃
µν . (12)

This coupling can be modified by O(1) effects if the
pseudoscalar couples to other charged particles. Assum-
ing the induced coupling above, we show the constraints
on gaee from a → γγ decay, including a line search for
ma = 4.5 − 7.5 eV [57], and the effect of a → γγ on the
extragalactic background light, early reionization, and x-
rays [48]. Constraints on the photon coupling from CAST

and cooling of HB stars are weaker than the Xenon100
limits (see Ref. [23]), and are not shown here.

We see that semiconductor targets can probe sub-
keV pseudoscalar DM, providing a strong alternative to
model-dependent stellar constraints.

IV. CONCLUSIONS

In this note we proposed semiconductor targets, such
as germanium and silicon, as detectors for light bosonic
DM via an absorption process. We considered electron
excitation signals from absorption of halo DM with mass
in the eV-keV range, as well as sub-eV DM emitted from
the sun. Furthermore, DM in the few to 100 meV mass
range can be absorbed and probed by these same tar-
gets via a two-phonon excitation process, if the sensitivity
to phonon energy depositions is improved substantially.
We considered the reach in semiconductors for absorption
of kinetically mixed hidden photons and pseudoscalars,
demonstrating the strength of these targets to sub-keV
DM. We also showed that current CDMSlite and DAMIC
results already start to probe new parameter space, while
future experiments such as SuperCDMS SNOLAB and
DAMIC100 can cover a mass range that is currently wide
open.

The two-phonon excitation studied here for DM ab-
sorption could also be utilized for probing DM in the
keV to MeV mass range via scattering in semiconduc-
tors, in line with the two-excitation scattering in super-
fluid helium proposed in Ref. [17]. We leave study of such
scattering for future work.

Note added: While completing this work, we became
aware of Ref. [64] which considers related topics.

Acknowledgments. We thank Ritoban Basu
Thakur, Alvaro Chavarria, Alan Robinson, and Matt
Pyle for useful discussions. YH is supported by the U.S.
National Science Foundation under Grant No. PHY-
1002399. KZ and TL are supported by the DoE under
contract DE-AC02-05CH11231. TL is also supported by
NSF grant PHY-1316783.

[1] E. Aprile et al. (XENON100), Phys. Rev. Lett. 109,
181301 (2012), arXiv:1207.5988 [astro-ph.CO].

[2] D. S. Akerib et al. (LUX), (2015), arXiv:1512.03506
[astro-ph.CO].

[3] R. Agnese et al. (SuperCDMS), Phys. Rev. Lett. 112,
241302 (2014), arXiv:1402.7137 [hep-ex].

[4] A. Tan et al. (PandaX-II), (2016), arXiv:1607.07400
[hep-ex].

[5] E. Aprile et al. (XENON), JCAP 1604, 027 (2016),

arXiv:1512.07501 [physics.ins-det].
[6] D. S. Akerib et al. (LZ), (2015), arXiv:1509.02910

[physics.ins-det].
[7] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D85,

076007 (2012), arXiv:1108.5383 [hep-ph].
[8] C. Kouvaris and J. Pradler, (2016), arXiv:1607.01789

[hep-ph].
[9] P. W. Graham, D. E. Kaplan, S. Rajendran, and M. T.

Walters, Phys. Dark Univ. 1, 32 (2012), arXiv:1203.2531

http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://arxiv.org/abs/1207.5988
http://arxiv.org/abs/1512.03506
http://arxiv.org/abs/1512.03506
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://arxiv.org/abs/1402.7137
http://arxiv.org/abs/1607.07400
http://arxiv.org/abs/1607.07400
http://dx.doi.org/10.1088/1475-7516/2016/04/027
http://arxiv.org/abs/1512.07501
http://arxiv.org/abs/1509.02910
http://arxiv.org/abs/1509.02910
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://arxiv.org/abs/1108.5383
http://arxiv.org/abs/1607.01789
http://arxiv.org/abs/1607.01789
http://dx.doi.org/10.1016/j.dark.2012.09.001
http://arxiv.org/abs/1203.2531


8

[hep-ph].
[10] S. K. Lee, M. Lisanti, S. Mishra-Sharma, and B. R.

Safdi, Phys. Rev. D92, 083517 (2015), arXiv:1508.07361
[hep-ph].

[11] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto,
T. Volansky, and T.-T. Yu, (2015), arXiv:1509.01598
[hep-ph].

[12] S. Derenzo, R. Essig, A. Massari, A. Soto, and T.-T. Yu,
(2016), arXiv:1607.01009 [hep-ph].

[13] Y. Hochberg, Y. Kahn, M. Lisanti, C. G. Tully, and
K. M. Zurek, (2016), arXiv:1606.08849 [hep-ph].

[14] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and
T. Volansky, Phys. Rev. Lett. 109, 021301 (2012),
arXiv:1206.2644 [astro-ph.CO].

[15] Y. Hochberg, Y. Zhao, and K. M. Zurek, Phys. Rev.
Lett. 116, 011301 (2016), arXiv:1504.07237 [hep-ph].

[16] Y. Hochberg, M. Pyle, Y. Zhao, and K. M. Zurek, JHEP
08, 057 (2016), arXiv:1512.04533 [hep-ph].

[17] K. Schutz and K. M. Zurek, (2016), arXiv:1604.08206
[hep-ph].

[18] R. Essig et al., in Community Summer Study 2013:
Snowmass on the Mississippi (CSS2013) Minneapo-
lis, MN, USA, July 29-August 6, 2013 (2013)
arXiv:1311.0029 [hep-ph].

[19] S. Dimopoulos, G. D. Starkman, and B. W. Lynn, Phys.
Lett. B168, 145 (1986).

[20] F. T. Avignone, R. L. Brodzinski, S. Dimopoulos, G. D.
Starkman, A. K. Drukier, D. N. Spergel, G. Gelmini, and
B. W. Lynn, Phys. Rev. D35, 2752 (1987).

[21] H. An, M. Pospelov, J. Pradler, and A. Ritz, Phys. Lett.
B747, 331 (2015), arXiv:1412.8378 [hep-ph].

[22] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Rev.
D78, 115012 (2008), arXiv:0807.3279 [hep-ph].

[23] Y. Hochberg, T. Lin, and K. M. Zurek, (2016),
arXiv:1604.06800 [hep-ph].

[24] R. Agnese et al. (SuperCDMS), Phys. Rev. Lett. 116,
071301 (2016), arXiv:1509.02448 [astro-ph.CO].

[25] A. Aguilar-Arevalo et al. (DAMIC), (2016),
arXiv:1607.07410 [astro-ph.CO].

[26] P. Cushman et al., in Community Summer Study
2013: Snowmass on the Mississippi (CSS2013) Min-
neapolis, MN, USA, July 29-August 6, 2013 (2013)
arXiv:1310.8327 [hep-ex].

[27] R. Potter, in Handbook of Optical Constants of Solids,
edited by E. D. Palik (Elsevier, 1985) pp. 465–478.

[28] D. F. Edwards, in Handbook of Optical Constants of
Solids, edited by E. D. Palik (Elsevier, 1985) pp. 547–
569.

[29] B. L. Henke, E. M. Gullikson, and J. C. Davis, Atom.
Data Nucl. Data Tabl. 54, 181 (1993).

[30] S. E. Holland, D. E. Groom, N. P. Palaio, R. J. Stover,
and M. Wei, IEEE TRANSACTIONS ON ELECTRON
DEVICES 50 (2003).

[31] W. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955).
[32] M. Ikezawa and T. Nanba, Journal of the Physical Society

of Japan 45, 148 (1978).
[33] M. Ikezawa and M. Ishigame, Journal of the Physical

Society of Japan 50, 3734 (1981).
[34] G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and

V. Roberts, Phys. Rev. 111, 1245 (1958).
[35] G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and

V. Roberts, Phys. Rev. 108, 1377 (1957).
[36] M. Dressel and G. Gruner, Electrodynamics of Solids, 2nd

ed. (Cambridge University Press, 2003).

[37] W. Kress, H. Borik, and R. K. Wehner, physica status
solidi (b) 29, 133 (1968).

[38] G. Deinzer and D. Strauch, Phys. Rev. B 69, 045205
(2004).

[39] H. H. Li, Journal of Physical and Chemical Reference
Data 9, 561 (1980).

[40] M. Pyle, E. Feliciano-Figueroa, and B. Sadoulet, (2015),
arXiv:1503.01200 [astro-ph.IM].

[41] R. Agnese et al. (SuperCDMS), Submitted to: Phys. Rev.
D (2016), arXiv:1610.00006 [physics.ins-det].

[42] S. Golwala, “SuperCDMS SNOLAB: Goals, Design,
and Status,” https://conferences.pa.ucla.edu/dm16/

talks/golwala.pdf.
[43] R. B. Thakur, private communication.
[44] A. E. Robinson, ArXiv e-prints (2016), arXiv:1610.07656

[astro-ph.IM].
[45] B. Fultz, “Mssbauer spectrometry,” in Characterization

of Materials (John Wiley and Sons, Inc., 2002).
[46] H. An, M. Pospelov, and J. Pradler, Phys. Rev. Lett.

111, 041302 (2013), arXiv:1304.3461 [hep-ph].
[47] A. E. Nelson and J. Scholtz, Phys. Rev. D84, 103501

(2011), arXiv:1105.2812 [hep-ph].
[48] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Re-

dondo, and A. Ringwald, JCAP 1206, 013 (2012),
arXiv:1201.5902 [hep-ph].

[49] P. W. Graham, J. Mardon, and S. Rajendran, (2015),
arXiv:1504.02102 [hep-ph].

[50] J. Redondo and G. Raffelt, JCAP 1308, 034 (2013),
arXiv:1305.2920 [hep-ph].

[51] J. Angle et al. (XENON10), Phys. Rev. Lett. 107, 051301
(2011), [Erratum: Phys. Rev. Lett.110,249901(2013)],
arXiv:1104.3088 [astro-ph.CO].

[52] E. Aprile et al. (XENON100), Phys. Rev. D90, 062009
(2014), arXiv:1404.1455 [astro-ph.CO].

[53] E. Aprile et al. (XENON100), (2016), arXiv:1605.06262
[astro-ph.CO].

[54] E. Aprile et al. (XENON100), J. Phys. G41, 035201
(2014), arXiv:1311.1088 [physics.ins-det].

[55] T. Shutt, C. E. Dahl, J. Kwong, A. Bolozdynya, and
P. Brusov, Nucl. Instrum. Meth. A579, 451 (2007),
arXiv:astro-ph/0608137 [astro-ph].

[56] G. G. Raffelt, Axions: Theory, cosmology, and exper-
imental searches. Proceedings, 1st Joint ILIAS-CERN-
yue axion training, Geneva, Switzerland, November 30-
December 2, 2005, Lect. Notes Phys. 741, 51 (2008),
[,51(2006)], arXiv:hep-ph/0611350 [hep-ph].

[57] D. Grin, G. Covone, J.-P. Kneib, M. Kamionkowski,
A. Blain, and E. Jullo, Phys. Rev. D75, 105018 (2007),
arXiv:astro-ph/0611502 [astro-ph].

[58] G. J. Feldman and R. D. Cousins, Phys. Rev. D57, 3873
(1998), arXiv:physics/9711021 [physics.data-an].

[59] J. Redondo, JCAP 1312, 008 (2013), arXiv:1310.0823
[hep-ph].

[60] K. Arisaka, P. Beltrame, C. Ghag, J. Kaidi, K. Lung,
A. Lyashenko, R. D. Peccei, P. Smith, and K. Ye,
Astropart. Phys. 44, 59 (2013), arXiv:1209.3810 [astro-
ph.CO].

[61] J. Isern, E. Garcia-Berro, S. Torres, and S. Catalan,
Astrophys. J. 682, L109 (2008), arXiv:0806.2807 [astro-
ph].

[62] M. M. Miller Bertolami, B. E. Melendez, L. G. Althaus,
and J. Isern, JCAP 1410, 069 (2014), arXiv:1406.7712
[hep-ph].

[63] M. Giannotti, I. Irastorza, J. Redondo, and A. Ringwald,

http://arxiv.org/abs/1203.2531
http://dx.doi.org/10.1103/PhysRevD.92.083517
http://arxiv.org/abs/1508.07361
http://arxiv.org/abs/1508.07361
http://arxiv.org/abs/1509.01598
http://arxiv.org/abs/1509.01598
http://arxiv.org/abs/1607.01009
http://arxiv.org/abs/1606.08849
http://dx.doi.org/ 10.1103/PhysRevLett.109.021301
http://arxiv.org/abs/1206.2644
http://dx.doi.org/10.1103/PhysRevLett.116.011301
http://dx.doi.org/10.1103/PhysRevLett.116.011301
http://arxiv.org/abs/1504.07237
http://dx.doi.org/ 10.1007/JHEP08(2016)057
http://dx.doi.org/ 10.1007/JHEP08(2016)057
http://arxiv.org/abs/1512.04533
http://arxiv.org/abs/1604.08206
http://arxiv.org/abs/1604.08206
https://inspirehep.net/record/1263039/files/arXiv:1311.0029.pdf
https://inspirehep.net/record/1263039/files/arXiv:1311.0029.pdf
https://inspirehep.net/record/1263039/files/arXiv:1311.0029.pdf
http://arxiv.org/abs/1311.0029
http://dx.doi.org/10.1016/0370-2693(86)91477-2
http://dx.doi.org/10.1016/0370-2693(86)91477-2
http://dx.doi.org/10.1103/PhysRevD.35.2752
http://dx.doi.org/ 10.1016/j.physletb.2015.06.018
http://dx.doi.org/ 10.1016/j.physletb.2015.06.018
http://arxiv.org/abs/1412.8378
http://dx.doi.org/10.1103/PhysRevD.78.115012
http://dx.doi.org/10.1103/PhysRevD.78.115012
http://arxiv.org/abs/0807.3279
http://arxiv.org/abs/1604.06800
http://dx.doi.org/10.1103/PhysRevLett.116.071301
http://dx.doi.org/10.1103/PhysRevLett.116.071301
http://arxiv.org/abs/1509.02448
http://arxiv.org/abs/1607.07410
http://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
http://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
http://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
http://arxiv.org/abs/1310.8327
http://dx.doi.org/10.1006/adnd.1993.1013
http://dx.doi.org/10.1006/adnd.1993.1013
http://dx.doi.org/10.1103/PhysRev.99.1151
http://dx.doi.org/10.1143/JPSJ.50.3734
http://dx.doi.org/10.1143/JPSJ.50.3734
http://dx.doi.org/10.1103/PhysRev.111.1245
http://dx.doi.org/10.1103/PhysRev.108.1377
http://dx.doi.org/10.1002/pssb.19680290114
http://dx.doi.org/10.1002/pssb.19680290114
http://dx.doi.org/10.1103/PhysRevB.69.045205
http://dx.doi.org/10.1103/PhysRevB.69.045205
http://dx.doi.org/http://dx.doi.org/10.1063/1.555624
http://dx.doi.org/http://dx.doi.org/10.1063/1.555624
http://arxiv.org/abs/1503.01200
http://arxiv.org/abs/1610.00006
https://conferences.pa.ucla.edu/dm16/talks/golwala.pdf
https://conferences.pa.ucla.edu/dm16/talks/golwala.pdf
http://arxiv.org/abs/1610.07656
http://arxiv.org/abs/1610.07656
http://dx.doi.org/10.1002/0471266965.com069.pub2
http://dx.doi.org/10.1002/0471266965.com069.pub2
http://dx.doi.org/10.1103/PhysRevLett.111.041302
http://dx.doi.org/10.1103/PhysRevLett.111.041302
http://arxiv.org/abs/1304.3461
http://dx.doi.org/10.1103/PhysRevD.84.103501
http://dx.doi.org/10.1103/PhysRevD.84.103501
http://arxiv.org/abs/1105.2812
http://dx.doi.org/ 10.1088/1475-7516/2012/06/013
http://arxiv.org/abs/1201.5902
http://arxiv.org/abs/1504.02102
http://dx.doi.org/10.1088/1475-7516/2013/08/034
http://arxiv.org/abs/1305.2920
http://dx.doi.org/10.1103/PhysRevLett.110.249901, 10.1103/PhysRevLett.107.051301
http://dx.doi.org/10.1103/PhysRevLett.110.249901, 10.1103/PhysRevLett.107.051301
http://arxiv.org/abs/1104.3088
http://dx.doi.org/10.1103/PhysRevD.90.062009
http://dx.doi.org/10.1103/PhysRevD.90.062009
http://arxiv.org/abs/1404.1455
http://arxiv.org/abs/1605.06262
http://arxiv.org/abs/1605.06262
http://dx.doi.org/10.1088/0954-3899/41/3/035201
http://dx.doi.org/10.1088/0954-3899/41/3/035201
http://arxiv.org/abs/1311.1088
http://dx.doi.org/ 10.1016/j.nima.2007.04.104
http://arxiv.org/abs/astro-ph/0608137
http://dx.doi.org/10.1007/978-3-540-73518-2_3
http://arxiv.org/abs/hep-ph/0611350
http://dx.doi.org/ 10.1103/PhysRevD.75.105018
http://arxiv.org/abs/astro-ph/0611502
http://dx.doi.org/10.1103/PhysRevD.57.3873
http://dx.doi.org/10.1103/PhysRevD.57.3873
http://arxiv.org/abs/physics/9711021
http://dx.doi.org/10.1088/1475-7516/2013/12/008
http://arxiv.org/abs/1310.0823
http://arxiv.org/abs/1310.0823
http://dx.doi.org/10.1016/j.astropartphys.2012.12.009
http://arxiv.org/abs/1209.3810
http://arxiv.org/abs/1209.3810
http://dx.doi.org/ 10.1086/591042
http://arxiv.org/abs/0806.2807
http://arxiv.org/abs/0806.2807
http://dx.doi.org/10.1088/1475-7516/2014/10/069
http://arxiv.org/abs/1406.7712
http://arxiv.org/abs/1406.7712


9

(2015), arXiv:1512.08108 [astro-ph.HE]. [64] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and
T.-T. Yu, (2016), arXiv:1608.02123 [hep-ph].

http://arxiv.org/abs/1512.08108
http://arxiv.org/abs/1608.02123

	 Absorption of light dark matter in semiconductors 
	Abstract
	Introduction
	Method
	Results
	Hidden Photons
	Pseudoscalars

	Conclusions
	References


