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We show that the rate for dark-matter–electron scattering in an arbitrary material is determined by an
experimentally measurable quantity, the complex dielectric function, for any dark matter interaction that
couples to electron density. This formulation automatically includes many-body effects, eliminates all
systematic theoretical uncertainties on the electronic wave functions, and allows a direct calibration of the
spectrum by electromagnetic probes such as infrared spectroscopy, x-ray scattering, and electron energy-
loss spectroscopy. Our formalism applies for several common benchmark models, including spin-
independent interactions through scalar and vector mediators of arbitrary mass. We discuss the
consequences for standard semiconductor and superconductor targets and find that the true reach of
superconductor detectors for light mediators exceeds previous estimates by several orders of magnitude,
with further enhancements possible due to the low-energy tail of the plasmon. Using a heavy-fermion
superconductor as an example, we show how our formulation allows a rapid and systematic investigation of
novel electron scattering targets.
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Dark-matter–electron scattering was first proposed for
sub-GeV dark matter (DM) detection less than a decade ago
[1], and there has been enormous theoretical [2–37] and
experimental [38–51] progress since then. Since electrons
are not free particles, but are bound in atoms or delocalized
across solids, they have favorable kinematics for light DM
scattering. However, the rich complexity of condensed
matter systems complicates the calculation of scattering
rates. Not only do bound electrons have different wave
functions than their free-particle counterparts [52], many
condensed matter systems exhibit collective electronic

modes such as plasmons [53]. A formalism describing
DM scattering with a single electronic state [3,25] can
potentially miss important electron interaction and corre-
lation effects and must carefully account for “screening,”
where the electron density rearranges itself to partially
cancel out DM-induced perturbations [6].
In this Letter, we propose to bypass the single-particle

formulation entirely and frame the problem of DM-electron
scattering in terms of matrix elements of the many-body
electron density operator. This perspective is inspired by a
classic paper on collective energy loss in solids [54], and
since it does not rely on a particular choice of eigenstates, it
is equally applicable to all systems: atoms, molecules,
metals, insulators, or more exotic materials. Moreover, it
intrinsically accounts for all electron interactions and
correlations in the target by relating the scattering rate to
an experimentally measurable quantity, the complex dielec-
tric function ϵðq;ωÞ. Crucially, since ϵðq;ωÞ is defined as a
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linear response function, the response of the target to a
momentum transfer q and energy deposit ω is determined
by density matrix elements that are the same whether
measured by DM-electron scattering or by an electromag-
netic probe [55,56]. The assumption of linear response
applies as long as DM interactions are weaker than
electromagnetism.
The key result of this Letter is that the total scattering rate

for DM with mass mχ and velocity vχ in an arbitrary target
is given by

ΓðvχÞ ¼
Z

d3q
ð2πÞ3 jVðqÞj
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where ωq ¼ q · vχ − ðq2=2mχÞ, q ¼ jqj, e is the electron
charge, and VðqÞ is the nonrelativistic DM-electron poten-
tial. The full derivation can be found in the Supplemental
Material [57], and follows mainly from the arguments made
in Ref. [54]. The target-dependent object that appears in the
integrand,

Wðq;ωÞ≡ Im

�
−

1

ϵðq;ωÞ
�

¼ Im½ϵðq;ωÞ�
jϵðq;ωÞj2 ; ð2Þ

is known as the loss function. The only assumptions we
have made about the DM interactions in deriving Eq. (1) are
(i) that the nonrelativistic Hamiltonian coupling DM to
electrons takes the form Ĥint ¼

P
i Vðr̂χ − r̂iÞ, depending

only on the electron position operators r̂i and no other
operators such as spin or momentum, and (ii) that Ĥint can
be treated perturbatively.
The consequences of Eq. (1) are of immediate impor-

tance for DM-electron scattering. Spin-independent
Hamiltonians arise in many common benchmark models,
including those for scattering through scalar and vector
mediators. The presence of W implies that all of these
interactions are screened. The importance of screening was
first noted for a kinetically mixed dark photon mediator in a
solid-state target [6] and later for a scalar mediator [35].
Our results show that a scalar force that couples equally and
oppositely to electrons and protons, whether short- or long-
ranged, is screened exactly like a kinetically mixed dark
photon. Furthermore, as long as ion contributions to the
loss function are negligible (as in semiconductors well
above the gap), forces that couple differently to nucleons
and electrons are still screened identically. All such screen-
ing effects are invisible in a single-particle picture.
Since Wðq;ωÞ is directly measurable through electro-

magnetic scattering, DM-electron scattering experiments
can be calibrated experimentally, exactly as was done for
DM absorption [65–67] using the measured real conduc-
tivity σ1ðωÞ ¼ ðω=4πÞjϵð0;ωÞj2Wð0;ωÞ. The advantage of
our approach is that the loss function can also be modeled
semianalytically in certain relevant energy and momentum
regimes, and such models can be compared directly to data.

This enables rapid assessment of candidate experimental
targets and potentially bypasses the need for numerical
electron wave functions to determine the reach of novel
detector materials. As shown in the Supplemental Material
[57], the loss function contains a sum over all possible final
states of the target; thus Eq. (1) represents the maximum
possible scattering rate that could be observed at any
experiment sensitive to a particular subset of excitations,
for example, electron-hole pairs.
In the following sections, we show that, in a material

with free carriers, the loss function scales as Wðq;ωÞ ∝ q
at small ω, which can be interpreted as the familiar
screening that partially suppresses the 1=q4 enhancement
characteristic of a light mediator. We then show that, if
Wð0;ωÞ is nonvanishing, a rate enhancement at small q
remains whenever ω is kinematically accessible. This
behavior of the loss function can arise in two qualitatively
different ways: interband transitions in insulators and long-
range plasmons, which are generically present in all
materials. As we will show, the low-energy plasmon tail
may improve the sensitivity of superconducting detectors to
light DM by several orders of magnitude, and materials
with Fermi velocities slower than vχ may allow DM to
access the bulk of the loss function rather than the tail. We
illustrate these kinematic regimes in Fig. 1.

FIG. 1. Schematic depiction of the relevant kinematics for sub-
GeV DM. The shaded purple parabolas represent the kinemat-
ically allowed region of q and ω for the labeled DM masses, as in
Ref. [25], for a fixed DM speed vχ ¼ 10−3, with upper boundary
ω ¼ qvχ independent of mχ . The blue and orange shaded regions
represent the support of the plasmon part of the loss function. The
tail extends into the DM region for conventional materials such as
Al and Si and for heavy-fermion materials such as URu2Si2, the
plasmon peak lies in the DM region. The range of support for the
FEG loss function is shown in shaded gray and can be used to
approximate the rate in both superconductors and semiconductors
over a limited range of ω. The dot-dashed vertical line indicates
the size of the Brillouin zone (q ≈ 2.3 keV) of Si, while the
horizontal dashed line indicates the band gap above which
electron scattering can produce ionization.
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In this Letter, we adopt a generic form for the potential
VðqÞ ¼ VðqÞ ¼ ½gχge=ðq2 þm2

ϕ;VÞ�, which is valid for DM
coupling through a scalar mediator ϕ or vector V. We
compute scattering rates by integrating Eq. (1) over the DM
velocity distribution, for which we take the standard halo
model (see Supplemental Material [57] for details). We
frame our results in terms of a reference cross section
σ̄e ¼ ðμ2eχ=πÞjVðq0Þj2, where μeχ is the electron-DM
reduced mass and q0 ¼ αme ≃ 3.7 keV is a reference
momentum. We show results for a light mediator
m2

ϕ;V ≪ q2, with heavy mediator results given in the
Supplemental Material [57] (Fig. S6).
Conventional superconductors.—Reference [5] first pro-

posed using superconducting metals such as aluminum (Al)
as targets for DM-electron scattering. Reference [6] soon
pointed out that long-range Coulomb forces among elec-
trons would screen DM interactions if mediated by a
kinetically mixed dark photon. This effect was incorporated
by multiplying the free-particle matrix element by
1=jϵRPAðq;ωÞj2, where ϵRPA is the dielectric function of
a free electron gas (FEG) in the random phase approxi-
mation (RPA) at zero temperature.
Even within RPA, our formalism identifies two impor-

tant corrections to the DM interaction rate from Ref. [6].
First, all interactions coupling to electron density are
screened, including a light scalar mediator and a vector
mediator without kinetic mixing. This unifies the reach for
all models considered in Ref. [6]. Second, the analytic
structure of the loss function imposed by causality implies a
particular choice of branch cut in ϵRPA differing from
that used in Ref. [6] (see Supplemental Material [57] for
details).
The latter correction improves the projected sensitivity of

conventional superconductor detectors to DM scattering
through a light mediator by several orders of magnitude at
low masses. We can understand this by examining ϵRPA in
the kinematic regime q ≪ kF, ω ≪ qvF relevant for sub-
MeV DM scattering near the Fermi surface, where kF is the
Fermi momentum and vF is the Fermi velocity, respec-
tively, 3.5 keV and 6.8 × 10−3 in Al. The result is [68]

ϵRPAðq;ωÞ ≈
λ2TF
2q2

þ i
3πω2

pω

2q3v3F
; ð3Þ

where λTF ≃ 3.8 keV is the Thomas-Fermi screening length
and ωp ≃ 15 eV is the plasma frequency. The imaginary
part is typically smaller than the real part, so Wðq;ωÞ
scales as ½ðω=q3Þ=ð1=q4Þ� ∼ ωq, a much softer screening
than the q4 implied from 1=jϵj2.
Moving beyond RPA, we use the results of Ref. [69],

which fits to data a model containing both a one-loop “local
field” correction to the electron vertex and a q-dependent
plasmon width Γp=ωp ≃ 0.1 − 0.3. The fit implies that the
contribution from the ion polarizability in Al is small,

justifying our approximation that only electrons contribute
to the loss function. The projected reach for a 1 meV
threshold is shown in Fig. 2 for a light mediator, with
comparisons to previous results given in Fig. S5 of the
Supplemental Material [57]. The orange band reflects
theoretical uncertainty in the proper form of the loss
function in the energy range of interest (see Supplemental
Material [57]).
In most materials, the loss function features a plasmon

with a Lorentzian line shape peaked at ωp [53,55] and a
low-energy tail (see Fig. 1 and the Supplemental Material
[57]). In the parametrization of Ref. [69], Wðq ¼ 0;ωÞ
scales linearly with ω for ω ≪ ωp, and the plasmon tail
dominates over the RPA contribution. Our results suggest
that a kilogram-year exposure of an Al target with a 1 meV
threshold is sufficient to cover the entire freeze-in thermal
relic target [1,71–73] above 10 keV. However, this depends
on the extrapolation of the plasmon tail to meV energies,
and existing measurements only characterize the loss
function at ω≳ 100 meV [74]. Thus, additional measure-
ments of W are crucial to accurately determine the
sensitivity. There may also be contributions to W from

FIG. 2. The projected three-event reach of a 1-kg-yr exposure
target of Al (orange), Si (purple), and URu2Si2 (green), computed
for a light scalar or vector mediator using Eq. (1). For Al, the solid
line usesW from Ref. [69], and the top of the shaded region uses
the FEG model, both with ω ∈ ½1 meV; 1 eV�. The URu2Si2 loss
function is taken from Ref. [70] with ω ∈ ½1; 74� meV, and the
shaded region spans W measured along two crystal axes. Si is
treated as a FEG with a 2e− threshold, using the ionization model
of Ref. [3]. We also show the reach for a Dirac material with
density 10 g=cm3, gap 2Δ ¼ 20 meV, Fermi velocity
vF ¼ 4 × 10−4, background dielectric constant κ ¼ 40, and Dirac
band cutoff ωmax ¼ 0.5 eV (red); existing constraints from
SENSEI [49], SuperCDMS HVeV [51], DAMIC [47], Xenon10
[14], DarkSide-50 [43], and Xenon1T [48] (shaded gray); and the
theory target of a freeze-in model when the mediator is a
kinetically mixed dark photon [1,71–73] (dashed blue). The
corresponding plot for a heavy mediator is shown in the
Supplemental Material [57] (Fig. S6).
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coherent scattering with the Cooper pair condensate for
energies ω ≃ 2Δ, as well as finite-temperature effects. We
leave investigation of these effects for future work [75].
Semiconductors.—In a typical semiconductor like silicon

(Si) with a gap Eg ∼ eV, an energy deposit ω ≃ Eg requires
a momentum deposit q ≥ Eg=vχ ∼ keV for vχ ∼ 10−3,
independent of the DM mass, as shown in Fig. 1. The
size of the first Brillouin zone in Si is 2π=a ≃ 2 keV, where
a is the lattice constant. Thus, for ω≳ 2 eV, DM is probing
interatomic distances rather than delocalized electrons, and
the electrons may be modeled as a FEG with an effective
kF ≃ 2π=a set by the total valence electron density. This
approximation is an excellent match to both density func-
tional theory (DFT) calculations [76] and data [77] for q ≃
5 keV and ω ≫ Eg in Si [78]; for sufficiently large q
(∼15 keV, see Supplemental Material [57]), the bound
electron orbitals give large-momentum tails not captured by
the FEG.
Equation (1) and Fig. 1 show that, at fixed ω, the rate

receives contributions from Wðq;ωÞ over many orders of
magnitude in q for mχ ≳ 10 MeV, so the FEG approxi-
mation is best for a light mediator, where VðqÞ ∝ q−4

weights the integrand most toward small q. Our formalism
thus suggests a generic explanation for the behavior of the
DM-electron spectrum in the 5–15 eV range (2–4 electron-
hole pairs in Si [3]) from light mediator exchange in any
conventional semiconductor. The projected reach in Si
under the FEG approximation with a 2e− threshold is
shown in Fig. 2 for a light mediator.
The differences among various targets become most

apparent when ω ≃ Eg, where the band structure describing
delocalized electrons with q ≲ 2π=a becomes important. In
addition to band structure effects, there is also an irreduc-
ible contribution from the plasmon [79], where the tail
extends into the kinematically allowed region for DM. This
has important implications for rate predictions in currently
operating semiconductor detectors [49–51]. DFT calcula-
tions predict a rate that peaks in the one- or two-electron
bin, corresponding to ω≲ 8.3 eV, for all DM masses for
which these energies are kinematically accessible [3].
Currently available measurements of W suggest the true
rate in these few-electron bins may be somewhat larger.
Near-gap effects are quite difficult to model [78], but in our
formalism, they can be accounted for by making more
precise measurements at ω ≃ Eg and q ≃ Eg=vχ .
On the other hand, for near-gap scattering in a narrow-

gap semiconductor (Eg ∼ 10 meV), we have qmin≃
10 eV ≪ 2π=a, so the delocalized electrons in the upper-
most valence band dominate the behavior of the scattering
rate as q → 0. We may understand the absence of screening
in these systems through the Lindhard form of the dielectric
function [68], which shows that ϵðq;ωÞ has a finite limit as
q → 0, with the imaginary part proportional to the inter-
band transition matrix element. The lack of mobile charge
carriers inhibits the screening present in metals. In the next

section, we discuss an example of such a narrow-gap
semiconductor: a Dirac material.
Novel materials.—Our formalism suggests that optimal

materials for sub-GeV DM detection will have a loss
function with large support for ω < vχq (Fig. 1). For an
ordinary metal with an electron effective mass m� ¼ me,
the loss function is maximized at large q when ω ¼ qvF,
where vF ¼ kF=m� ≃ 10vχ . This is outside of the kine-
matically allowed region for DM scattering. For small q,
collective modes such as the plasmon will dominate, but the
plasmon is damped at momenta q > qc ≃ ωp=vF [68] due
to decay into the particle-hole continuum. Therefore, DM
can only excite the undamped plasmon if vχ > vF [32].
Here we explore two qualitatively different ways to achieve
vF < vχ : Dirac materials, in which vF is not tied directly to
free-electron properties, and heavy-fermion materials,
where strongly correlated electrons can create a Fermi
surface with a large m�.
Dirac materials, characterized by linear electronic

dispersion ωðkÞ ¼ vFk with widely varying vF across
materials [80], are promising targets for DM detection
[16,20,27,28]. Consider a gapless isotropic Dirac material
with a single Dirac cone and effective background dielec-
tric constant κ≡ Re½ϵð0; 0Þ�. In typical materials, ReðϵÞ ≫
ImðϵÞ over the relevant q and ω [27], and we may write the
loss function as

WDiracðq;ωÞ ¼
e2

12πκ2vF
Θðω − vFqÞΘðωmax − ωÞ: ð4Þ

The loss function with a gap 2Δ is given in the
Supplemental Material [57]; WDiracðq;ωÞ is constant as
q → 0 for all ω > 2Δ, as anticipated. The loss function
immediately displays two key features of scattering in
Dirac materials [16]: small vF increases the rate, and
scattering is forbidden if vχ < vF for ω ¼ ωq. In Fig. 2,
we show the sensitivity of an isotropic Dirac material for a
light mediator.
This analysis neglects many-body effects, including the

plasmon contribution to the loss function. Dirac materials
are expected to exhibit two tunable plasmon modes distinct
from the ordinary valence plasmon: a temperature-
dependent mode, which could lie in the OðmeVÞ range
[81–83], and a zero-temperature mode tunable with chemi-
cal potential [84]. Therefore, measurements of the loss
function in real materials are crucial to accurately estimate
the scattering rate, since the plasmon contribution may
dominate [85] as was the case for superconductors.
Another way to lower vF is to find materials with

ordinary quadratic dispersion but large effective masses.
As an example, a number of materials containing f
electrons are known as heavy-fermion systems because
they display a Fermi surface with m� ∼ ð10 − 100Þme
[86–88]. These materials are expected to have a plasmon
at energy ω�

p ≃ T�, the Fermi temperature of the heavy
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electrons [89]. One such material is URu2Si2, a heavy-
fermion superconductor with T� ¼ 75 K ¼ 6.5 meV and
m� ≃ 6me [90], from which one may estimate vF≃
6.5 × 10−5, ω�

p ≃ T� ¼ 6.5 meV, and qc ≃ ω�
p=vF≃

100 eV. In reality, the measured loss function in
URu2Si2 [70] shows considerable anisotropy with
Lorentzian peaks at either 4or 6 meV depending on the
direction of q, as well as a broad peak around 18 meV,
which can also be interpreted as a heavy-fermion plasmon
(see Supplemental Material [57]). Despite the extremely
rich electron dynamics in this material, in our formalism we
may compute the DM rate unambiguously once W is
measured in the relevant kinematic regime.
The measured data (see Supplemental Material [57],

Fig. S1) show that WðωÞ ∝ ω above the heavy-fermion
plasmon peaks, consistent with the tail of the ordinary
valence electron plasmon. However, in contrast to spectra
from conventional superconductors or semiconductors, the
measured loss function in URu2Si2 shows rich structure,
which could be used to separate signals from backgrounds
not due to fast-particle scattering. Integrating over ω from a
threshold of 1 meV up to ωmax ¼ 74 meV, the maximum
value where data exist, we obtain the projected reach in
Fig. 2. The band spans measurements ofWðq;ωÞ as q → 0
along two different crystal axes. We leave a full analysis of
the anisotropic response to future work [75]. As expected,
the reach in URu2Si2 can surpass Al in the mass range
5–40 keV, where the DM kinetic energy is comparable to
the heavy-fermion plasmon energies. Our reach estimates
motivate further study of URu2Si2 and similar materials as
targets for light DM scattering.
Implications for experiments.—The advantage of our

formulation of the DM scattering rate is that no theoretical
input from, e.g., DFT is required to compute the scattering
rate; the DM energy-loss spectrum from spin-independent
electron scattering may be precisely predicted from a
measurement with an electromagnetic probe in the appro-
priate kinematic regime. For MeV–GeV DM, x-ray scatter-
ing covers the regime q ∼ keV and ω ∼ eV [56], while for
keV–MeV DM, momentum-resolved electron energy-loss
spectroscopy can cover q ∼ eV and ω ∼meV [55,91].
These techniques are standard in condensed matter physics,
and a rich literature on measurements of dielectric and loss
functions already exists for a number of systems of interest.
The downside of this formalism is that it does not

directly predict how many electron-hole pairs are created
in the material per unit deposited energy, or how the energy
is down-converted from plasmon excitations to charge and
phonons. However, if individual quasiparticle contributions
to Wðq;ωÞ can be modeled, this information can be
reconstructed. (For related work in the context of super-
conducting targets, see Ref. [92].) Moreover, the quasi-
particle contributions may be determined empirically by
correlating scattering events using an electromagnetic
probe with the partition of excitations read out by the

detector, as has been done for nuclear recoil calibrations at
higher energy. We argue that these measurements should be
considered the primary calibration mechanisms for DM-
electron scattering, analogous to photoabsorption for
bosonic DM absorption [65–67].
Finally, our work may be applied to unify the electronic

and phonon descriptions of DM scattering with other
subgap loss mechanisms that have not yet been explored,
such as dielectric heating in insulators or coherent scatter-
ing off the superconducting condensate. Dielectric skin
depth in the long-wavelength limit q → 0 is proportional toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re½ϵðωÞ�p

=fωIm½ϵðωÞ�g, and thus materials with a small
skin depth for terahertz photons and calorimetric readout
should respond efficiently to DM-electron scattering, even
for meV-scale energy deposits below the eV-scale elec-
tronic band gaps. Many materials have terahertz absorption
features, so high-resolution terahertz or infrared trans-
mission spectra are likely fertile ground for exploring
new materials for keV-scale DM scattering.
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Note added.—Similar work recently appeared in Ref. [93],
which also discusses the loss function as a tool for
predicting DM scattering rates. Our main results with
respect to the loss function are substantively similar,
although Ref. [93] emphasizes comparisons with ab initio
methods, whereas the present Letter emphasizes the utility
of the loss function formalism in target selection for future
experiments.
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