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Excitonic contributions to dark matter-electron scattering
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We determine whether excitonic effects affect predictions of dark matter (DM)-electron scattering rates by
calculating the energy- and momentum-dependent energy-loss function, including electron-hole interaction
excitonic effects, for the DM scintillating detector materials GaAs and NaI. By comparing our results using the
Bethe-Salpeter equation in the framework of many-body perturbation theory, which explicitly includes excitonic
effects, with those using the quasiparticle random-phase approximation, which includes only electron-electron
interaction and crystal local-field effects, we find that excitonic effects in NaI significantly increase the predicted
scattering rate at low energy and as a result improve the cross-section sensitivity considering a realistic
background. In contrast, the predicted scattering rate and the DM-electron scattering cross section for GaAs
are minimally affected by excitonic effects.

DOI: 10.1103/9b1j-fcvw

I. INTRODUCTION

Despite decades of direct detection efforts [1,2], the dark
matter (DM) particle has yet to be observed. Until re-
cently, experiments have primarily focused on searching for
DM-induced nuclear recoils in low-background detectors, a
strategy sensitive only to DM masses above about 1 GeV
due to kinematic constraints. The absence of detection events
in this mass range has prompted growing interest in sub-
GeV DM, which would evade detection via nuclear recoil
but could be detectable by its scattering with electrons [3–5].
Semiconducting targets, for example, in which the scattering
process induces electron-hole excitation across the ∼ eV band
gap, allow sensitivity to DM particles with masses down to
O(100 keV).

The first numerical predictions of DM-electron scattering
rates in semiconducting crystals were made using electronic
initial and final states derived from density functional theory
(DFT) for silicon and germanium [6]. Many studies followed,
comparing different target materials [7,8] and improving or
extending the calculations [9–11], all within the DFT for-
malism. Importantly, it was established that the DM problem
is separable from the calculation of the electronic structure
[12,13], and that, for leading DM models that couple the DM
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to the electron density, the DM-electron scattering rate can be
written in terms of the dielectric function of the material and
its related energy-loss function (ELF) [14,15]. These obser-
vations mean that the sophisticated machinery developed in
the context of theoretical spectroscopy, such as the treatment
of in-medium screening effects, collective excitations, and
excitonic contributions using first-principles many-body per-
turbation theory (MBPT) beyond DFT, can be exploited in the
calculation of DM-electron scattering rates. Previous works
have considered the random phase approximation (RPA) [16]
on top of the Kohn-Sham electronic structure of DFT with or
without crystal local field effects (LFEs) [14,17], or the GW
approximation [18], which both neglect excitonic effects. The
proposal for direct detection of DM using scintillating mate-
rials [19] such as GaAs and NaI has gained relevance since
cryogenic scintillating calorimeters have recently reached the
required sensitivity and the detection scheme is advantageous
for background discrimination [20]. The detection signal con-
sists of photons arising from electron-hole recombination
following excitation by a DM particle (Fig. 1). In this mecha-
nism, the attractive interaction between the excited conduction
band (CB) electron and the remaining valence band (VB) hole,
which form an electron-hole bound state called exciton, will
likely affect the scattering rate. For example, an increase in the
density of states near the CB edge owing to exciton formation
might increase the differential DM-electron scattering rate at
low deposited energy, particularly for large band gap scintil-
lators such as NaI. Notably, the typical momentum transfer in
the nonrelativistic scattering of a DM particle with a bound
electron is O(1) keV [19] � Å−1, far from the optical limit
k → 0 studied (with rare exceptions [21–23]) in the context
of excitons in solid-state physics. To date, these excitonic
effects have not been examined in the DM literature. Since
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FIG. 1. Schematic of finite-momentum exciton creation by
DM-electron scattering in solid-state targets.

NaI and GaAs are the detector materials used by experiments
that are specifically designed to measure scintillation signals
(NaI in COSINUS [24,25]; GaAs in TESSERACT [26] and
DAREDEVIL [27]), determining the impact of electron-hole
interactions in these materials is necessary for reliable theo-
retical support.

Motivated by these considerations, here we solve the
Bethe-Salpeter equation (BSE) [28–31] to calculate the
frequency- and momentum-dependent dielectric function of
GaAs and NaI within ab initio MBPT and describe their
target response in DM-electron scattering events. With re-
spect to previous works limited to the RPA level, the BSE
inherently captures electron-hole interaction excitonic effects.
By comparing our BSE and RPA calculations, we are able
to quantify the impact of finite-momentum excitonic effects
on direct DM searches with NaI and GaAs targets. Our main
finding is that for both materials, the BSE approach predicts
a larger ELF at low energies compared to that of RPA across
a large finite-momentum range, and that the effect is much
more pronounced in NaI. This property of the BSE ELF
increases the DM-electron scattering rate at energies on the
order of the band gap. The increase in the BSE rate in turn
leads to an almost one order of magnitude higher predicted
cross-section sensitivity in NaI for DM particles with a mass
larger than 2 MeV and including a realistic background rate.
Our findings suggest that for large band gap scintillators,
the inclusion of excitonic effects is essential for predicting
the DM-electron scattering rate at low energy and the cross-
section sensitivity over the light DM mass range. Conversely,
from a condensed matter point of view, scattering with DM
will allow excitation of finite-momentum excitons that are
unavailable (dark) to optical absorption and, for the highest
momenta, outside the range of x-ray scattering spectroscopy.

This paper proceeds as follows: First, for the benefit of the
condensed-matter community, we summarize the formalism
for calculating the DM-electron scattering rate in terms of
the dielectric function, following Ref. [14]. Second, for the
benefit of the DM community, we briefly introduce the MBPT
formalism and the approaches used to calculate the dielectric
function, namely, BSE and RPA with or without LFE. Next,
we show our results for the ELF and the differential scattering
rates calculated with both methods for the two target materials
NaI and GaAs. Finally, we present the predicted DM-electron
scattering cross-section sensitivity over the mass range of
light DM and discuss the implications of our results for the
prospects of a dedicated experiment.

II. FORMALISM

A. The DM-electron scattering rate from the dielectric function

As stated above, for the case of nonrelativistic DM, χ ,
coupling to the electron density in a target material, the DM-
electron scattering rate can be formulated in terms of the
longitudinal frequency- and momentum-dependent dielectric
function ε(ω, k) [14,15]. [33] An additional field φ, which
can be a massive or massless, scalar or vector boson, e.g.,
a dark photon, mediates the (weak) coupling between the
standard-model electron and the DM χ . The rate is then given
by [14]

R = 1

ρT

ρχ

mχ

π

αem

σ e

μ2
χe

∫
d3v fχ (v) ×

∫
d3k

(2π )3
k2|Fφ (k)|2

×
∫

dω

2π

1

1 − e−βω
Im

[ −1

ε(ω, k)

]
δ

(
ω + k2

2mχ

− k · v
)

,

(1)

where ρT is the target density, ρχ = 0.4 GeV/cm3 is the local
DM density, mχ is the variable DM mass, αem is the fine
structure constant, β is the inverse temperature, μχe is the
reduced mass for DM and electron, and σ e is a reference cross
section defined in the Supplemental Material [32]. In this
work, we consider two limiting cases for the DM-mediator
form factor, namely, Fφ (k) = α2

emm2
e/k2 for a massless me-

diator where me is the electron mass and Fφ (k) = 1 for a
massive mediator. The rate includes an integration over the
DM velocity distribution fχ (v), which is assumed to follow
the standard halo model with details given in the Supplemen-
tal Material [32]. Finally, the term in Eq. (1) containing the
inverse dielectric function −Imε−1(ω, k) is precisely the ELF,
which captures the rate at which an electron loses energy and
momentum when traversing a target dielectric material. We
emphasize again that this formulation for the DM-electron
scattering rate distills the electronic part of the problem into
one quantity, the dielectric function ε(ω, k), which can be
calculated using condensed-matter ab initio theories. The level
of theory can then be selected depending on which physi-
cal effects, such as in-medium screening, or single-particle
or collective excitations are important for determining the
DM-electron rate. The relevant energy and momentum range
can also be selected, noting that the Dirac delta in Eq. (1)
ensures the kinematic relation for the energy deposition
as a function of the transferred momentum k, ω = k · v −
k2/(2mχ ) [6]. Hence, the energy deposited in a DM-electron
scattering event is constrained by ω < k v. Within the em-
ployed standard halo model, the DM velocity is bounded by
v � vesc + vEarth [19]. For example, using v = 740 km/s, a
transferred momentum of k = 10 keV can result from energy
depositions ωk=10 keV � 25 eV. This energy range, in which
excitonic effects are typically important in semiconducting
systems, further justifies our choice of the BSE to calculate
the ELF.

B. The dielectric function from BSE and RPA

In a compact form, the BSE can be written as [30]

L = L0 + L0
L, (2)
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where L(x1, x2; x3, x4) is the two-particle correlation
function [with xi = (ti, ri ) the space-time four-vector],
L0(x1, x2; x3, x4) = G(x2, x4)G(x3, x1) with G the one-particle
Green’s function, and the BSE kernel 
 = δ�/δG defined
as the functional derivative of the irreducible self-energy
� with respect to G. In the GW approximation for
the mass operator, �M = iGW , the kernel becomes

(x1, x2; x3, x4) = −iδ(x1, x2)δ(x3, x4)δ(t1, t3)v(r1, r3) +
iδ(x1, x3)δ(x2, x4)δ(t1, t2)W (r2, r1, ω = 0) in terms of the
bare Coulomb interaction v and the statically (ω = 0)
screened electron-hole attraction W . In the standard approach
employed in this work, the screening W RPA is derived from
a separate RPA calculation. Here, we solve the BSE within
the Tamm-Dancoff approximation (TDA), which neglects
the coupling between the resonant and the antiresonant
parts; i.e., it neglects electron-hole pairs propagating
backward in time. Once the BSE is solved for L, we
calculate the polarizability χ (x1, x2) = −iL(x1, x2; x+

1 , x+
2 )

[where x+
i = (ti + 0+, ri )], and the inverse microscopic

dielectric function ε−1 = 1 + vχ . The Fourier transform
then provides the macroscopic dielectric function including
LFE εM (k = q + G, ω) = 1/ε−1

GG(q, ω) (with q within the
first Brillouin zone and G a reciprocal lattice vector), which
enters Eq. (1). We compare the BSE results capturing
excitonic effects to RPA, which is retrieved by neglecting
the electron-hole screened interaction W in the kernel 


of Eq. (2). Excluding crystal LFE in RPA (or in BSE)
neglects microscopic contributions of the induced field to the
macroscopic response, so that an independent (quasi)particle
picture is retrieved.

C. Numerical details on the ab-initio calculations

To perform the electronic structure calculations, we use
the full-potential all-electron code exciting [34,35], which
allows us to avoid the difficulties associated with the widely

used pseudopotential approximation [9] and to directly cap-
ture the high-momentum components of the valence and
semicore states. First, we carry out ground-state DFT calcu-
lations within the local density approximation for both GaAs
and NaI, with details given in the Supplemental Material [32].
We then apply quasiparticle corrections to the DFT Kohn-
Sham electronic structure. For coherence with the BSE kernel,
this is usually done by a GW self-energy. Here, for the sake
of comparison with the previous literature, we used a scissor
operator matched to reproduce the experimental band gaps
EGaAs

g = 1.519 eV [36] and ENaI
g = 5.9 eV [37]. The resulting

band structures are shown in the Supplemental Material [32].
For a valid comparison of the ELFs from RPA and BSE, we

use the same underlying scissor-corrected Kohn-Sham states
as a starting point for both methods. As the BSE approach
is computationally expensive, scaling to the third power of
the number of k-points and included bands, we opted for a
balanced setup in terms of VBs, CBs, and k-grid resolution.
A 6 × 6 × 6 k-grid and up to 14 bands in total offer a good
compromise between accuracy and cost. For GaAs (NaI), se-
lecting four VBs (three VBs) and ten CBs allows us to capture
all electron-hole excitations in an energy range spanned by
the highest VB and CB up to ∼12 eV. We then use the same
computational parameters tested for BSE in RPA, with the
exception that we include the semicore states that, however,
do not contribute in the low-energy range of interest. In the
Supplemental Material [32], we briefly discuss excitonic ef-
fects for the Ga 3d semicore states when a larger energy range
is considered.

III. RESULTS

A. Energy loss functions and DM-electron scattering rates

For deriving the DM-electron scattering rates, we use the
open-source code DarkELF [17,38] with our computed ELFs

FIG. 2. ELF at various transferred momenta calculated with RPA and BSE for (a) GaAs and (b) NaI. At low energies, the ELF from
BSE is always larger than that from RPA due to the excitonic contributions, with the largest difference for NaI. The ELF for RPA without
LFE corresponds to independent particle transitions. Gray shaded regions indicate the kinematically excluded energy range for DM-electron
scattering, assuming the maximum DM speed is 740 km/s.
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FIG. 3. Differential scattering rates for (a) GaAs and (b) NaI
calculated with RPA and BSE for the limiting cases of a massless and
a massive mediator. The underlying dielectric functions include ten
CBs and transferred momenta |k| = [0, 0.3, 0.7, 1.0,..., 14.7] keV.

and restrict our study to isotropic responses, in which the
dielectric function depends only on the absolute value of the
momentum |k|. We now compare our ELFs calculated within
RPA and BSE for the two materials GaAs and NaI, using ten
CBs in each case for consistency. Figure 2 shows the ELF
in the low-energy range up to ω = 15 eV in the optical limit
(k = 0) and at three nonzero values of momentum transfer
(k = 3, 6, and 9 keV). For both materials, the BSE ELF is
larger than the RPA ELF in this energy range due to the
excitonic contributions. The BSE increase is strong for NaI,
particularly at energies near the band gap, while in GaAs
it is smaller and of similar size over the displayed energy
range. For NaI, the lowest excitonic contributions to the ELF
below the band gap energy are subtle but visible for k = 0
and k = 3 keV. Excluding LFE in RPA leads to an increased
ELF at finite momentum that even partially exceeds the BSE
ELF at larger energies. For technical details, we refer to the
Supplemental Material [32].

The properties of the ELF in the kinematically allowed
region (see Fig. 2) are directly transferred to the scattering
rates, which we present next. Figure 3 shows the differential
scattering rates for the massless and massive mediator case,
including transferred momenta up to 14.7 keV. The DM mass
and reference cross section are fixed to mχ = 10 MeV and
σ e = 1 × 10−37 cm2 , respectively.

For GaAs, the BSE rate is only slightly larger at low ener-
gies compared to that of RPA, and the overall shape is similar
as expected from Fig. 2(a). In contrast, for NaI, we observe a
significantly larger BSE rate, which peaks at about 8 eV. This
feature is due to the large contributions of the ELF at higher
momentum transfers, as shown in Fig. 2(b). Excluding LFE
in RPA slightly increases the rate since local screening effects
are neglected. For GaAs and a massive mediator, the BSE rate
and that for RPA without LFE even overlap due to the similar
ELF at finite momentum.

FIG. 4. Reach over the light dark matter range for GaAs and NaI
for a kg-year exposure, assuming a monotonically decaying back-
ground. The BSE approach predicts a better sensitivity, in particular,
for NaI.

B. Cross-section sensitivity including an experimental
background

Next, we present the cross-section sensitivity for GaAs
and NaI based on our rate calculations using BSE and RPA
over the light DM mass range. For a kg-year exposure, we
assume a monotonically decaying experimental background
in the light detector [39] with the number of events of the
order 109, including a suppression factor of λbck = 10−4, fol-
lowing the method in Ref. [20]. Further details are given in the
Supplemental Material [32]. For NaI, we assume an absorp-
tion onset at 5.6 eV, corresponding to the lowest energy
exciton absorption peak in optical measurements [40], and
4.2 eV for emission, corresponding to electron-hole recombi-
nation from the self-trapped exciton [41]. For GaAs, we use
the measured band gap value of 1.519 eV [36] for absorp-
tion, justified by the small binding energy of ∼3 meV of the
lowest optical exciton [42], and the reported value 1.48 eV
for emission [43]. We consider a combined light yield and
collection efficiency of εl = 13% according to Ref. [44] for
NaI and choose the same value for GaAs for comparison. Note
that doped GaAs can achieve light yields that are significantly
higher than those of pure crystals [43]. We plot the resulting
reach for both massless and massive mediators over a range of
light DM masses in Fig. 4, and see that the BSE method yields
a better sensitivity than the RPA for the full mass range. While
this improvement is moderate for GaAs, excitonic effects in
NaI improve the reach by almost an order of magnitude. The
smallest considered DM mass cannot be probed with NaI as
the low-energy threshold in the scattering rate is still almost 4
times larger than that in GaAs, even when accounting for the
lowest exciton.

IV. SUMMARY AND CONCLUSION

In this work, we showed that excitonic effects captured
in the BSE ELF increase the predicted DM-electron scatter-
ing rate at low energy compared with predictions from the
RPA method. This effect is considerably more pronounced
for NaI, which has an exciton binding energy that is 2 orders
of magnitude larger than that of GaAs in the optical limit
[45,46]. Therefore, our results suggest that electron-hole in-
teractions in scattering events with finite-momentum transfer
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have a greater impact in materials with stronger bound op-
tical excitons. Importantly, we found that excitonic effects
are significant even at large momentum transfer, where in-
tuition from optical experiments is limited. The discovery
of an increased BSE DM-electron scattering rate allowed us
to report improved cross-section sensitivities for both GaAs
and NaI detectors considering a realistic background rate.
The substantial improvement of the reach for NaI highlights
that accounting for excitonic effects is necessary for accu-
rately describing the response in this target material. We
note that neither coupling to antiresonant electron-hole tran-
sitions beyond the TDA at finite-momentum transfer nor
correlation effects beyond the GW approximation to the BSE
adiabatic-only kernel 
 are included in our calculations,
opening a perspective for future theoretical developments.
Likewise, nonradiative relaxation processes that lead to the
formation of self-trapped excitons in NaI [41,47] and the
energy dependence of the emission are not studied here.
While self-trapping of excitons could in principle be captured
in first-principles calculations [48], both processes might
be more effectively incorporated through phenomenological
modeling based on experimental measurements. Indeed, the
measurement of electronic excitations in cryogenic scintil-
lating calorimeters is the scope of a dedicated detector and
phenomenology development—the OνDES project—in col-
laboration with the COSINUS experiment [20,25]. Our work

emphasizes the importance of such accurate calibration of the
cryogenic scintillating calorimeters for DM-electron scatter-
ing searches, as well as the desirability of calibration sources
inducing finite-momentum excitons over light sources.
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