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We present a novel unifying interpretation of excess event rates observed in several dark matter
direct-detection experiments that utilize single-electron threshold semiconductor detectors. Despite
their different locations, exposures, readout techniques, detector composition, and operating depths,
these experiments all observe statistically significant excess event rates of ∼ 10 Hz/kg. However,
none of these persistent excesses has yet been reported as a dark matter signal because individ-
ually, each can be attributed to different well-motivated but unmodeled backgrounds, and taken
together, they cannot be explained by dark matter particles scattering elastically off detector nuclei
or electrons. We show that these results can be reconciled if the semiconductor detectors are seeing
a collective inelastic process, consistent with exciting a plasmon. We further show that plasmon
excitation could arise in two compelling dark matter scenarios, both of which can explain rates of
existing signal excesses in germanium and, at least at the order of magnitude level, across several
single-electron threshold detectors. At least one of these scenarios also yields the correct relic density
from thermal freeze-out. Both dark matter scenarios motivate a radical rethinking of the standard
interpretations of dark matter-electron scattering from recent experiments.

I. INTRODUCTION

Searches for particle dark matter (DM) with masses
below 1 GeV have proliferated in the last decade, driven
by advances in detector technologies which have pushed
heat detection thresholds below 100 eV [1, 2] and charge
detection thresholds to the single electron-hole pair level
[3–5]. While high-mass (& 1 GeV) searches have con-
tinued to advance to larger background-free exposures,
several low-mass searches, including EDELWEISS [1, 6],
CDMS HVeV [3], SENSEI [4], DAMIC [7], CRESST-
III [2], νCLEUS [8], XENON10 [5, 9], XENON100 [5],
XENON1T [10], and Darkside50 [11] – see Table I and
Fig. 1 – have observed events at low energy superfi-
cially consistent with either dark rate or unmodeled back-
grounds. As more experiments approach these low-mass
regions, it is pertinent to ask whether these excess rates
– defined as the residual efficiency-corrected rate after
subtracting known, modeled backgrounds – all have in-
dependent origins (as is typically assumed), or if a single
mechanism can provide a unifying explanation.
The standard signal interpretation of an excess in a

detector with order 100 eV threshold is that of elastic nu-
clear recoils from DM (as described by Lewin and Smith
[12]), whereas a detector with a single-electron thresh-
old is considered primarily sensitive to DM scattering on
electrons (as described in detail by Essig et al. [13] for
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semiconductors, see also [14–16] for earlier work). As
has been recently shown in Refs. [17, 18], the lines be-
tween these interpretations blur in the case of inelas-
tic below-threshold nuclear recoils with accompanying
above-threshold ionization, which, for a liquid noble de-
tector, can be the dominant signal component for DM
masses between approximately 100–1000 MeV. Because
the term “inelastic” has different meanings in the theoret-
ical and experimental communities, we emphasize that in
this paper, “inelastic” refers to an energy and momentum
transfer to the detector which differs from the relations
from two-to-two scattering. In particular, it refers to ex-
citing internal modes of the detector, not internal modes
of the DM.

In this paper, we postulate that existing excesses in
silicon (Si), germanium (Ge), and sapphire (Al2O3) de-
tectors can be persuasively interpreted as the excitation
of a plasmon resonance, a ubiquitous feature of nearly
every well-ordered solid-state material [19]. The strong
plasmon resonance in highly ordered crystals, and the
absence of such a resonance in less ordered materials,
provides a natural explanation for the large rate differ-
ences observed between these detectors and other mate-
rials such as CaWO4 and liquid xenon or argon. Indeed,
plasmon excitation is the quintessential many-body ef-
fect, and provides an important example of an inelastic
process that dominates at low momentum transfers and
which cannot be understood in terms of two-body scat-
tering and non-interacting single-particle states, as has
been the standard treatment of DM-electron interactions
[13].

We argue that a compelling explanation of the com-
mon ∼ 10 Hz/kg event rate seen in numerous charge
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detection experiments, in widely varying background en-
vironments, is lacking if the excesses are attributed to
plasmon excitation sourced by known Standard Model
(SM) particles. In contrast, these rates can be explained
by a common DM origin, albeit through interactions that
primarily excite collective charge modes in well-ordered
crystals. We will argue that these interactions are easily
accommodated by the most widely-studied DM bench-
mark models and have simply been neglected in previous
studies in favor of the more familiar electron and nuclear
recoils. Furthermore, one of these benchmark scenarios
can explain the DM cosmological abundance with the
same interaction strength that accommodates these ex-
perimental excesses.
This paper is organized as follows. In Sec. II, we re-

view the various excesses in low-threshold experiments
and propose a yield model which reconciles the observed
ionization (Ee) [6] and calorimetric (Edet) [1] spectra
in EDELWEISS germanium data, the only material for
which excesses are currently observed in both Ee and
Edet data. In Sec. III, we show that interpreting the yield
model as a plasmon is consistent with the similar event
rates measured in silicon and Al2O3 detectors as well as
with the comparably lower rates measured in amorphous
materials like CaWO4 and liquid Xe. Additionally, we ar-
gue that SM sources cannot produce plasmon excitation
rates consistent with the observed excesses. In Sec. IV we
present two illustrative DM scenarios which can explain
the observed rate in Ge, and demonstrate their consis-
tency with the other excesses at the order-of-magnitude
level. Moreover, we point out that the excess rates con-
sidered are just beginning to scrape the models explored,
while still likely containing some background; a follow-up
demonstration of a lower rate by one of the experiments
considered here would further probe interesting param-
eter space for the models we present. We conclude in
Sec. V with a number of predictions and suggestions for
future studies. Further details on dark counts in semicon-
ductor detectors, yield curves, and plasmons are provided
in the Appendices.

II. REVIEW OF RECENT LOW-THRESHOLD

RESULTS

We begin by considering the standard interpretation
of existing excesses in roughly chronological order of ap-
pearance to illustrate the difficulty in explaining them
through conventional backgrounds. We restrict our dis-
cussion to experiments running detectors with source-
independent energy resolution below 100 eV, where ex-
cesses are observed directly.

A. Nuclear Recoil Searches

In a typical nuclear recoil (NR) search, an excess man-
ifests as an unexplained event rate rising with decreasing

energy down to the detector threshold; by contrast most
background processes are approximately flat in Edet at
these energies. Calorimetric detectors are sensitive to
Edet in the form of phonons, which are the longest-lived
excitations after the relaxation of all charge processes.

CRESST-III: In the calorimetric energy channel, the
first hint of an unexpected signal at low energy came from
the CRESST-III experiment [2]. With a heat threshold
of 30 eV in a CaWO4 detector, this was the first result to
achieve significant exposure (3.6 kg · days) below 100 eV,
and their initial hypothesis for the excess of 440 events
near threshold was crystal cracking [20]. The relatively
low rate (3 × 10−3 Hz/kg; see Table I) and the lack of
other measured excesses at the time suggested this hy-
pothesis as the least controversial explanation.

νCLEUS: Shortly thereafter, the νCLEUS experi-
ment [8], an off-shoot of the CRESST collaboration tar-
geting coherent neutrino scattering, published a surface
NR search in which an excess of 30 Hz/kg above expected
background was observed in an Al2O3 detector. Taken
alone, this rate could potentially also be interpreted as
crystal cracking [20], though this would require an ex-
planation for the drastically higher rate than the excess
observed in CaWO4.

EDELWEISS: Most recently, EDELWEISS published
surface results from a Ge detector with a 60 eV thresh-
old [1] showing a very large low-energy excess above the
expected background. This excess steeply rises below
500 eV and reaches over 100 times the measured flat
background rate at the detector threshold of 60 eV, leav-
ing no argument about its statistical significance; they
observe on the order of 105 events. The observed rate
above threshold is orders of magnitude larger than the
CRESST-III excess and extends to higher energy, making
it inconsistent with a simultaneous elastic nuclear recoil
interpretation of the two. Independently of the CRESST-
III excess, the EDELWEISS excess has eluded interpreta-
tion as a DM signal, since the sharp rise matches neither
the expected spectrum of an elastic DM recoil (using the
standard velocity distribution [12]), nor secondary ion-
ization induced by DM-nuclear scattering, the so-called
Migdal effect (using Ibe et al. [21] to calculate the cross
section for this process).

The evidence from the Edet spectra is thus inconclu-
sive at this point in the story: multiple experiments ob-
serve excesses, none consistent with each other, without a
unifying explanation (apart from crystal cracking, which
should not produce any charge).1

1 It should be noted that one other experiment running a calori-
metric detector has also noted a low energy excess. SuperCDMS,
running an 11 g Si detector, has measured an excess above a
threshold of around 20 eV [22], but the rate was not published at
that time. The rate rises above background around 30 eV, and
also appears to be sharply rising. When information becomes
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Readout Type Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference

Charge (Ee)

Ge 1.6 e
− 80 g · d 0.5 eVee (∼1e−)a [20, 100] 1.7 km EDELWEISS [6]

Si ∼0.2 e
− 0.18 g · d 1.2 eVee (<1 e

−) [6, 400] 100 m SENSEI [4]
Si 0.1 e

− 0.5 g · d 1.2 eVee (<1 e
−) [10, 2000] ∼1 m CDMS HVeV [3]

Si 1.6 e
− 200 g · d 1.2 eVee (∼1e−) [1 ×10−3, 7] 2 km DAMIC [7]

Energy (Edet)
Ge 18 eV 200 g · d 60 eV > 2 ∼1 m EDELWEISS [1]

CaWO4 4.6 eV 3600 g · d 30 eV > 3 ×10−3 1.4 km CRESST-III [2]
Al2O3 3.8 eV 0.046 g · d 20 eV > 30 ∼1 m νCLEUS [8]

Photo e
−

Xe 6.7 PE (∼ 0.25 e−) 15 kg · d 12.1 eVee (∼14 PE) [0.5, 3] ×10−4 1.4 km XENON10 [5, 9]
Xe 6.2 PE (∼ 0.31 e−) 30 kg · yr ∼70 eVee (∼80 PE) > 2.2 ×10−5 1.4 km XENON100 [5]
Xe < 10 PE 60 kg · yr ∼140 eVee (∼90 PE) > 1.7 ×10−6 1.4 km XENON1T [10]
Ar ∼15 PE (∼ 0.5 e−) 6780 kg · d 50 eVee > 6 ×10−4 1.4 km Darkside50 [11]

a There is a very small but non-zero sensitivity to single electrons that, when the large exposure is taken into account, becomes
comparable in sensitivity to the other electron recoil experiments.

TABLE I. Rates of observed low-energy excesses in experiments with single electron (<100 eV) charge (energy) resolutions.
Lower bounds on the rate are given by integrating the rate above 2e− (or above threshold) whereas upper bounds are given
by assuming that the entire 1e− rate is of the same origin, despite likely containing large experiment-specific backgrounds (see
Appendix A for a discussion). Experiments sensitive to charge energy Ee are in the top section of the table, while experiments
sensitive to total detector energy Edet are in the middle section. The bottom section lists experiments sensitive to secondary
radiation produced by charge interactions. The main coincidence reported here is that the excesses for ne ≥ 2 across the first
three charge detectors (∼10 Hz/kg) demonstrate nearly identical rates for their ne ≥ 2 bins (20, 6, and 10 Hz/kg), despite
spanning ∼ 2 km of variation in overburden and almost three orders of magnitude in exposure. The total rate observed in the
DAMIC detector is much lower, but the upper bound (7 Hz/kg) is intriguingly of the same order of magnitude.

B. Electron Recoil Searches

In a typical electron recoil (ER) search, dark counts
are expected to contribute a significant quantity of single-
electron events, and for a given detector should produce
a calculable number of pile-up events with two electrons
(see Appendix A). An excess rate in ionization energy Ee

can thus either be interpreted as the number of events
with two electrons exceeding this prediction, or the over-
all dark rate, interpreted as a limit on a putative signal
rate.

CDMS HVeV/SENSEI: The successful demonstra-
tion of single-electron thresholds in Si detectors by
CDMS HVeV [3] and SENSEI [4] led to a leap forward in
electron recoil sensitivity to low-mass DM. Both experi-
ments observed a roughly ∼Hz/g dark rate in the single
electron bin, and only ran for less than a gram-day of
exposure. The relative similarity of the event rates was
striking, but was considered to be a temporary coinci-
dence that would soon be resolved as one of the exper-
iments improved on their single electron dark rates. It
is notable that neither experiment has demonstrated an
improved dark rate as of this writing, which may point to
a dark rate which is independent of detector environment
and is not reduced with additional overburden.

EDELWEISS: Subsequently, the first electron recoil
analysis in Ge was released by EDELWEISS [6]; intrigu-

available about the spectrum of this excess, it can be incorpo-
rated into this analysis, but at this time it remains a qualitatively
interesting result which we cannot interpret further.

ingly, the observed event rate is within an order of mag-
nitude of the Si rates, despite exposures differing by a
factor of 400 among the three experiments, and the fact
that the EDELWEISS search was conducted with signif-
icantly greater overburden. Further investigation reveals
that the event rate per unit mass in the 2–3 electron bins
is remarkably similar between the three experiments, the
Ge rate being only roughly twice the Si rate.

DAMIC: Finally, the latest DAMIC [7] limit is stronger
than the other ER limits, as explained by the significantly
reduced dark rate in the single electron bin compared
to other silicon detectors. The ER analysis presented
by DAMIC does not have single-electron resolution and
instead assumes Poisson-distributed dark counts, from
which we extract a robust upper bound on the 1e− bin
and an inferred lower bound on the 2e− bin. The DAMIC
data is most in tension with the narrative presented here,
indicating a source of events in CDMS HVeV and SEN-
SEI that is absent in the DAMIC detector. Regardless,
we would like to emphasize that the origin of the dark
current in DAMIC remains unknown and could still be
consistent with some realizations of the interpretation
presented here.

XENON10/100/1T: At face value, a DM-electron
scattering interpretation in the semiconductor detectors
is strongly inconsistent with results from XENON10 [9],
which sees a far smaller event rate. We list observed
event rates at the bottom of Table I for several noble liq-
uid experiments with phototube readout; of these, only
XENON10 reports a single charge rate because its thresh-
old is below the average energy (13.7 eV) needed to pro-
duce one quantum of charge in xenon [23]. Regardless
of any assumption about whether the excesses in the
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XENON experiments arise from the same source as those
in the semiconductor experiments (as we will explore fur-
ther in Sec. II C below), any consistent explanation of
the semiconductor excesses must explain the orders of
magnitude lower event rates observed in liquid noble ex-
periments. All of these experiments do still observe un-
explained excesses at low energy, as shown in Tab. I.2

A significant amount of work has been put into better
understanding the source of these excess event rates in
xenon TPCs [26–29]; however, we note that at very least
some event rate appears to scale with detector mass [30],
as would be expected from a dark matter signal.

C. Determining Signal Origin

The significance of the apparent coincidences in the
semiconductor detectors is that these detectors acquired
data in very different environments (both near surface
and deep underground), each with distinct technologies,
at dramatically different temperatures and electric fields,
with greatly varying degrees of shielding. There is no de-
tector effect or known background that should conspire
to produce the same event rate in these detectors. Fur-
thermore, in all four charge-readout detectors, a charge
produced with arbitrarily low energy above the band edge
may be detected: there is no threshold for charge de-
tection. By contrast, the calorimetric searches have a
nonzero energy threshold, below which events can be hid-
den depending on the energy spectrum of the signal.
At this point in our discussion we therefore make a bold

assumption: that all the excesses in Tab. I are caused by
a common source.3 We justify this assumption based on
the charge-readout semiconductor results, arguing at the
very least, that interesting new detector physics is being
probed by these experiments. If this is the case, then it
stands to reason that any other detector should be sensi-
tive to the same rate of these events, and an excess above
a modeled background can be interpreted as arising from
the same source. The measurement of a statistically sig-
nificant excess in Ge in both the Edet and Ee channels
allows us to consider the nature of these events under
the assumption of common origin, with the caveat that

2 We note that a recent result using phototube readout of EJ-
301 scintillator reports a total single photoelectron rate of 3.8
Hz, corresponding to a mass-normalized single scintillation pho-
ton production rate of 14 Hz/kg [24, 25], much larger than the
noble liquid rates and comparable to the semiconductor rates.
However, since this experiment was the first demonstration of a
new technique for light DM searches and was run with minimal
overburden, we regard this result as qualitatively interesting and
await further data from an underground run.

3 Note here that we do not, at this stage, argue that the common
source is the same population of dark matter scattering in each
detector. Even if dark matter turns out not to be the explanation
for these events, the conclusions made here stand independently
of the particular source of events.

FIG. 1. Integrated rate of each excess versus approximate
depth (shifted for clarity), separated by detector medium.
Ranges are given according to the same criteria in Table I with
the shaded bands indicating regions most consistent with all
observed excess rates for Ge (red), Si (blue), and Xe (green),
along with the muon flux from [31] in dashed black to high-
light the lack of dependence on depth. For the measurements
which only give a lower bound on excess rate, we indicate
the possibility of a larger total excess rate with an arrow.
Given some reasonable model for the spectrum of each ex-
cess below threshold, an upper bound would apply to these
measurements, but determining such a bound is outside of
the scope of this paper. We note that there exists some ten-
sion among the silicon measurements shown here, indicative
of non-negligible unresolved detector backgrounds which are
not in conflict with the order of magnitude arguments herein.

the location (and thus background environment) of the
detector changed between these two runs.
For the last decade, DM experiments have been reject-

ing irreducible electron recoil backgrounds using the dif-
fering yield between nuclear and electronic recoils, often
called the quenching factor, utilizing simultaneous mea-
surements of energy in complementary detection channels
(see e.g. Refs. [32, 33] and Appendix B). For solid-state
experiments, the readout typically comprises both a heat
(Edet) and charge or light (Ee) signal. The charge (or
light) yield for an event of energy Edet is then computed
as y(Edet) = Ee/Edet, where y = 1 is characteristic of
an electron recoil event, and y < 1, following a measured
yield curve [33], can be used to select the expected nu-
clear recoil band.
Taking the example of a charge detector, Ee is a de-

rived parameter based on the empirical fact that, on av-
erage, one electron-hole pair is produced per εeh of Edet

energy.4 In other words, an average of neh = Edet/εeh
electron-hole pairs is produced for such an event, giv-

4 εeh is a measured material property and varies material to ma-
terial, and is measured such that Ee in different materials for a
given calibration source can be plotted on a consistent energy
axis.
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duces a charge yield independent of the recoil en-
ergy, such that

〈Ee〉 = εeh

(

λeh +
Edet

e ·Vdet

)

, (2)

where λeh is the mean number of electron-hole pairs
produced by the event (Figure 2, right). Unlike
the previous two cases, this matches the observed
spectrum remarkably well both in signal shape and
event rate for λeh ≤ 0.5 (no relative scaling is done
to force the rate to match), suggesting an inelastic
interpretation is allowed for the measured Ee spec-
trum, in contrast to the two standard scenarios.

Based on this simple analysis, we conclude that an
interpretation of the EDELWEISS events based on stan-
dard elastic NR or ER models is inconsistent, and that
the most likely interpretation of these events is an in-
elastic interaction, with a yield curve that increases with
lower event energy. If this is the case, it also helps recon-
cile the event rates in well-ordered crystals (which see a
rate of O(10 Hz/kg)) compared to liquids or amorphous
solids, which observe much smaller event rates. An in-
elastic interaction will be largely driven by condensed
matter properties unrelated to the nuclear mass or elec-
tron density we use to relate different targets to each
other under standard elastic assumptions.
This observation therefore rules out “standard” back-

grounds caused by known low-energy interactions of pho-
tons, charged particles, and neutrons. It does not pre-
clude the aforementioned crystal cracking events, which
would not intrinsically produce light or charge. However,
we note at this point that, if crystal cracking events were
truly causing the Ee background, one would expect there
to be a dependence on applied pressure, temperature, and
operating history. We therefore either have to accept a
crystal cracking rate determined only by material, or ask
what other physical process might lead to a consistent
rate with an inelastic-like charge yield.

III. PLASMON INTERPRETATION

A. Plasmon Properties

Without committing to a particular source of signal
events yet, we postulate that the nature of the observed
excitations in low-threshold silicon, germanium, and sap-
phire detectors is the plasmon.5 The plasmon model,
presented here, is consistent with the maximally inelastic
yield discussed in Section IIC given the known properties

5 In this work “plasmon” will only refer to a bulk plasmon, in
contrast with surface plasmons which are qualitatively different
phenomena.

of plasmons. In this section we briefly review the proper-
ties of plasmons relevant for our analysis; see Appendix C
for more details.
A plasmon is a long-wavelength collective excitation of

charges in a lattice which carries energy near the classical
plasma frequency,

Ep '
√

4παne

me

, (3)

where α is the fine-structure constant and ne is the elec-
tron number density; in a semiconductor, ne is to be
interpreted as the density of valence electrons.6 Since
most solid-state systems have roughly the same number
density, with interatomic spacing of a few Angstroms,
Ep ∼ O(10− 100) eV across essentially all materials (see
Tab. II). In particular, bulk plasmons exist and have been
observed in silicon, germanium, and sapphire. The long-
wavelength nature of the plasmon is reflected in a mo-
mentum cutoff

qc ∼
2π

a
∼ 5 keV , (4)

where a is the lattice spacing. If a plasmon carries q > qc,
it represents a charge oscillation localized to within a sin-
gle lattice site, and the plasmon will decay very rapidly
into a single electron-hole pair in a process known as
Landau damping [19]. Note that the creation of such a
short-range plasmon is inconsistent with the analysis of
the Ge spectra in Sec. II C above, which suggests that
the plasmon should have a dominant decay channel into
phonons only. Thus we will focus exclusively on excita-
tion of long-range (q < qc) plasmons.
The plasmon is most easily observed in electron energy-

loss spectroscopy (EELS), where fast (∼ 100 keV) elec-
trons impinging on a material have a high probability of

Material Plasmon Energy Ep (eV) Width Γ (eV)
Si 16.6 3.25
Ge 16.1 3.65

Al2O3 24.0 [35] ∼ 5
GaAs 16.0 4.0

Xe (Solid) 14–15 [36] ∼ 4
Ar (Solid) 19–21 [36] ∼ 5
CaWO4 Unknown

TABLE II. Plasmon energies in various materials. Crystal val-
ues taken from Ref. [37] unless otherwise referenced. We were
unable to find measurements of plasmon features in CaWO4,
and expect that it has a much weaker plasmon resonance than
the other crystals considered here. It is significant to note that
the solid forms of the noble elements show strong resonance
features; the liquid forms do not.

6 Plasmons can also appear in “metamaterials,” where ne is in-
terpreted as the average electron density in a heterostructure
averaged over large distances; see [34] for a proposal to use these
plasmons to detect axion DM.
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depositing energy Ep. This probability is only weakly
dependent on the incident electron energy E0, scaling as
log(E0)/

√
E0 (see Appendix C), and is independent of

the target material except for the core electron contri-
bution to the dielectric constant. At the same time, the
probe must be fast in order to deposit a small amount of
momentum for a given energy Ep. In other words, probes
with sufficient energy E0 � Ep and sufficient velocity will
strongly prefer to deposit energy Ep, regardless of their
initial energy, at similar rates across diverse materials.
This behavior is typical of other resonances encountered
in nuclear physics or electrical engineering; in a sense,
the plasmon acts as a band-pass filter for Edet.

The lineshape of the plasmon near the peak is well
described by a Lorentzian [37], where the finite width
Γ parameterizes the decay of the plasmon into phonons
and/or electron/hole pairs, which are the long-lived ex-
citations in the detector. We note that the plasmon is
inherently a many-body excitation, and cannot be de-
scribed in terms of non-interacting single-particle states,
such as band structure wavefunctions derived using den-
sity functional theory [38]. Moreover, typical values of
Γ/Ep for semiconductors are of order ∼ 0.2 [37], which is
comparable to Γ/M for the ρmeson and larger than Γ/M
for most other strongly-decaying hadronic resonances,
and suggests that the couplings which govern plasmon
decay are large or even nonperturbative. The simple
yield model for the Ge spectra suggests that the plas-
mon must have a ∼50% branching fraction to phonons
only. To our knowledge, the branching fractions of the
plasmon to phonons or electron/hole pairs is unknown,
but in principle these could be determined from a suit-
ably modified EELS experiment with both calorimetric
and charge readout.

Based on this interpretation, assuming some incident
flux of particles is dominantly exciting the plasmon over
other elastic or inelastic excitations, detectors with Edet

thresholds approaching Ep from above should see a sharp
rise in events as the threshold is lowered; this qualita-
tively explains the results from the silicon, germanium,
and sapphire experiments, as well as the null results
from previous experiments with thresholds well above
Ep. Moreover, the plasmon in germanium has a signif-
icant high-energy tail and double-peaked structure re-
sulting from contributions from the 3d shell [37], further
explaining the onset of events in EDELWEISS despite a
threshold of 60 eV ∼ 4Ep. By contrast, the plasmon in
silicon lacks a corresponding tail, explaining the lack of a
signal excess in higher-threshold analyses of DAMIC [39]
and CDMSlite [40] data. Furthermore, materials with-
out long-range order such as liquid xenon and, to a lesser
extent, CaWO4 do not have a pronounced plasmon peak,
consistent with the lower event rates from XENON10 and
CRESST.

B. Plasmons from Known Particles?

An interpretation of the plasmon excitation as sourced
by SM particles or fields is extremely difficult.

• Photons and electromagnetic fields: Trans-
verse UV and soft X-ray photons cannot source the
longitudinal plasmon oscillation, and static electric
fields cannot source oscillating charges.

• Charged SM Particles: The inelastic mean free
path for charged particles such as electrons or
muons, or for x-rays, is on the order of tens of
nm, so these particles would be expected to un-
dergo multiple scattering and deposit many multi-
ples of Ep as they traversed a detector (all of which
are much thicker than nm for the experiments we
consider), which would lead to many events above
threshold contrary to what was observed. A single
energy deposit under 100 eV is only consistent with
a particle of mean free path much larger than the
detector thickness; if charged, this particle would
have to have electric charge much less than e.

• Neutrons: In principle, it is possible that hard
scattering events induced by neutrons may create
secondary plasmon excitations; indeed, we specu-
late on this possibility in Sec. IVA below in the
context of hard DM-nucleus scattering. However,
one would have to explain why the neutron flux
is the same at all the semiconductor experiments
listed in Table I regardless of the shielding, detector
environment, detector construction, and exposure.

• Neutrinos: Astrophysical neutrinos can, in prin-
ciple, undergo neutral-current scattering with a
seminconductor nucleus whose recoil excites a plas-
mon independently of detector overburden. How-
ever, the known solar and atmospheric fluxes (as-
suming SM weak interactions) cannot account for
rates of the observed magnitude [41]. We can
conservatively estimate this contribution by con-
sidering solar pp neutrinos whose peak flux is ∼
1011 cm−2 s−1 near their kinematic endpoint at
Eν ∼ 400 keV [42]. The total coherent neutrino-
nucleus scattering cross section on Ge targets is
approximately σν−Ge ∼ 10−42 cm2(Eν/400 keV)

2

[43], so the total event rate from pp neutrinos
is roughly ∼ 10−6 Hz/kg, which is many orders
of magnitude below the low-threshold excess rates
observed in semiconductors; other populations of
solar or atmospheric neutrinos have considerably
lower fluxes. Although it may be possible for an un-
known population of very low-energy neutrinos to
excite plasmons through non-standard (larger than
electroweak) interactions, exploring this scenario is
beyond the scope of the present work.

We conclude that none of these options offers a satis-
factory explanation for the observed excesses.
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trum per unit detector mass:

dR

dE
=

fρχ
mχρT

2κ2αD

π
S(E)

∫ qc

0

dq

q
η(vmin(q, E)) , (14)

where ρχ is the DM mass density, ρT is the target mass
density, η(v) is the mean inverse DM speed, and

vmin(q, E) =
E

q
+

q

2mχ

, (15)

is the minimum χ speed required to deposit energy E.
Note that we have cut off the q integral at the maximum
value of qc ∼ 2π/a ∼ 5 keV compatible with sourcing a
long-range plasmon.
The plasmon lineshape S(E) is taken from Ref. [37]

and shown in Fig. 6 (left). Following the analysis of
Ref. [37] for silicon, we normalize S(E) to the Fröhlich
model of a single damped harmonic oscillator [83] with
core electron dielectric constant εc = 1 (see Appendix C
for further details). To understand the order of mag-
nitude of the rate, we can use the fact that if η(vmin) is
approximately independent of E, and that in the Fröhlich
model, S(E) is Lorentzian so

∫

dR

dE
dE ∝

∫

S(E) dE ≈ 3

2
Ep (16)

(see Appendix C). This underestimates the true rate
slightly because it neglects the long high-energy tail of
the germanium plasmon. For a monochromatic velocity
distribution at velocity v such that mχv

2 > Ep, this gives
an approximate total rate

R ≈ 3

π

fρχ
mχρT v

κ2αDEp log

(

mχv
2

Ep

)

. (17)

In Fig. 6 (right) the gray shaded pink region marks
parameter space for which the χ-induced direct plas-
mon excitation yields a 20 Hz/kg event rate at EDEL-
WEISS, for abundance fractions with v = 0.1 ranging
from f = 10−5 to 10−1 . The shaded regions of this figure
represent astrophysical bounds on millicharged particles,
including constraints on χχ̄ emission in red giants [84]
and supernovae [70, 71]. The curve labeled “Freeze-In”
represents the parameter space for which the dominant,

slower 1 − f fraction of the χ population can be pro-
duced out of equilibrium through the kinetic mixing in-
teraction [14, 78, 85]. The effective DM millicharges κgD
which match the observed rate for f < 1 are larger than
the millicharges required to generate the observed relic
abundance from freeze-in, so for those parameters, some
interaction within the dark sector would be required to
deplete the DM relic abundance [86, 87].
Finally, as in Scenario 1, we would expect to see a

nonzero rate from the Migdal effect or electron scattering
in noble liquid detectors, but one which is smaller than in
semiconductors. The excitation rate for a generic system
is proportional to |〈Ψf |eiq ·x|Ψi〉|2, where Ψi and Ψf are
the full many-body electronic wavefunctions. In a solid-
state system, these many-body contributions are incorpo-
rated in the dielectric function ε(q, ω) (see Appendix C),

and the plasmon represents a many-body state with a
very large dipole matrix element |〈|Ψf |x|Ψi〉|2, because
the wavefunctions have support over many lattice spac-
ings. By contrast, in noble liquids the final-state wave-
function contains an ionized electron, which will not have
large overlap with the initial state except in the vicinity of
the nucleus. However, the large exposure and the persis-
tent low-energy excesses in xenon and argon experiments
listed in Tab. I may still be consistent with a combina-
tion of DM-electron scattering and the Migdal effect, as
in Scenario 1 above. A more quantitative analysis would
also require including the fast DM fraction in the velocity
distribution, which we leave for future work.
Regardless of the particular model for the DM veloc-

ity distribution with which we choose to compute the
rate, we note that plasmon excitation is a striking coun-
terexample to the conventional wisdom that inelastic pro-
cesses like the Migdal effect dominate at large momen-
tum transfers [17, 18]. While this may be true for iso-
lated atoms, the long-range Coulomb force creates collec-
tive excitations which are enhanced at small momentum
transfer in semiconductors. This example also illustrates
the importance of many-body processes which account
for electron-electron interactions, as opposed to scatter-
ing rates computed using non-interacting single-particle
states.

V. CONCLUSIONS

In this paper we have argued that multiple excesses in
low-threshold dark matter experiments may be explained
by an inelastic excitation, which can be consistently in-
terpreted as a plasmon. We thus predict the following:

1. The ratio of Edet to Ee on an event-by-event basis
measures the branching fraction of the plasmon to
phonons and electron/hole pairs, respectively. The
statistical moments of this ratio will be a function
of energy, but they should be the same for all events
with the same Ee in a given detector material. To
our knowledge this branching fraction has not been
calculated in the literature; if our interpretation is
correct, such a computation would be highly rele-
vant to DM experiments.

2. With sufficient resolution (on the order of 1 eV, less
than the typical width of the plasmon peak in Si
and Ge) and a threshold below the expected plas-
mon energy, the Edet spectrum should show a rela-
tive maximum at Edet = Ep. The Ee spectrum may
not show a peak above the 1e− bin for charge only
detectors. For the CDMS and EDELWEISS detec-
tors run in Ee mode, a significant shift away from
the quantized one- and two-electron peaks due to
the large excess phonon energy should be observed.

3. A similar spectrum should be seen in sapphire,
where Ep = 24 eV, once an energy resolution be-
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low 5 eV (approximately the width of the plasmon
peak) is achieved.

The striking independence of these excesses with re-
spect to detector composition, location, and environment
suggests a common origin. Given the difficulty of explain-
ing plasmon excitation in terms of SM backgrounds, we
suggest an interpretation in terms of DM-induced exci-
tations. We have proposed two scenarios, where DM in-
teracts through a heavy or light mediator, producing sec-
ondary and primary plasmon excitations, respectively. In
the context of these models, we make the following pre-
dictions:

1. Explaining these large signal rates with the dom-
inant halo DM population (as in Scenario 1 of
Sec. IVA) suggests a single-nucleon contact inter-
action satisfying σp & 10−35 cm2 and a DM mass
scale 30 − 200 MeV. Such large SM couplings and
light DM masses imply large DM production rates
at terrestrial accelerator searches. In particular, if
the underlying interaction is due to an invisibly-
decaying dark photon (mA′ > 2mχ), some combi-
nation of Belle-II [56], BDX [88], SHiP [89], NA62
[90], NA64 [54], DUNE [91], and LDMX [92] among
others will discover or falsify this scenario (see also
[75] for a broad list of follow-up searches at accel-
erators).

2. There should be a reduced annual modulation sig-
nal in both Scenarios 1 and 2 (Secs. IVA and IVB)
compared to the standard expectation from WIMP
DM, since DM dominantly deposits energy of order
Ep inside the detector, regardless of its initial en-
ergy. In particular, the spectrum itself should not
show a significant annual modulation, although the
overall rate should change due to the modulating
DM flux. However, this prediction should be inter-
preted with great care. For instance, in Scenario
2, the signal arises from a boosted sub-population
of the cosmic DM, which could arise from solar
reflection [61, 62] and would not exhibit the ex-
pected annual modulation signature at all. Fur-
thermore, even if the source population has a con-
ventional Maxwellian velocity distribution, there
are subtleties in interpreting modulation results on
sub-annual timescales as the phase of this modula-
tion is sensitive to solar gravitational focusing ef-
fects [16, 93]. Analyzing this effect is beyond the
scope of the present work, but may become im-
portant in follow-up studies. That said, given the
enormous total event rates which have so far been
observed, some annual modulation signal should be
visible at high statistical significance with enough
exposure.

3. In an anisotropic material where plasmon-phonon
interactions or the dielectric function are direc-
tional, a daily modulation may be seen. In the
direct excitation model, there may also be strong

directional signals in low-threshold experiments
searching for the dominant 1− f cold DM fraction
[59, 94–97].

4. The secondary plasmon hypothesis from Sec. IVA
implies a large plasmon-phonon coupling, which
may be seen in condensed matter experiments in-
volving neutron energy-loss spectroscopy, for exam-
ple.

5. GaAs, a polar material with a direct gap and
Ep ∼ 15 eV, should have even larger plasmon-
phonon couplings than Si or Ge and a markedly
different branching ratio of the plasmon to phonons
compared to Si and Ge, which have indirect gaps.
This would result in a larger total signal rate in
Scenario 1, with a different relationship between
Ee and Edet in both Scenarios 1 and 2. Consider-
able attention has already been devoted to GaAs
as a candidate for sub-MeV DM detection [98, 99],
and this signals discussed here further motivate in-
vestigation of this material.

A pressing question arising from this analysis is how
one might discover or falsify a DM signal which domi-
nantly produces plasmons. In the near future, we be-
lieve the most promising line of inquiry would be to op-
erate a detector similar to the EDELWEISS or CDMS
HVeV detectors in both calorimetric or charge mode in
a low-background environment. To date, no experiment
has published results from a detector operating in both
modes in an experimental site with known backgrounds;
such an experiment could significantly strengthen the
case for an inelastic interaction. Furthermore, a signal
of this magnitude presents the unique challenge in that
it is significantly higher than ambient backgrounds. It
is thus important to expose the detector to an elevated
background to verify that the observed excess remains
unchanged and does not correlate with photon or neu-
tron rates.
The gold standard of proof beyond these tests, likely

at least a few years down the road, is a calorimetric
measurement with sufficient resolution and a low enough
threshold to detect and resolve the plasmon peak. In
addition, it should be demonstrated that rates in differ-
ent materials should scale according to the strength of
the plasmon interaction, and more detailed calculations
are needed to reinforce our assertion that the spectrum
should closely resemble the plasmon lineshape (which,
we stress, can be measured directly with EELS). An
important corollary of the conclusions in this paper is
that charge and light production are secondary
processes after the initial energy deposition, and
readout of these end-stage signals only provides
a relative measurement of the branching ratio of
deposited energy into these channels. Barring a
calibration of this branching ratio, results from sub-GeV
DM experiments are limited by the uncontrolled system-
atics related to the assumed charge or light production
yield from the primary event.
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Similarly, we emphasize that it is imperative to try
to understand the precise rate and spectra of expected
signals in the context of liquid noble and scintillation
detectors, and to continue to operate these detectors at
lower thresholds to gain better insight into the shape of
the observed spectra. Upcoming experiments will con-
tinue to shed light on the source of dark counts observed
by xenon and argon experiments, for example, which will
contribute to a better understanding of whether a simi-
larly suggestive rate exists in these experiments. In par-
allel, more work to measure dynamic structure factors for
these materials would elucidate the nature of low-energy
inelastic interactions that, at this point, are still not well
characterized. An intriguing possibility suggested by Ta-
ble II is that solid xenon or argon detectors may allow
one to test the theory that the event rate is strongly en-
hanced by the presence of a plasmonic resonance at low
energy.
A number of our predictions are nontrivial and repre-

sent qualitatively new effects and interpretations of dark
matter interactions in condensed matter detectors. We
eagerly look forward to the results of upcoming experi-
ments to either support or refute these conclusions. In
either case, we expect that the dark matter community
will benefit greatly with the increased interactions with
the condensed matter community which may be stimu-
lated by this work.
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Appendix A: Differentiating Dark Counts from

Signal

Part of the difficulty in understanding excesses in sin-
gle electron experiments is differentiating dark counts (a
distinct type of detector background) from a putative sig-
nal, given that the rate of dark counts cannot easily be
increased as a calibration step in the same way as nu-
clear or electronic recoil backgrounds. For this reason, it
is very hard to interpret the single electron rate as signal.
We can, however, use the single electron rate to deter-

mine whether the higher energy bins are consistent with
dark count pileup; if not, we can conclude they arise from
a distinct source. Given a single electron dark rate Γd and
an integration window T , we find a mean number of dark
events λd = ΓdT . For measurements which integrate a
fixed window of time, such as CCDs, we should there-
fore get a Poisson distribution with mean λd of events,
as in [7].
CCDs actually sample all pixels, even empty ones, so

those pixels without dark counts show up in the event
histogram. We thus can determine a Poisson mean from
the 0 and 1 electron bins, and predict the dark rate in
the second bin; an excess above this rate is from a dif-
ferent source. For example, for a dark rate of 400 Hz/kg
as seen in the SENSEI data 1-electron bin, a mass of
about 4 × 10−10 kg (the mass of a single pixel), and an
exposure of an hour, we find that the mean λd is roughly
5 × 10−4. This means that we expect the second bin to
have a rate of roughly 0.1 Hz/kg, which is more than an
order of magnitude lower than the measured rate. We
can therefore conclude that the excess in the second bin
is likely from a different source than the single electron
bin, or that these two bins are not entirely dominated by
dark counts.
For experiments which take a time-stream of data, we

find that the probability of a dark event being irreducible
pileup on top of another dark event is ppu = Γdδt, where
δt is the minimum separation between events that can
be distinguished. For example, in CDMS HVeV with a
minimum time discrimination of 10µs [3] and a dark rate
of 1 Hz in a 1g detector, we thus expect that p = 10−5.
For a measured dark rate of 103 Hz/kg, we expect the
pileup rate to be 10−2 Hz/kg. This is 103 times lower
than the measured rate in any of the 2-6 electron bins; we
can therefore conclude that if the first bin is truly all dark





16

thus report spectra in Ee, with experiments which mea-
sure heat, and are thus sensitive to Edet = Ee + Er. All
electron recoil DM searches, by construction, are only
measuring Ee.
The lack of a clear distinction between ER and NR

at sub-keV energies becomes important when we try to
compare two experiments in this regime in the presence
of some unknown signal. In this paper, we consider the
excesses observed by EDELWEISS [1, 6] because, having
measured both Ee and Edet with similar detectors, we
are able to statistically determine the mean yield as a
function of energy for a population of events, and thereby
shed light on the origin of those events. Consider the
Ee spectrum shown in the different panels of Figure 2
compared with the Edet spectrum plotted in Figure 7.
Ideally, both measurements would be made with infinite
precision, and without a finite threshold. The remarkable
development of single charge detectors over the past few
years allows the Ee measurement to have effectively no
threshold, but the Edet measurement still has a threshold
Ethresh = 60 eV.
We can still, however, try to determine whether events

are electron recoil, nuclear recoil, or an entirely different
class of events by applying the yield model and ensur-
ing that, when we convert the spectrum from Edet to
Ee, the result is not in direct conflict with the measured
spectrum. Put another way, we must have

Rtotal =

∫ ∞

0

dR

dEe

dEe >

∫ ∞

Ethresh

dR

dEdet

dEdet. (B1)

We thus convert the Edet spectrum to a modeled Ee

spectrum as

dRmodel

dEe

= y(Edet)
−1 dR

dEdet

(B2)

where for this paper, this is a convolution done by Monte
Carlo. We then check that

∫ Ehigh

Elow

dRmodel

dEe

<

∫ Ehigh

Elow

dRmeas

dEe

(B3)

for any choice of Elow and Ehigh. If we could sample
all of the Edet spectrum, this would be an equality, but
because we know we’re only sampling the Edet spectrum
above Ethresh, the model should always either match or
undershoot the measured Ee spectrum, which is com-
plete.
The yield models we consider in this paper, shown in

Figure 7, constitute a constant yield (ER), falling yield
(NR), and fixed Ee independent of Edet. Because the
yield is a ratio of Ee to Edet, these last models appear
to rise in yield space at low energy. One of the primary
conclusions of this paper is that the only yield models
which satisfy Eq. (B3) for the measured Ee spectrum in
Figure 2 are the rising models; in other words, the spec-
tra are inconsistent with either a NR or ER interaction,
and suggest a novel inelastic interaction. This also illus-
trates that interpreting either the Ee spectrum or Edet

spectrum independently, without knowledge of the type
of recoil, leads to erroneous exclusion curves. For exam-
ple, the NR limit implied by converting the Ee spectrum
to an effective nuclear recoil energy scale would be overly
aggressive.

Appendix C: Plasmon Review

Since plasmons in solid-state systems are likely unfa-
miliar to many high-energy physics, in this appendix we
review some basic properties of plasmons and their mea-
surement using EELS. To facilitate comparison with the
literature, we will use as much as possible the notation of
Ref. [37], in contrast to the typical high-energy physics
notation of the main text (i.e. ω instead of E, and e
instead of α).

1. Plasmon measurements with EELS

Plasmons are the quantized longitudinal oscillations of
valence electrons in a condensed matter system, carrying
energy on the order of the classical plasma frequency. In
EELS experiments, plasmons are excited by the electric
field of an electron traversing the material, which has
a longitudinal component (i.e. there is a component of
the field along the electron’s direction of motion). The
response of a material to electromagnetic fields of mo-
mentum q and frequency ω can be characterized by a
complex dielectric function ε(ω,q). For an electron with
charge e, mass me, and velocity v traversing a material
with dielectric function ε, the differential probability per
unit time of depositing energy ω is [37]

dP

dtdω
=

e2

4π3

∫

d3q
1

q2
Im

{ −1

ε(ω,q)

}

× δ

(

ω − q ·v +
q2

2me

)

, (C1)

where we have converted to the Heaviside-Lorentz units
conventional in high-energy physics (in contrast to the
formulas from [37] which use Gaussian units common in
condensed matter physics and contain additional factors
of 4π).10 Note that we can rewrite the energy conserva-
tion condition enforced by the delta function as

q =
E

v cos θ
+

q2

2mev cos θ
(C2)

where θ is the angle between q and v. We are inter-
ested in the forward-scattering region where cos θ > 0
where momentum transfer is the smallest. In that part

10 Note that in the small-q limit, the q2/(2me) term is negligible, so
this term is typically neglected in the condensed matter literature
when considering electron probes.
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of phase space, both terms on the right-hand side are
positive-definite, so we obtain the inequality q ≥ E/v by
dropping the second term. Assuming the plasmon has
typical energy ω = Ep, we find the important relation

q ≥ Ep

v
, (C3)

which is saturated in the forward scattering limit where

q is parallel to v and when the finite-mass term q2

2me
is

negligible (which typically holds for the kinematics rel-
evant to EELS). This condition is simply an expression
of energy conservation, which must be satisfied to excite
the plasmon at the peak energy. Define qp = Ep/v as
the typical scale of momentum transfer for plasmon ex-
citations. As mentioned in the main text, the plasmon
has a cutoff frequency qc ∼ 2π/a. Plasmon resonances
have been observed with q about a factor of 2 above this
cutoff [19], but for parametric estimates, it will suffice to
require that qp < qc. To satisfy Eq. (C3), we must have

v ≥ Ep/qp = 6.5× 10−3

(

Ep

16 eV

)

(C4)

Note that this condition is independent of the mass of the
incident particle; it could be an electron, proton, or mil-
licharged DM. In the main text we conservatively tighten
this bound on v to 10−2. This constraint on the velocity
explains why EELS experiments to probe the plasmon
are performed with semi-relativistic electrons.

Assuming the plasmon kinematic condition (C4) is
satisfied, the presence of the 1/q2 in the integrand of
Eq. (C1) implies that the smallest allowed momentum
transfers, q ∼ qp, will dominate. This is just the typical
behavior of the long-range Coulomb force. In that case,

we can approximate ε(ω,q) ≈ ε(ω, 0) and pull it out of
the q integral, giving

dP

dtdω
=

e2

2π2v
Im

{ −1

ε(ω)

}

log

(

2E0

ω

)

. (C5)

where E0 is the incident electron energy. The logarith-
mic dependence on E0 is a manifestation of the uni-
versal Coulomb logarithm, which here is cut off by the
energy transfer ω. This formula can be modified in a
straightforward way for relativistic probes. Note that
since v =

√

2E0/me, the plasmon excitation probability

scales as log(E0)/
√
E0, a relation which holds for any

nonrelativistic charged particle (in particular, for mil-
licharged DM as well as electrons).
Note that by dividing by v and integrating over ω, we

can convert this expression into a probability per unit
length for the probe to undergo some nonzero energy
loss. Setting this to unity gives an inelastic mean free
path, which for electrons (Q = e) with v = 0.1 is about
58 nm for 50 keV electrons in silicon [19]. For electrons,
then, multiple scattering is an important consideration,
and in thick samples this will give rise to energy deposits
in integer multiples of Ep. On the other hand, for DM
with a small millicharge, the mean free path scales with
κ2gD and is orders of magnitude larger than the detector
size for the millicharge values we consider. Thus, mul-
tiple scattering of DM will typically not occur in small
semiconductor detectors.

2. Role of the dielectric function

In the non-interacting electron approximation, the
complex dielectric function of a material is given by the
Lindhard formula [103]:

ε(ω,q) = 1− lim
η→0

e2

V

1

q2

∑

k

∑

l,l′

fFD(Ek+q,l′)− fFD(Ek,l)

Ek+q,l′ − Ek,l − ω − iη
× |〈|k+ q, l′|eiq ·x|k, l〉|2. (C6)

Here, V is the volume of the material, l and l′ are band
indices, Ek,l is the energy of the lth band at lattice mo-
mentum k, and fFD are Fermi-Dirac factors. The imag-
inary part of ε reflects “on-shell” transitions when two
states have an energy difference ω. The dielectric func-
tion is closely related to the 1-loop vacuum polarization
in quantum field theory, which has similar properties (i.e.
its imaginary part reflects on-shell final states). Note
that Im{−1/ε} = Im ε/|ε|2 selects out these transitions
and weights them by the corresponding squared matrix
element, which is why this expression appears in the for-
mula Eq. (C1).

It is important to emphasize that Eq. (C6), which
forms the basis for much of the recent literature on DM

interactions in condensed matter systems [13, 94, 104],
assumes no electron-electron interactions. In this approx-
imation, the plasmon does not appear. In the language of
high-energy physics, the plasmon is analogous to a pole
in a matrix element which does not correspond to the
fields in the Lagrangian.11 This is by no means unusual,
and indeed is behavior characteristic of strongly-coupled

11 Strictly speaking, one can understand the plasmon energy from
the Lindhard function by treating the electrons as a free Fermi
gas and taking the limit q → 0, giving ε(ω, 0) = 1 − ω2

p/ω
2;

however, this approximation does not give an imaginary part
to the dielectric function and hence does not explain the finite
width Γ.



18

field theories. Moreover, much like the Sudakov factor
in QCD, the plasmon is a result of a resummation of an
infinite series of diagrams (known in the condensed mat-
ter literature as the random phase approximation [105])
and does not appear at any finite order in perturbation
theory. Thus is is best to treat the plasmon phenomeno-
logically as a nonperturbative effect which nonetheless
contributes to the imaginary part of the dielectric func-
tion.
Finally, we note that the factor of e2 in the dielectric

function represents the response of a material to (ordi-
nary, electromagnetic, possibly virtual) photons. The
DM-induced direct plasmon excitation rate is propor-
tional to κ2αD, which roughly speaking represents the
probability of millicharged DM emitting a virtual dark
photon which converts to a virtual photon. The dielectric
function then parameterizes the response of the material
to this photon, which is proportional to e2 in perturba-
tion theory.12

3. Plasmon lineshape

The Fröhlich damped-harmonic-oscillator model [83]
posits the following form for ε(ω):

ε(ω) = εc +
E2

p

(E2
g − ω2)− iΓω

, (C7)

where εc is the contribution to the dielectric constant
from core electrons (assumed independent of ω), Ep is the
plasma energy of the valence electrons, Eg is an average
band gap, and Γ is the plasmon damping parameter. As
in the analogous Breit-Wigner formulae in high-energy
physics, Γ represents the sum of the partial widths of all
the plasmon decay modes, including to phonons and elec-
tron/hole pairs. In high-energy physics, if the decay of
a resonance of energy E can be described perturbatively,
the narrow-width approximation Γ/E � 1 applies. For
plasmons, typical values are Γ = 3 eV and E = 16 eV
[19, 37], so Γ/E ≈ 0.2 is not particularly small. For com-
parison, Γ/E for the top quark is 0.008, and Γ/E for

the lowest-lying ∆ resonance is 0.09, so in this sense the
plasmon is even more nonperturbative than QCD reso-
nances. Thus it is not unreasonable that the plasmon-
phonon coupling, which controls both plasmon produc-
tion and plasmon decay, is nonperturbatively large, con-
sistent with Scenario 1 in the main text.
Substituting into Eq. (C5), we find

dP

dtdω
=

e2

2π2v

ΓE2
pω ln(2E0/ω)

ε2c(E
2
g + E2

p/ε
2
c − ω2)2 + Γ2ω2

. (C8)

This model is an excellent fit to the observed plas-
mon in silicon, but the germanium plasmon has a longer
high-energy tail due to contributions from the core 3d
electrons. However, the region around the peak is well-
modeled by a single Lorentzian, so following [37] we
take εc = 1 and use Eq. (C8) to normalize the ger-
manium plasmon, taking the best-fit values in the two-
parameter model of [37] with an effective plasmon energy
E′2

p ≡ E2
g + E2

p/ε
2
c . Integrating over ω (or equivalently

E) for millicharged DM gives Eq. (17). On the other
hand, to obtain the spectrum for a general velocity dis-
tribution f(v), we weight Eq. (C1) by f(v) and integrate
over v. Solving the delta function by performing the ve-
locity integral, as is standard in DM-electron scattering
treatments, and performing the q integral up to qc gives
Eq. (14) in the main text. In that equation, the (dimen-
sionless) plasmon lineshape is

S(ω) ≡ Im

{ −1

ε(ω)

}

, (C9)

which is

SF (ω) ≡
ΓE2

pω

ε2c(E
2
g + E2

p/ε
2
c − ω2)2 + Γ2ω2

(C10)

in the Fröhlich model. Integrating Eq. (C10) gives

∫

SF (ω) dω ≈ 3

2
εcEp (C11)

for Eg = 0.
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[83] H. Fröhlich, Phenomenological theory of the energy loss
of fast particles in solids (VEB Deutscher Verlag der
Wissenschaften, 1959).

[84] H. Vogel and J. Redondo, JCAP 1402, 029 (2014),
arXiv:1311.2600 [hep-ph].

[85] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M.
West, JHEP 03, 080 (2010), arXiv:0911.1120 [hep-ph].

[86] G. Krnjaic, JHEP 10, 136 (2018), arXiv:1711.11038
[hep-ph].

[87] J. A. Evans, C. Gaidau, and J. Shelton, JHEP 01, 032
(2020), arXiv:1909.04671 [hep-ph].

[88] M. Battaglieri et al. (BDX), (2016), arXiv:1607.01390
[hep-ex].

[89] S. Alekhin et al., Rept. Prog. Phys. 79, 124201 (2016),
arXiv:1504.04855 [hep-ph].

[90] P. Mermod (SHiP), Proceedings, 2017 International
Workshop on Neutrinos from Accelerators (NuFact17):
Uppsala University Main Building, Uppsala, Sweden,
September 25-30, 2017, PoS NuFact2017, 139 (2017),
arXiv:1712.01768 [hep-ex].

[91] V. De Romeri, K. J. Kelly, and P. A. N. Machado, Phys.
Rev. D100, 095010 (2019), arXiv:1903.10505 [hep-ph].

[92] T. kesson et al. (LDMX), (2018), arXiv:1808.05219
[hep-ex].

[93] S. K. Lee, M. Lisanti, A. H. G. Peter, and B. R. Safdi,
Phys. Rev. Lett. 112, 011301 (2014), arXiv:1308.1953
[astro-ph.CO].

[94] Y. Hochberg, Y. Kahn, M. Lisanti, K. M. Zurek, A. G.
Grushin, R. Ilan, S. M. Griffin, Z.-F. Liu, S. F. We-
ber, and J. B. Neaton, Phys. Rev. D97, 015004 (2018),
arXiv:1708.08929 [hep-ph].

[95] A. Coskuner, A. Mitridate, A. Olivares, and K. M.
Zurek, (2019), arXiv:1909.09170 [hep-ph].

[96] R. M. Geilhufe, F. Kahlhoefer, and M. W. Winkler,
(2019), arXiv:1910.02091 [hep-ph].

[97] S. M. Griffin, K. Inzani, T. Trickle, Z. Zhang, and K. M.
Zurek, (2019), arXiv:1910.10716 [hep-ph].

[98] S. Derenzo, R. Essig, A. Massari, A. Soto, and T.-T.
Yu, Phys. Rev. D96, 016026 (2017), arXiv:1607.01009
[hep-ph].

[99] S. Knapen, T. Lin, M. Pyle, and K. M. Zurek, Phys.
Lett. B785, 386 (2018), arXiv:1712.06598 [hep-ph].

[100] C. Canali, M. Martini, G. Ottaviani, and A. A. Quar-
anta, IEEE Transactions on Nuclear Science 19, 9
(1972).

[101] Y. Chen and J. MacKay, Philosophical Magazine 19,
357 (1969).

[102] B. Scholz, A. Chavarria, J. Collar, P. Privitera,
and A. Robinson, Physical Review D 94 (2016),
10.1103/physrevd.94.122003.

[103] M. Dressel and G. Gruner, Electrodynamics of Solids,
Optical Properties of Electrons in Matter (Cambridge
University Press, 2002).

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

[105] A. Fetter and J. Walecka, Quantum Theory of Many-
Particle Systems, Dover Books on Physics (Dover Pub-
lications, 2012).

[106] R. Catena, T. Emken, N. Spaldin, and W. Tarantino,
(2019), arXiv:1912.08204 [hep-ph].


	A Dark Matter Interpretation of Excesses in Multiple Direct Detection Experiments
	Abstract
	I Introduction
	II Review of Recent Low-Threshold Results
	A Nuclear Recoil Searches
	B Electron Recoil Searches
	C Determining Signal Origin

	III Plasmon Interpretation
	A Plasmon Properties
	B Plasmons from Known Particles?

	IV Dark Matter Scenarios For Plasmon Excitation
	A Scenario 1: Secondary Plasmon Excitation through Hard Inelastic Scattering
	B Scenario 2: Direct Plasmon Excitation Through a Light Mediator

	V Conclusions
	 Acknowledgments
	A Differentiating Dark Counts from Signal
	B Using Electron Yield to Determine Recoil Type
	C Plasmon Review
	1 Plasmon measurements with EELS
	2 Role of the dielectric function
	3 Plasmon lineshape

	 References


