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We discuss several low-energy backgrounds to sub-GeV dark-matter searches, which arise from high-
energy particles of cosmic or radioactive origin that interact with detector materials. We focus, in particular,
on Cherenkov radiation, transition radiation, and luminescence or phonons from electron-hole pair
recombination and show that these processes are an important source of backgrounds at both current and
planned detectors. We perform detailed analyses of these backgrounds at several existing and proposed
experiments based on a wide variety of detection strategies and levels of shielding. We find that a large
fraction of the observed single-electron events in the SENSEI 2020 run originate from Cherenkov photons
generated by high-energy events in the Skipper charge coupled device and from recombination photons
generated in a phosphorus-doped layer of the same instrument. In a SuperCDMS HVeV 2020 run,
Cherenkov photons produced in printed-circuit boards located near the sensor likely explain the origin of
most of the events containing 2–6 electrons. At SuperCDMS SNOLAB, radioactive contaminants inside
the Cirlex located inside or on the copper side walls of their detectors produce many Cherenkov photons,
which could dominate the low-energy backgrounds. For the EDELWEISS experiment, Cherenkov or
luminescence backgrounds are subdominant to their observed event rate but could still limit the sensitivity
of their future searches. We also point out that Cherenkov radiation, transition radiation, and recombination
could be a significant source of backgrounds at future experiments aiming to detect dark matter via
scintillation or phonon signals. We also discuss the implications of our results for the development of
superconducting qubits and low-threshold searches for coherent neutrino scattering. Fortunately, several
design strategies to mitigate these backgrounds can be implemented, such as minimizing nonconductive
materials near the target, implementing active and passive shielding, and using multiple nearby detectors.
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I. INTRODUCTION

The search for the particle nature of dark matter is
currently among the most important topics in particle
physics. Direct-detection experiments provide an essential
approach in our endeavor to detect dark-matter particles
in the laboratory and identify their interactions. In the
past decade, searches for dark-matter particles with
masses in the previously unexplored range between
approximately 1 meV to 1 GeV have gained significant
attention due to novel theoretical and experimental devel-
opments [1–76]. Early experimental successes in probing
dark matter interacting with electrons or nuclei in parts
of this mass range have come from XENON10 [2,3],
XENON100 [20,24], SENSEI [35,46,68], DarkSide-50 [37],
DAMIC [47], XENON1T [63,69], SuperCDMS [36,71,72],

EDELWEISS [48,70], and CRESST-III [33,61,62], and
rapid experimental progress is expected in this decade.
However, a common feature among all these experiments is
that they observe sizable rates of low-energy background
events of unknown origin that affect the reach of dark-
matter searches. These backgrounds need to be identified,
characterized, and mitigated to ensure the success of the
low-mass dark-matter search program in the coming decade
as experiments improve their sensitivity.
The research toward identifying the origins of several of

these backgrounds is already underway, even if a satisfac-
tory understanding of the observed events in each case is
still lacking. For example, for the single-electron events in
noble liquid detectors (e.g., XENON10/100/1T and
DarkSide-50), several hypotheses have been proposed,
such as the delayed release of electrons from the liquid-
gas interface, impurities capturing and releasing electrons,
the photoelectric effect from photons hitting metallic
surfaces, and others [77–83]. The low-energy excess in
CRESST-III is thought to arise from cracking or micro-
fracturing of the crystal or support holders that occurs when
the detectors are being tightly clamped [84], but it remains
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unclear whether this explains the excess. Some single-
electron events currently seen in Skipper charge coupled
device (Skipper CCD) detectors are known to originate
from spurious charge generation during readout and can
be reduced by optimizing the voltages that move the
charge pixel to pixel, but a large single-electron-event rate
remains even after subtracting the spurious-charge contri-
bution [68]. A leakage current likely sources the single-
electron events in the SuperCDMS HVeV detectors and
EDELWEISS sub-GeV dark-matter search [36,70,71], but
its microphysical origin is not satisfactorily understood,
nor is the microphysical origin understood of the events
containing more than one electron. Other backgrounds that
have been considered to produce low-energy events are the
low-energy tail of the Compton and beta-decay spectra, as
well as coherent solar neutrino-nucleus scattering (see, e.g.,
Refs. [10,34,85]), but in practice these backgrounds are
subdominant at many experiments, and, in fact, these tails
cannot explain the aforementioned excesses of low-energy
events.
In this paper, we take a significant step toward identify-

ing several processes that produce backgrounds in low-
mass dark-matter detectors. In particular, we discuss and
demonstrate the importance of three largely unexplored
processes in the context of low-energy-threshold detectors,
which arise when high-energy particles such as radiogenic
electrons or gamma rays and cosmic muons interact with
detector materials: Cherenkov radiation, [86] transition
radiation, and luminescence or phonons from recom-
bination. We provide a schematic depiction on how these
backgrounds are obtained in detectors in Fig. 1. The
Cherenkov process is realized when charged particles go
through dielectric materials at velocities exceeding the
speed of light in the medium, while transition radiation
is obtained if charged tracks encounter interfaces separating
media with different dielectric properties. As a result of

these two processes, one or more photons with energies
below a few eV can be emitted by the high-energy particles.
Recombination photons or phonons, on the other hand,
arise since high-energy particles efficiently deposit energy
in materials by exciting a large number of e−hþ pairs.
These pairs subsequently recombine radiatively or non-
radiatively, releasing an energy of the order of approx-
imately an eV per pair. The low-energy photons or phonons
obtained by these processes can then be absorbed in the
detector target, producing a measurable signal that depends
on the target properties, but can be in the form of one or
more electrons, photons, phonons, or magnons, which
potentially mimics the low-energy signals produced by
low-mass dark matter.
To demonstrate the importance of Cherenkov radiation,

transition radiation, and recombination of e−hþ pairs as
sources of backgrounds for dark-matter detectors, the
details of different experiments and their data analysis
pipelines must be taken into account. With this objec-
tive, we perform background rate estimates at several
current and proposed experiments, including SENSEI,
SuperCDMS HVeV/CPD/SNOLAB, EDELWEISS, and
CRESST-III. Different experiments employ different strat-
egies to mitigate backgrounds arising from high-energy
tracks. Detectors such as the Skipper CCDs used by
SENSEI [22,35,46,68], DAMIC-M [88], and Oscura
[89], which aim to read out electron-hole pairs created
by dark-matter scattering, have very little timing informa-
tion but excellent position resolution. In this case, events
are vetoed if their position in the Si CCD is close to an
observed high-energy track. Despite these vetoes, single-
electron-event backgrounds may still arise from track-
induced radiation (which creates e−hþ pairs upon absorp-
tion in the CCD), if the photons travel far away from their
originating tracks. In the SENSEI CCD, this happens when
the photons have energies close or below the Si band gap.
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FIG. 1. Schematic for the production of radiative backgrounds: Cherenkov and transition radiation (left) and recombination photons
and phonons (right). High-energy electrons (from ambient radioactivity or radioactive contaminants) and cosmic-ray muons (purple) can
(i) interact in nonconductive materials, including the detector target and the surrounding materials, such as holders and cables, to
produce Cherenkov radiation (red); (ii) cross surfaces to produce transition radiation (blue); and (iii) deposit energy to create
luminescence or phonons via, e.g., the recombination of electron-hole pairs (green). The low-energy photons or phonons obtained by
these processes can then be absorbed in the detector target, producing a measurable signal that depends on the target properties but that
can take the form of, e.g., one or more electrons, photons, or phonons, which can mimic the low-energy signals produced by low-mass
dark matter interacting with the detector target.
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We show that such photons can be created by the
Cherenkov effect as tracks pass through the CCD or other
surrounding dielectric materials and that they are also
abundantly obtained from the radiative recombination of
e−hþ pairs created by tracks that pass through a layer on the
CCD’s back side with high phosphorus doping (in other
CCD regions, the radiative recombination rate is compa-
ratively smaller). By performing a quantitative analysis of
the number of events obtained by these processes, we find
that Cherenkov and recombination radiation are respon-
sible for at least a large fraction of the single-electron-event
rate reported by SENSEI.
Most other solid-state detectors, including SuperCDMS,

EDELWEISS, and CRESST-III and proposed detectors
based on scintillation [12] or single-phonon [29] signals
such as SPICE [90], have excellent timing resolution. In
this case, low-energy events coming from high-energy
tracks that pass through the detector target are easily vetoed
due to their time coincidence with the observed track. [91]
However, high-energy events interacting in uninstrumented
materials that surround the target usually cannot be vetoed,
and, hence, low-energy photons produced in those inter-
actions (either from Cherenkov or transition radiation or
from luminescence) provide a low-energy signal. In this
context, our estimates indicate that, at SuperCDMS-HVeV,
Cherenkov radiation from tracks passing through printed-
circuit boards (PCBs) located around the detector is very
possibly the dominant source of the low-energy events
containing 2–6 electrons seen in the data [36,71]. We also
show that transition radiation provides another, smaller
contribution. At EDELWEISS [70], we find that, given its
well-shielded and underground location, track-induced
backgrounds from any of the processes discussed here
are currently expected to be subdominant but may be
relevant to assess the future sensitivity of this experiment.
Track-related backgrounds are also expected to be sub-
dominant at CRESST-III [61,62], since both the detector
and surrounding materials are designed to scintillate to veto
events associated with tracks. At SuperCDMS CPD [72],
we find that Cherenkov or transition radiation, or prompt
radiation from radiative recombination due to the passage
of high-energy tracks, makes up less than approximately
10% of their large observed low-energy event rate. The fact
that we find track-related radiative backgrounds to be sub-
dominant to the observed background rates at EDELWEISS,
CRESST-III, and SuperCDMS-CPD is consistent with the
characteristics of the observed backgrounds: Most of them
seem to be “low yield”; i.e., they produce little or no
ionization (and, hence, cannot originate from the absorption
of an above-band-gap photon) and instead produce a heat
or phonon signal [61,62,70,72,93,94]. Nevertheless, our
analysis indicates that track-related backgrounds are an
important background for future versions of these detectors,
at least once the low-yield backgrounds are understood.
Regarding proposed detectors such as SPICE, we point out

that Cherenkov or recombination radiation generated in
materials surrounding the detector, or recombination pho-
nons generated in the detector holders, could potentially be a
significant source of backgrounds that had not been pre-
viously considered in the literature.
Going beyond dark-matter detectors, the above back-

grounds may be relevant for other devices that have eV or
sub-eV sensitivity. For example, neutrino detectors based
on Skipper CCDs such as CONNIE [95] and νIOLETA
[96] may suffer from these backgrounds. More interest-
ingly, these backgrounds may be important for quantum
computing. A superconducting quantum bit (qubit) typi-
cally has an energy gap of OðmeVÞ. Photons above this
energy can break Cooper pairs in superconductors and
create quasiparticles. This may be a source of the observed
loss of coherence in superconducting qubits [97–100].
While the arguments and estimates that we perform

clearly demonstrate that Cherenkov radiation, transition
radiation, and recombination constitute important back-
grounds, we also show that it is often surprisingly chal-
lenging to evaluate their magnitude precisely. In particular,
this requires knowing or measuring the precise optical
properties of all materials present in the detector and
performing detailed simulations of the high-energy back-
grounds, detector setup, and data analysis chain. With that
being said, the required measurements and simulations are
feasible, so the backgrounds discussed here can and need to
be characterized precisely in the future.
Finally, and very importantly, having identified these

backgrounds and their exact origin at detectors, we present
specific and concrete strategies that can be implemented at
future experiments in order to mitigate their impact.
The remaining paper is organized as follows. In Secs. II

and III, we discuss in detail Cherenkov radiation and
transition radiation produced directly by charged particles
interacting in a variety of materials typically found in
detectors, respectively. In Sec. IV, we discuss luminescence
and phonons that are produced from the recombination of
e−hþ pairs after the passage of a high-energy particle
in different materials. In Sec. V, we show how these
radiative backgrounds contribute to the events observed
in recent results from SENSEI [68], SuperCDMS HVeV
[71], EDELWEISS [70], CRESST-III [61,62], SuperCDMS
CPD [72], and EDELWEISS-Surf [48]. Section VI dis-
cusses these backgrounds in the upcoming SuperCDMS
SNOLAB experiment [21], future Skipper CCD detectors
(SENSEI at SNOLAB, DAMIC-M, and Oscura), and future
detectors searching for photons or phonons (including
SPICE [90]). Apart from dark-matter detections, we point
out in Sec. VII that these radiative backgrounds may also
be relevant for neutrino experiments and superconducting
qubits. In Sec. VIII, we discuss how these radiative back-
grounds can be mitigated. We summarize our findings
in Sec. IX. Several Appendixes include additional details
on semiconductor properties (Appendix A), as well as
our background estimates for SENSEI (Appendix B),
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SuperCDMS HVeV (Appendix C), and SuperCDMS at
SNOLAB (Appendix D).

II. CHERENKOV RADIATION

In this section, we discuss the emission of Cherenkov
radiation from high-energy charged particles traversing a
material. This can produce low-energy photons, which can
be absorbed in the target to produce low-energy events that
mimic a dark-matter signal.

A. The Cherenkov effect: Theory

The Cherenkov effect is the spontaneous emission of
radiation by a charged particle passing through a dielectric
material. The emission of Cherenkov radiation depends on
the properties of the dielectric, which are set by its complex
refraction index ñ:

ñ≡ nþ iκ; n; κ ∈ R: ð2:1Þ

The complex refraction index determines how light prop-
agates in the medium: eiðωñx−ωtÞ ¼ e−κωxeiωðnx−tÞ. The real
part of the refraction index, n, sets the phase-space velocity
of light in the material, while the imaginary part κ is the
extinction coefficient. Alternatively, one can describe the
material with the complex dielectric function, defined as
the square of the complex refraction index, ϵðωÞ≡ ñ2, or

ReϵðωÞ≡ n2 − κ2; ImϵðωÞ≡ 2nκ: ð2:2Þ

Emission of Cherenkov photons with frequency ω happens
when the product of the square of the particle velocity times
the real part of the material’s dielectric function is greater
than one [101,102]:

v2ReϵðωÞ > 1: ð2:3Þ

Given that v ≤ 1, a necessary condition for Cherenkov
radiation to occur is ReϵðωÞ > 1. Note that, for non-
absorptive materials, κ ¼ 0, and the Cherenkov condition
reduces to the requirement that the charged particle velocity
exceeds the speed of light in the material: v > 1=n.
Cherenkov radiation has particular characteristics that

differentiate it from other types of radiation that arise
due to the passage of charged particles through matter.
While these features are most accurately described quan-
tum-mechanically, they are already apparent in classical
electrodynamics. We first discuss the classical results and
postpone commenting on quantum-mechanical corrections
to the end of this section.
We begin by discussing the Cherenkov emission rate.

The differential emission rate of Cherenkov photons by a
unit-charge particle passing through a medium is given
by [101]

d2Nγ

dωdx
¼ α

�
1 −

ReϵðωÞ
v2jϵðωÞj2

�
; v2ReϵðωÞ > 1; ð2:4Þ

where Nγ is the number of emitted photons, ω is the photon
frequency, and dx is the charged particle’s path-length
differential. Given that the Cherenkov process arises at
leading order in electrodynamics, the rate Eq. (2.4) is
proportional to one power only of the fine-structure
constant α. [103] This must be compared, for example,
to bremsstrahlung, which originates from the collisions of
the charged particles with the fixed ions and, therefore,
arises at Oðα3Þ [104]. As a consequence, for photon
frequencies where the condition Eq. (2.3) is fulfilled, the
Cherenkov effect is expected to be one of the leading means
by which charged particles radiate in the material. Note that
the differential rate depends on the properties of the
material through its dielectric function. However, for
materials that are strongly dielectric jϵðωÞj ≫ 1 (within
some range of photon frequencies), and if the charged
particle is fast enough, the condition v2jϵðωÞj ≫ 1 is
satisfied. In this case, the differential rate Eq. (2.4) becomes
insensitive to the details of the material and reduces to a
constant ðd2N=dωdxÞ ≃ α that is independent of the photon
frequency. In this limit, the total number of photons emitted
within a frequency interval is simply proportional to the
path length traveled by the charged particle times the
frequency interval.
The angular distribution of Cherenkov photons is sharply

peaked at an angle θCh with respect to the charged particle’s
momentum vector, which is [105]

cos θCh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ReϵðωÞp
vjϵðωÞj : ð2:5Þ

Finally, Cherenkov radiation is linearly polarized, with the
polarization vector lying in a direction parallel to the plane
containing the charged particle and photon momentum
vectors.
We conclude this section by commenting on the quantum

corrections to the classical description of Cherenkov
radiation discussed up to now. Quantum corrections must
be considered when the time over which radiation is
emitted is smaller than the inverse photon frequency: ωt <
1 [107]. In this case, quantum effects introduce a spread in
the Cherenkov angle (2.5) and modifications to the rate
Eq. (2.4) (the polarization remains as in the classical
description). In order to estimate the size of these cor-
rections, consider a high-energy electron track going
through 100 μm of Si at the speed of light, over a time
t ∼ 3 × 10−13 s ∼ 500 eV−1. Considering emission of
Cherenkov photons in the 1-eV range, relevant for current
light-dark-matter detectors, this leads to ωt ≥ 500, so the
classical condition ωt ≫ 1 is satisfied and quantum
corrections are expected to be small, of the order of
1=ðωtÞ ∼Oð0.2%Þ. However, note that when taking shorter
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charged tracks, or Cherenkov photons with much smaller
energies, quantum corrections need to be taken into
account. For instance, for photon frequencies of the order
of 10 meV, which are relevant for future single-phonon
detectors (see Sec. VI D), quantum corrections to the
classical Cherenkov formulas can be of the order of
approximately Oð20%Þ.

1. Dielectric properties of detector materials

In order to discuss the relevance of the Cherenkov effect
for dark-matter detectors in more detail, the specifics of the
dielectric materials in the detectors need to be studied.
While there is a variety of relevant materials, for con-
creteness let us now discuss the case of three semi-
conductors [germanium (Ge), silicon (Si), and gallium
arsenide (GaAs)] and two band-gap insulators [silicon
dioxide SiO2 (α-quartz) and aluminum oxide Al2O3 (sap-
phire)]. Spanning more than an order of magnitude in
their room-temperature band gaps, with EGe

g ¼ 0.66 eV,

ESi
g ¼ 1.11 eV, EGaAs

g ¼ 1.43 eV, ESiO2
g ¼ 8.9 eV, and

EAl2O3
g ¼ 8.8 eV [108–110], these materials are represen-

tative of a wide range of nonconducting media and allow us
to discuss Cherenkov radiation and photon absorption with
enough generality. These materials can be found in a variety
of current and planned experiments, such as SENSEI [22],
SuperCDMS [111], EDELWEISS [70], DAMIC [112], and
proposed athermal phonon detectors [55].
The room-temperature, experimentally measured dielec-

tric functions for our benchmark materials are shown in
Figs. 2 and 3. We separately plot the dielectric functions for
energies above and below ω ¼ 0.2 eV to highlight the
different processes relevant at high and low frequencies: At
small energies, the dielectric behavior of the materials is set
by the lattice vibrations and electronic dynamics within
each band, while at higher energies electronic interband
transitions become relevant [113]. Our materials can be
further classified in two groups: polar and nonpolar.
Sapphire, α-quartz, and GaAs are polar materials (i.e.,
materials that have oppositely charged ions in the primitive
cells). We present their dielectric functions in the bottom
panels in Figs. 2 and 3. Ge and Si are nonpolar, and their

FIG. 2. Real and imaginary parts of the dielectric functions of Ge and Si (top) and of the polar materials α-quartz, sapphire, and GaAs
(bottom), in the range of photon energies 0 ≤ ω ≤ 0.2 eV. For the case of sapphire and α-quartz, which are optically anisotropic
materials, we show only the dielectric function for the ordinary ray, with polarization perpendicular to the optical axis. All data are
presented at room temperature. Data for Si are obtained from Refs. [114,115], for Ge from Refs. [114,116], for α-quartz from
Refs. [114,117], for sapphire from Ref. [118], and for GaAs from Ref. [114].
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dielectric functions are shown in the upper panels of the
same figures.
Polar materials have phonons that react strongly to light

due to dipole interactions. The effect of these interactions in
the dielectric function is evident at energies ω ≤ 0.2 eV
(cf. Fig. 2, bottom left), where we see strong peaks on both
the real and imaginary parts of the dielectric functions,
which are due to resonant conversion of photons into single
optical phonons. Nonpolar materials do not have optically
active phonon modes that can be resonantly produced
from photon absorption. Thus, such materials respond more
weakly to light, and, correspondingly, they present only
small peaks in ImϵðωÞ (cf. Fig. 2, upper right), which are
due to multiphonon processes. It is also relevant to point out
that, in the infrared, multiphonon processes allow dielectrics
to be absorbing up to energies that are considerably larger
than single-optical phonon energies. For instance, while

optical phonons in Si have energies close to 60 meV, three-
phonon processes involving one transverse-optical (TO) and
two longitudinal-optical (LO) phonons in Si allow for photon
absorption up to at least approximately 160 meV [113].
In the range of energies above the lattice modes but much

below the electronic band gaps of all our dielectric materials,
0.2 eV≲ ω ≪ Eg, their dielectric functions are approxi-
mately real and constant. This constant is called the high-
frequency dielectric function ϵ∞. The high-frequency dielec-
tric function dependsmostly on the electron dynamicswithin
bands and for our different materials is ϵSi∞ ¼ 12, ϵGe∞ ¼ 16,
ϵSiO2
∞ ¼ 2.4, ϵAl2O3

∞ ¼ 3.1, and ϵGaAs∞ ¼ 16 [114,120]. Note
that ϵ∞ is larger in Si, Ge, and GaAs than in quartz and
sapphire. The reason is that Si, Ge, and GaAs are covalent
materials, where electrons are shared between atoms. Since
these electrons are loosely bound to the lattice, thematerial is
then highly polarizable, leading to their large ϵ∞ [121].

FIG. 3. Real and imaginary parts of the dielectric functions of Ge and Si (top) and of the polar materials α-quartz, sapphire, and GaAs
(bottom), in the range of photon energies 0.2 ≤ ω ≤ 15 eV. For the case of sapphire and α-quartz, we show the dielectric function for the
ordinary ray. All data are at room temperature. Data for Si, Ge, α-quartz, and GaAs are obtained from Ref. [114]. Data for sapphire are
obtained from Refs. [114,119].

DU, EGANA-UGRINOVIC, ESSIG, and SHOLAPURKAR PHYS. REV. X 12, 011009 (2022)

011009-6



Quartz and sapphire, on the other hand, have ionic bonds, in
which case electrons are strongly bound to each oppositely
charged ion and the material is hard to polarize, leading to
small ϵ∞. The larger ϵ∞ in Si, Ge, and GaAs can also be
explained by means of their small band gaps. In materials
with small band gaps, higher-order perturbation theory
effects on photon propagation in the material come with
small-energy denominators, which lead to more polarizabil-
ity [121]. Note also that, in the range 0.2 eV≲ ω ≪ Eg,
ImϵðωÞ ≃ 0, so all our materials are transparent, as photons
are too energetic to convert into either a single or multiple
phonons but too soft to excite electrons to the conduc-
tion band.
For higher photon frequencies, above the band-gap

energies of each material ω > Eg, direct and indirect elec-
tronic interband transitions become energetically allowed.
Correspondingly, in Fig. 3, we observe strong absorption
peaks in ReϵðωÞ and ImϵðωÞ due to these transitions.
Throughout this section, we present optical data at

room temperature, which we find to be most widely
available for different materials at different photon ener-
gies. Lowering the material’s temperature has two effects
on the dielectric functions. First, it leads toOð1Þ changes in
the values of the dielectric constant itself. For instance, in
the infrared band, the dielectric function of Si decreases by
a factor of approximately 2 when lowering the temperature
from room temperature to 20 K [115]. Second, it changes
other material properties that affect its optical behavior,
such as the band gap. A change in the band gap leads to
shifts of the dielectric function’s dependence on photon
frequency. A discussion on the dependence of the band-gap
energy of semiconductors can be found in Ref. [108],
while references to measurements of dielectric properties

of materials at different temperatures can be found in
Ref. [114].

2. Cherenkov radiation in detector materials

Inspecting Figs. 2 and 3, we see that in all our materials
there are several ranges of photon energies with
ReϵðωÞ > 1, where Cherenkov radiation due to the passage
of charged particles is possible. In Si and Ge, Cherenkov
photons can be emitted with energies ω≲ 4 eV. In GaAs,
photons are emitted with ω≲ 5 eV, with the exception of a
very narrow region of parameter space right above its
optical phonon resonant mode, around ω ∼ 0.035 eV,
where the material becomes very absorptive. A material
becoming absorptive results in a decrease of the real part of
the dielectric function [related to the extinction coefficient κ
by ReϵðωÞ ¼ n2 − κ2; cf. Eq. (2.2)], leading to the breaking
of the necessary condition for Cherenkov radiation
ReϵðωÞ > 1. In α-quartz and sapphire, the allowed energy
ranges are ω≲ 14 eV and ω≲ 15 eV, respectively, except-
ing narrow strips of energies above optical modes. The
maximal frequency at which Cherenkov radiation can be
emitted in a material is strongly correlated with its band
gap, since, for energies above the band gaps, materials
become strongly absorptive due to interband transitions,
and the Cherenkov condition is thus broken. As a conse-
quence, insulators, which have large band gaps, generically
allow for more energetic Cherenkov radiation than
semiconductors.
Given ReϵðωÞ > 1, a minimal kinetic energy for elec-

trons and muons is required in order for them to emit
Cherenkov photons as they pass through the dielectrics,
which can be obtained from Eq. (2.3). We present the
minimal energies in Fig. 4 for ω ≤ 0.2 eV (left) and

FIG. 4. Minimal electron and muon kinetic energies required to emit Cherenkov photons of frequency ω obtained from Eq. (2.3), in
the frequency ranges 0 ≤ ω ≤ 0.2 eV (left) and 0.2 ≤ ω ≤ 15 eV (right), in Si, Ge, α-quartz, sapphire, and GaAs. The jumps in the
minimal kinetic energies in the range ω ≤ 0.2 eV for quartz, sapphire, and GaAs are due the strong dielectric response of polar materials
for photon energies close to the lattice modes. The jump in the minimal energy for quartz at approximately 11 eV is due to an accidental
coincidence of the refraction index and the extinction coefficient at those energies, n ∼ κ, that leads to a small value of ReϵðωÞ;
cf. Eq. (2.2).
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ω > 0.2 eV (right), for both electrons and muons. In Si and
Ge, electrons (muons) with energies as low as approx-
imately 10 keV (approximately 2 MeV) emit Cherenkov
radiation, while the threshold energies required in α-quartz
and sapphire are significantly larger, due the comparatively
smaller dielectric function of these materials (except in
narrow strips of energies close to the lattice modes).
In order to illustrate the Cherenkov radiation rate,

spectrum, and the dependence on the energy of the track
in concrete scenarios, let us consider the case of an electron
with initial energy Ee passing through a piece of Si or
α-quartz. An electron passing through a material loses
energy at a rate set by the stopping power dE=dx, which we
obtain from Ref. [122]. Thus, the spectrum of Cherenkov
photons emitted by the electron before being stopped in the
material is given by

dNγ

dω
ðper electron trackÞ ¼

Z
Ee

Emin

dE
d2Nγ

dωdx

�
dE
dx

�
−1
; ð2:6Þ

where d2Nγ=dωdx is given by Eq. (2.4). Note that, as the
electron loses energy in the material, at some point its
velocity falls below the threshold condition Eq. (2.3) and
no more Cherenkov radiation is emitted, so the integral is
cut off at the minimum energy Emin that satisfies the
aforementioned condition.
We present the spectrum for a single-electron track for Si

and α-quartz in Fig. 5 for different initial energies of the
electron. Consider first the case of a relativistic electron
with initial energy Ee ¼ 1 MeV. From the figures, we see
that in this case Cherenkov radiation is emitted in a wide
range of energies in both Si and α-quartz. As discussed
above, the main difference between the two materials is that
more energetic radiation is possible in α-quartz than Si,
given its larger band gap. In addition, at low energies
ω≲ 0.2 eV, we clearly see the effect of the optically
active lattice modes of α-quartz on the radiation spectrum.
In particular, right above the material’s lattice modes,
where the material becomes absorptive, the emission of

FIG. 5. Cherenkov radiation spectrum Eq. (2.6) of a single-electron track in Si (top) and SiO2 (bottom). We show the emission
spectrum for three different electron energies: Ee ¼ 20 keV (blue line), Ee ¼ 100 keV (red line), and Ee ¼ 1 MeV (green line). For Si,
there is no emission above approximately 4 eV, since Si becomes highly absorptive. The abrupt changes in the spectra for SiO2 at low
energies correspond to peaks in its dielectric function due to a strong optical phonon response.
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Cherenkov radiation is suppressed. The spectrum in Si, on
the other hand, is rather flat for all energies below the
band gap.
As we go toward lower electron energies, we observe

two important effects. First and most importantly, we see a
decrease of the Cherenkov radiation rate. The reason is that
electrons with smaller initial energies have shorter track
lengths and, thus, lead to less radiation. The length of an
electron track can be characterized by its mean range,
defined as the distance over which the electron travels
before losing all its energy due to collisions:

le ¼
Z

E

0

dE
dE=dx

: ð2:7Þ

We show the electron mean range in Si in Fig. 6 (for other
materials, the track length is simply inversely proportional
to their density), where we clearly see that less-energetic
electrons have shorter tracks.
The second effect of the electron track energy on the

Cherenkov spectrum is that, when considering less-ener-
getic electrons, materials either do not allow Cherenkov
radiation or they do it only in specific frequency ranges
where ReϵðωÞ is large enough so that the Cherenkov
condition is satisfied despite the electron’s small velocity.
For instance, for Ee ¼ 20 keV, Cherenkov photons are
emitted in α-quartz only at energies right below its lattice
modes ω ∼ 0.05 eV and ω ∼ 0.13 eV, where both the
dielectric function is very large due to the dynamics of
its polar lattice and the material is not strongly absorptive
(differently from the case of energies right above the lattice
modes discussed before).
It is important to note that, even if Cherenkov photons

are emitted abundantly by energetic charged particles going
through dielectrics, only a very small fraction of the track’s

energy is lost to Cherenkov radiation. To illustrate this
point, in Fig. 7 we show the percentage of the energy lost to
Cherenkov radiation in different materials, for an electron
with initial kinetic energy Ee that travels in the material
until losing all its energy (the situation for muons is
qualitatively similar). We observe that, in all materials,
less than a percent of the electron’s energy is lost to
Cherenkov radiation. As we discuss in Sec. IV, for the
plotted range of energies, most of the electron’s energy is
instead lost to ionization, i.e., in the creation of electronic
excitations in the material. Energy lost to radiation via other
processes, such as bremsstrahlung, is also subleading for
the plotted range of energies [123].
After the Cherenkov photons are emitted, the distance

that they travel from the charged track before being
absorbed is set by the photon attenuation length lγ:

lγ ≡ 1

2κω
¼ 1

ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2jϵðωÞj − 2ReϵðωÞp ; ð2:8Þ

where κ is defined in Eq. (2.1) and in the last equality we
make use of Eq. (2.2). When ImϵðωÞ ¼ 0, the attenuation
length is infinite, and the material is nonabsorptive. We
present the attenuation lengths for the different materials in
Fig. 8 for ω ≤ 0.2 eV (left) and ω ≥ 0.2 eV (right). For
energies ≲0.2 eV, in the range of the lattice modes,
photons may convert into phonons in distances as short
as fractions of a micron in α-quartz and sapphire. By
contrast, in Ge and Si, photons generically travel much
further, of the order of fractions of centimeters, before
depositing their energy into phonons, since these materials
are nonpolar and their lattice reacts more weakly to light.
For higher energies, the right panel in Fig. 8 shows that
photons with energy well above the band gaps have short

FIG. 6. Electron mean range Eq. (2.7) in Si, obtained from
Ref. [122]. Horizontal lines indicate an electron mean range of 15
and 900 μm, which corresponds to the size of 1 and 60 pixels,
respectively, of the Skipper CCDs used by SENSEI (see Sec. V).

FIG. 7. Percentage of energy lost as Cherenkov radiation by an
electronic track with energy Ee in different materials. The energy
lost as Cherenkov radiation is obtained by calculating the total
energy radiated into Cherenkov photons up to the point where the
track is stopped due to interactions with the material.
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absorption lengths, as they can excite electrons into the
conduction band. In contrast, photons with energies very
close to each material’s band gap can travel over macro-
scopic distances before being absorbed, as interband
transitions are then phase-space suppressed. Photons with
energies much below the band gaps but above lattice modes
are not absorbed. A photon that is not converted into an
electron-hole pair or a phonon, or is not absorbed via other
mechanisms such as the breaking of excitons, reaches the
material surfaces and either escapes or bounces on the
surfaces back into the material. Finally, we note that, in
semiconductors, these properties can be significantly
affected by doping; see, e.g., Ref. [124].

B. Cherenkov photons as a background
to dark-matter searches

Equipped with our understanding of Cherenkov radiation
in nonconducting materials, it is now easy to understand the
relevance of this effect in typical low-energy-threshold dark-
matter experiments. A typical detector setup has a semi-
conducting or insulating target that reads energy depositions
into e−hþ pairs or phonons. In addition to the dielectric
target, other dielectric and noninstrumented materials are
usually found near the detector, such as holders for the
target, electronic connectors, epoxy glue, and insulating
materials to cover cables. Surrounding all these elements, a
metallic shielding (usually copper) is in place. Some high-
energy charged tracks are expected to pass through the
dielectrics of the detector, either due to particles (usually
gammas, betas, ormuons) that penetrate the shielding or due
to radioactivity from impurities in the detector component
material. These tracks lead to Cherenkov photons, which
may then convert their energy into phonons or into e−hþ

pairs in the detector target, mimicking the dark-matter
signal.
It is likely that many e−hþ pairs or phonons created by

Cherenkov photons are removed by vetoing the charged
track responsible for the photons. However, and as dis-
cussed above, photons may travel macroscopic distances
away from the originating charged tracks, before depositing
their energy into an electron-hole pair or phonons. Such
long-lived photons can lead to events avoiding vetoes in
two ways. First, in experiments such as SENSEI, vetoes are
applied based on the distance at which the e−hþ pair is
created away from tracks. If this distance is large, the e−hþ-
pair event is not vetoed, so long-lived Cherenkov photons
can constitute a background. Second, at most other experi-
ments, long-lived Cherenkov photons may originate from
auxiliary noninstrumented material, escape such materials,
and make it into the detector. In this case, the charged track
and the corresponding Cherenkov-induced e−hþ or phonon
event cannot be easily vetoed. We see concrete examples of
these possibilities in Sec. V.
It is also straightforward to check that Cherenkov

photons are expected to be abundant within typical detector
setups. For example, consider the Cherenkov radiation
from a single 200 keVelectron (corresponding to a velocity
v ≃ 0.7). For concreteness, we take Si as the medium, but
the exercise can be easily repeated for other dielectric
materials, and we see further examples in later sections.
Since current low-energy-threshold experiments are sensi-
tive to energy depositions down to approximately 1 eV, we
consider the emission of Cherenkov photons in the energy
range 1 eV ≤ ω ≤ 2 eV. At such frequencies, the dielectric
function of Si is approximately real and given by ϵ ∼ 14,
so vϵ2 ∼ 7. To estimate the Cherenkov rate, we may then

FIG. 8. Photon attenuation length [Eq. (2.8)] for photon energies 0 ≤ ω ≤ 0.2 eV (left) and 0.2 ≤ ω ≤ 15 eV (right), in different
materials at room temperature. Data are taken from the same references given in Figs. 2 and 3. At energies very close to each material’s
band gap, the attenuation lengths presented in this figure must be taken as only approximate. Precise band-edge absorption coefficients
can be found in Refs. [125–129]. For some materials, a lack of data does not allow us to indicate precise photon attenuation lengths at
some energies, so gaps in the figures are noticeable. For instance, for Ge a gap in coverage in the range 0.2 eV≲ ω≲ 0.6 eV is left
between the data measured in Refs. [116,130].
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neglect the second term in Eq. (2.4), so the number of
emitted photons is simply

Nγ ∼ α × Δω × Δx; ð2:9Þ

where Δω ¼ 1 eV is the photon energy interval and Δx is
the electron track length. To estimate the typical charged
track length, we use the electron mean range le, presented
in Fig. 6. From the figure, we see that the mean range of a
200 keV electron in Si is approximately 200 μm. Thus, the
number of Cherenkov photons emitted by a single charged
electron track is

Nγ ∼ 8

�
Δω
1 eV

��
Δx

200 μm

�
: ð2:10Þ

Multiple charged tracks are expected in typical detectors
due to imperfect shielding and radioactivity. For example,
in the SENSEI run in the MINOS cavern [68], hundreds of
charged tracks go through the CCD per g-day of exposure.
Multiplying the result in Eq. (2.10) with the number of

tracks, we see that thousands ofOðeVÞ Cherenkov photons
are expected per g-day.

III. TRANSITION RADIATION

In the previous section, we discuss the spontaneous
emission of photons by charged particles going through
homogeneous, nonconducting material. In the presence
of inhomogeneities, additional radiation arises as tracks
encounter interfaces via the Cherenkov-transition effect,
also referred to as transition radiation.

A. Transition radiation: Theory

The main features of transition radiation can be dis-
cussed within its simplest realization, which occurs when a
charged particle transitions between two different, semi-
infinite, and homogeneous media, which we refer to as
medium 1 and 2. These media can be conductors or
insulators. Assuming that the particle goes from medium
1 to 2 with a constant velocity v that is normal to the surface
separating the media, the forward radiation spectrum, as
observed from medium 2, is [131,132]

d2Nγ

dωdΩ
¼ αv2

π2ω

ffiffiffiffiffiffiffi
jϵ2j

p
sin2 θ cos2 θ

�����
ðϵ2 − ϵ1Þð1 − v2ϵ2 − v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ1 − ϵ2 sin2 θ

p
Þ

ð1 − v2ϵ2 cos2 θÞð1 − v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ1 − ϵ2 sin2 θ

p
Þðϵ1 cos θ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ1ϵ2 − ϵ22 sin

2 θ
p

Þ

�����
2

; ð3:1Þ

where dΩ ¼ 2π sin θdθ is the solid-angle differential, θ is
the polar angle measured relative to the normal to the
surface (see Fig. 9), and ϵ1;2 are the complex and fre-
quency-dependent dielectric functions of the two semi-
infinite media. Transition radiation is also emitted in the
backward direction. The corresponding spectrum, as seen
from medium 1 and with θ being the polar angle measured
from the normal pointing toward medium 1 (see Fig. 9), is

obtained by exchanging ϵ1 and ϵ2 and setting v to −v in
Eq. (3.1).
For normal incidence on the interface, transition radiation

is polarized in the plane specified by the velocity of the
charged particle and the direction of the radiation. While
transition radiation is an interface effect, the emission is not
localized and happens instead over a formation length from
the surface. This formation length is of the order of the
photon wavelength for nonrelativistic particles but is sig-
nificantly enhanced in the relativistic case; see Ref. [133] for
discussions on the formation zone. Finally,wepoint out that a
generalized expression for the radiation spectrum for par-
ticles going through interfaces at arbitrary incidence angles
can be found in Ref. [134].
From Eq. (3.1), we see that Cherenkov-transition radi-

ation arises at leading order in α, similarly to the conven-
tional Cherenkov effect seen in homogeneous media. In
fact, the Cherenkov-transition effect can be regarded as a
generalization of the conventional Cherenkov effect that
accounts for the inhomogeneities in the media. The relation
between the two processes is manifested in the poles of
the emission spectrum Eq. (3.1). For nonabsorptive media
with real dielectric functions, the singularities happen
due to Cherenkov emission in medium 2 at the
Cherenkov angle cos2 θCh ¼ 1=v2ϵ2 and when the factor
1 − v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ1 − ϵ2 sin2 θ

p
vanishes, which corresponds to the

Cherenkov radiation emitted in medium 1 and refracted

v

Medium 1 Medium 2

Forward  
emission

v

Backward 
emission

FIG. 9. Polar angle conventions for forward and backward
transition radiation emission. By definition, θ ∈ ½0; π=2� in
both cases.
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into medium 2 [135]. [136] These poles are kinematically
accessible only when the Cherenkov condition Eq. (2.3) is
fulfilled. When Cherenkov radiation is possible, integrating
the spectrum Eq. (3.1) over angles gives a divergent result,
as it includes the infinite amount of radiation emitted by the
tracks as it goes through each one of the two semi-infinite
homogeneous media [133,135,137]. In order to extract the
radiative effect due to the interfaces alone, one may define a
finite “pure” transition radiation contribution by subtracting
the divergent pieces of the radiation along the Cherenkov
angles. We refer the reader to Ref. [137] for a detailed
discussion on how to extract systematically the pure
transition contributions and also regulate the infinite con-
ventional Cherenkov pieces, so that a physical spectrum is
obtained. For tracks with velocities falling below the
Cherenkov emission threshold, expression Eq. (3.1) is
finite and uniquely due to pure transition radiation. Note
that pure transition radiation can be emitted for any track
velocity and in both conducting and nonconducting mate-
rials. [138] Finally, for interfaces separating only absorptive
media, where the dielectric functions are complex, or
separating absorptive media and vacuum (such as a
metal-vacuum interface), expression (3.1) leads to a finite
spectrum for all track velocities, as the poles are regulated
by the absorption of the Cherenkov radiation in the material
and since Cherenkov radiation is not supported in vacuum.

B. Transition radiation as a background
to dark-matter searches

In order to illustrate the relevance of transition radiation
for dark-matter detectors, let us now consider the simple
case of a single relativistic electron track going through a
copper-vacuum interface. This situation is typically

encountered in experiments, since the detector target is
usually enclosed in a copper vessel, with a vacuum gap left
in between the target and vessel (for concrete examples, see
Sec. V). We consider two cases: first, the forward emission
spectrum for a track going from copper (medium 1) to
vacuum (medium 2) and, second, the backward emission
spectrum for a track going from vacuum (medium 1) to
copper (medium 2). Using Eq. (3.1) and the dielectric
function of copper from Ref. [140], we obtain the transition
radiation spectrum, and we present its angular and fre-
quency dependence in Fig. 10. From Fig. 10 (left), we see
that the angular configuration of the spectrum at ω ¼ 1 eV
depends strongly on the track velocity, with a more
forward (backward) spectrum observed at higher boost
for tracks going from copper to vacuum (vacuum to
copper). Such behavior can be understood by noting that,
at such frequencies, the dielectric function of copper is
large—jϵCuðω ¼ 1 eVÞj ∼ 102 ≫ 1—so Eq. (3.1) can be
approximated to

d2Nγ

dωdΩ
∼
αv2

π2ω

sin2 θ
ð1 − v2 cos2 θÞ2 : ð3:2Þ

From Eq. (3.2), we see that, in this limit, the transition
radiation rate is independent of the precise value of the
copper dielectric function [as long as the condition
jϵCuðω ¼ 1 eVÞj ∼ 102 ≫ 1 is satisfied], and the radiation
in vacuum is peaked at a forward or backward angle, as
measured from the track, that is inversely proportional to
the tracks’ boost: 1=γ (γ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2

p
). The expression

Eq. (3.2) also indicates that transition radiation from a
vacuum-copper interface shows an infrared-dominated
spectrum, which can also be seen in Fig. 10 (right).
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FIG. 10. The angular spectrum d2Nγ=dωdΩ at ω ¼ 1 eV (left) and the energy spectrum dNγ=dω (right) of transition radiation, for an
electron passing a copper-vacuum interface. We present the spectra for three choices of electron energies: Ee ¼ 10 MeV (blue lines),
Ee ¼ 1 MeV (orange lines), and Ee ¼ 100 keV (green lines). Solid lines show the rate for forward emission (electron moving from
copper to vacuum), while dashed lines show the rate for backward emission (electron moving from vacuum to copper).
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IV. LUMINESCENCE AND PHONONS FROM
RECOMBINATION

Cherenkov and transition radiation discussed in the two
previous sections correspond to the direct emission of
photons by charged particles passing through a material.
Tracks can also excite electronic transitions in the material,
which can produce low-energy quanta (photons and pho-
nons) when electrons return to the ground state. Photons
emitted by the excited material, instead of directly by the
charged track, are called luminescence.
In this section, we focus on a special class of electronic

excitations, which is the creation of e−hþ pairs in non-
conducting media, a process which in this context is also
referred as ionization. This process is the main mechanism
by which electrons from radioactivity and cosmic-ray
muons deposit energy in solid-state detector materials
[123]. In this case, phonons or photons are obtained by
the relaxation and recombination of the excited pairs via a
variety of mechanisms that we now explore.
Radiative and nonradiative recombination are material-

dependent processes, but some of the most important
dynamics relevant for a wide variety of media can be
illustrated by focusing on the case of recombination in
semiconductors. In what follows, we concentrate on three
common semiconductors found in dark-matter detectors:
Si, Ge, and GaAs.

A. Recombination of e −h+ pairs: Theory

1. Electron-hole dynamics

A charged track passing through a material loses energy
both by direct radiative processes and by the creation of
excited e−hþ pairs. The energy loss to e−hþ pairs happens
due to hard scatters that lead to energetic secondary
electrons in the material, which subsequently create multi-
ple e−hþ pairs via phonon-mediated scattering [141]. The
multiplication of the secondary electrons happens over their
mean-free path, determined by the aforementioned phonon-
mediated scattering in the material (which, in Si, is of the
order of 10−2 μm [141]) and stops when the energy of the
hardest electron participating in the scatterings falls below
the energy required to create a new pair. As a result of this
process, the track leaves behind a dense cloud of several
e−hþ pairs, shown schematically in Fig. 11.
The total amount of e−hþ pairs created by the passage of

the track is characterized by the mean ionization energy ε,
which is defined as the average amount of energy that the
hard track needs to leave in the material to create each pair.
We present values of the mean ionization energy ε for our
benchmark semiconductors in Table I. The mean ionization
energy is larger than the material’s band gap, since part of
the deposited energy goes into excess residual energy of the
generated pairs. The excess energy can be released as the
e−hþ pairs go to the band edges by emitting phonons [142].
The e−hþ excitation process and the relaxation of an

electron to the conduction band edge are schematically
shown in Fig. 12.
In terms of the mean ionization energy, the total number

of pairs created by a track traveling a distance L in the
material is given by

e-
h 

clo
ud

FIG. 11. Schematic depiction of the creation of e−hþ pairs by a
track, shown as a black line, as it passes through a material. Hard
scatters of the track, shown by the red stars, create secondary
energetic electrons that subsequently create more e−hþ pairs. The
secondary electrons and e−hþ pairs are represented by the blue
lines, and the cloud that they form is represented in yellow.

Excitation Relaxation Recombination

Radiative Non-radiative

FIG. 12. Simplified band-structure representation of typical
e−hþ excitation, relaxation, and recombination processes. From
left to right, in the first step, a scattering event excites an electron
(black circle) from the valence band into the conduction band,
leaving a hole (empty circle) behind. In the second step, the
electron releases its excess energy in the form of phonons (red
arrows) and moves to the bottom of the conduction band.
Recombination of the electron and hole may then happen directly
across the band gap via the emission of a near-band-gap photon
(blue arrow). Another possibility, shown in the rightmost panel of
the figure, is that there is an available energy level between the
valence and conduction bands, referred to as a “trap,” due to
impurities in the material. In this case, the electron is first
captured by the trap and may subsequently recombine with the
hole, with the released energy usually going into multiple
phonons. While we show a direct band gap, our schematic
description is valid for both direct and indirect gap materials.
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Ne ¼ Nh ¼
Z

L

0

dxε−1
dE
dx

����
ionization

; ð4:1Þ

where ðdE=dxÞjionization is the stopping power due to
ionization.
The dominant process setting the stopping power in a

material depends on the track energy. In typical dark-matter
experiments, especially those well shielded and under-
ground, the majority of the tracks correspond to electrons
arising from radioactivity, which have energies below a few
MeV. For such range of energies, tracks deposit their
energy in nonconducting media overwhelmingly by creat-
ing e−hþ pairs [123], and ðdE=dxÞjionization in Eq. (4.1) can
be replaced by the full stopping power dE=dx, first
introduced in Sec. II A. When considering highly energetic
tracks, such as cosmic muons with very large boosts, most
of the energy loss is due to radiation instead, in which case
the stopping power only due to ionization must be used
in Eq. (4.1).
After the track passes by and the creation of pairs stops,

the subsequent dynamics of the e−hþ cloud left behind can
be captured by the continuity equation

∂ne;h
∂t ¼ −∇ · j⃗e;h − Γe;h; ð4:2Þ

where ne;h is the electron or hole number density. The first
term on the right-hand side is the electron and hole current
j⃗e;h, which accounts for theirmotion. The second termΓe;h is
the electron and hole disappearance rate density, which in the
bulkmaterial is due primarily to recombinationdue to defects
(traps), direct recombination across the band gap, and Auger
recombination. We show below that the rates for these three
processes are proportional to one, two, and three powers of
the e−hþ densities, so they are dominant at low, intermediate,
and high e−hþ concentrations, respectively (see, e.g.,
Ref. [154] for a discussion of the dominant modes in Si).
We show a schematic depiction of some of the possible
recombination processes in Fig. 12. In the following para-
graphs, we discuss each one of the processes involved in the
dynamics of the e−hþ pairs in detail. Note that for brevity we
do not take into account the formation and diffusion of
excitons (bound states of e−hþ pairs), which needs to be
considered in a careful treatment. This is especially important
below room temperature [155,156].

2. Diffusion and drift currents

The electron and hole currents due to electric-
field-induced drifts and diffusion are given, respectively,
by [147]

j⃗e ¼ −neμeE⃗ −De∇ne; ð4:3Þ

j⃗h ¼ nhμhE⃗ −Dh∇nh; ð4:4Þ

where E⃗ is the electric field and μe;h and De;h are the
mobility and diffusion constants, respectively, for the
electron or hole. The mobility and diffusion constants
are related to each other via the Einstein equation [147]

De;h ¼
μe;hT
e

; ð4:5Þ

where e ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
4παem

p
≃ 0.3 is the electric charge and T is the

material’s local temperature. [157] In deriving Eq. (4.5), it
is assumed that the semiconductor is nondegenerate so that
Boltzmann statistics for the energy distributions of the
electrons and holes can be used. A generalized version of
the Einstein relation accounting for Fermi statistics can be
found in Ref. [158].
The mobility and diffusion constants depend on both

temperature and doping levels [113,159]. We summarize
their room-temperature, low-doping-level values for our
benchmark materials in Table I. The mobilities are also
related to the material’s conductivity by [147]

σ ¼ eðn̄eμe þ n̄hμhÞ; ð4:6Þ

where n̄e;h are the background electron and hole densities
discussed in Appendix A.
Finally, we define the characteristic timescales for

diffusion and drift processes as the periods over which
the e−hþ densities change by an e-fold due to transport,
jð∂ log ne:h=∂tÞ−1j. The timescales are given by

τdrifte;h ≡ 1

μe;h

ne;h
j∇ · ðne;hE⃗Þj

;

τdiffe;h ≡ 1

De;h

ne;h
j∇2ne;hj

: ð4:7Þ

Note that the drift time can alternatively be estimated from
Ohm’s law: J ≡ ene;hve;h ¼ σE, where ve;h is the drift

TABLE I. Electronic properties of Si, Ge, and GaAs at room
temperature and low doping levels. Eg is the band gap, ε the mean
ionization energy, μe;h the electron and hole mobilities, B the
radiative recombination coefficient, and ae;h the electron and hole
Auger coefficients. For our estimates in SENSEI’s Si Skipper
CCDs (see Sec. VA), which operate at 135 K, we use ε ¼
3.75 eV [143].

Si Ge GaAs

Eg (eV) [108] 1.11 0.66 1.43
ε (eV) [142,144–146] 3.63 2.8 4.57
μe (cm2=V=s) [147] 1400 3900 8500
μh (cm2=V=s) [147] 470 1900 400
B (cm3=s) [148–150] 10−14 3.4 × 10−14 7.2 × 10−10

ae (cm6=s) [151–153] 2.8 × 10−31 2 × 10−32 1.7 × 10−31

ah (cm6=s) [151–153] 9.9 × 10−32 1.1 × 10−31 2.4 × 10−30
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velocity of the carriers. Using the material’s conductivity
Eq. (4.6) in Ohm’s law, the drift carrier velocity is found to
be ve;h ¼ μe;hE. Thus, the timescale for the carrier to
transverse a distance d is τdrifte;h ∼ d=ðμe;hEÞ. This timescale
coincides with the one in Eq. (4.7) upon replacement of
the gradient by the inverse of the typical length scale
∇ · ðne;hE⃗Þ ∼ ne;hE=d.

3. Band-to-band recombination

The first mechanism by which electrons and holes
can disappear is by band-to-band (“direct”) recombination
across the band gap. This process happens radiatively, via
the emission of a near-band-gap photon, as shown in
Fig. 12. The corresponding rate density is given by [149]

Γdirect
e ¼ Γdirect

h ¼ Bðnenh − n̄en̄hÞ; ð4:8Þ

where n̄e;h are the background carrier concentrations
discussed in Appendix A and B is the radiative recombi-
nation coefficient, discussed below. The rate in Eq. (4.8) is
proportional to the product of ne and nh, as both an electron
and a hole are required for band-to-band recombination,
and vanishes when the densities reach the background
values, at which point the material stops emitting pho-
tons [160].
The radiative recombination coefficient can be related to

the light absorption coefficient, defined as the inverse of the
photon attenuation length α≡ l−1

γ [cf. Eq. (2.8)], using
detailed balance. The result is [149]

B≡
Z

∞

0

dω
dB
dω

¼ 1

n2i

Z
∞

0

dω
αðω; TÞn2ðω; TÞω2

π2
1

expðω=TÞ − 1
; ð4:9Þ

where nðω; TÞ is the refraction index and ni is the intrinsic
carrier concentration given in Eq. (A2) in Appendix A. In
Eq. (4.9), dB=dω is the differential recombination coef-
ficient, which determines the recombination radiation
spectrum. The expression for the recombination coefficient
above must be taken only as approximate, as it neglects
important corrections from the long-range Coulomb forces
between electrons and holes. We refer the reader to
Ref. [148] for a detailed treatment of these effects. Note
that the recombination coefficient depends on temperature
both explicitly and via its dependence on the dielectric
properties of the material and the intrinsic carrier density. A
discussion of the temperature dependence of this coeffi-
cient in Si can also be found in Refs. [148,161]. In this
material, the radiative recombination coefficient increases
by roughly an order of magnitude as the temperature is
decreased from room temperature down to 100 K and by 4
orders of magnitude if the temperature is decreased to 20 K.

This sharp increase of the radiative rate at low temperatures
is due to exciton-mediated recombination [148].
We present the room-temperature radiative recombina-

tion coefficients for our benchmark semiconductors in
Table I. From the table, we see that the recombination
coefficient in GaAs is significantly larger than in Si and Ge.
This is due to the fact that GaAs is a direct-band-gap
semiconductor, while Si and Ge are indirect-band-gap
materials. In indirect-band-gap semiconductors, radiative
recombination is suppressed, as it must be assisted by the
emission of a phonon. We also show in Fig. 13 the
normalized recombination spectrum ðdB=dωÞ=B for Ge,
Si, and GaAs at zero doping and at room temperature. From
the figures and as expected, we see that the radiative
recombination spectrum is peaked around each material’s
band gap. Inspecting expression (4.9), we see that the peak
arises, since the absorption coefficient is small at energies
much below the band gap, while at energies much above it
the recombination spectrum is exponentially suppressed.
The band gap and, therefore, the position of the radiative
recombination spectrum peak depend on both temperature
and doping levels. The position of the peak is, thus,
expected to shift toward lower frequencies when increasing
doping levels and toward higher frequencies when decreas-
ing temperatures [108,162].
As for the diffusion and drift processes discussed in the

previous section, we may define a timescale for the band-
to-band recombination rate. The corresponding timescale is
given by

τdirecte;h ≡ ne;h
Γdirect : ð4:10Þ

FIG. 13. Normalized spectrum of photons ðdB=dωÞ=B emitted
by the recombination of e−hþ pairs in Ge, Si, and GaAs, obtained
using Eq. (4.9) and the radiative absorption coefficients pre-
sented in Refs. [125–127]. We assume zero doping and room
temperature.
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4. Trap-assisted recombination

Impurities in the material lead to energy levels located in
between the valence and conduction bands. Such levels are
referred to as traps, as they can capture electrons from the
conduction band or holes from the valence band. We show
a schematic representation of the trapping of an electron in
Fig. 12. Differently from band-to-band recombination
where an e−hþ pair is eliminated, here only an electron
or a hole disappears by going into the trap.
Trap-assisted recombination is described by the

Shockley-Read-Hall (SRH) theory [163]. In the SRH
theory, the trap-assisted recombination-rate density is

Γtrap
e ¼ cent½ð1 − ftÞne − ftnet�;

Γtrap
h ¼ chnt½ftnh − ð1 − ftÞnht�; ð4:11Þ

where nt is the density of impurities leading to traps, ce;h
are trapping coefficients (discussed below), and ft is
the probability that a trap is occupied by an electron. In
Eq. (4.11), we assume that the material is nondegenerate
(see Ref. [163] for a discussion of degenerate systems), so
that ft is described by Boltzmann statistics:

ft ¼ exp½−ðEt − Et
FÞ=T�; ð4:12Þ

where Et is the trap energy level and Et
F is the Fermi level

or chemical potential of the trap, which sets its occupation
probability. In Eq. (4.11), the quantities net and nht are
defined, respectively, as

net ≡ NC exp½ðEt − ECÞ=T�;
nht ≡ NV exp½ðEV − EtÞ=T�; ð4:13Þ

where NC;V are the conduction and valence band density of
states given in Eq. (A2) in Appendix A and Table III and
EC;V are the conduction and valence band energies. Note
that the rates in Eqs. (4.11) have terms proportional to nent
or nhnt, indicating that trap-assisted recombination requires
only a trap and an electron or a trap and a hole. The second
terms on the right-hand sides of Eqs. (4.11) ensure that the
recombination rates vanish in thermal equilibrium, where
the chemical potential of the trap is equal to the equilibrium
Fermi level of the semiconductor, whose determination is
discussed in Appendix A.
Traps are divided in two types: deep and shallow. Deep

traps are those for which the energy levels are well
separated from both the conduction and valence bands.
They are usually associated with metallic impurities, such
as gold, zinc, and copper. Shallow traps, on the other hand,
are close to either the valence or conduction band and can
be due to dopants such as phosphorus (n-type) and boron
(p-type). A summary of the energy levels of different traps
for Si, Ge, and GaAs can be found in Ref. [164].
Trap-assisted recombination can be either radiative

(accompanied by photon emission) or nonradiative

(by phonon emission). For deep traps, recombination
in semiconductors happens usually nonradiatively via
multiphonon processes [149,165–167]. Nonradiative deep-
trap coefficients are typically of the order of cdeepe;h ¼
10−6–10−9 cm3=s [149]. Tables of radiative recombina-
tion coefficients by shallow traps can be found in
Refs. [149,168]. They are typically of the order of
cshallowe;h ¼ 10−13 cm3=s, much smaller than the ones for
deep traps. Thus, for intrinsic semiconductors, trap-assisted
recombination happens mostly via deep traps and non-
radiatively. Moreover, radiative trap-assisted recombination
dominates over its nonradiative counterpart in large-band-
gap materials such as phosphors, where it is hard to dispose
the large amount of band-gap energy as phonons [149].
The timescale for trap-assisted recombination is

τtrape;h ¼ ne;h
Γtrap : ð4:14Þ

Since Γtrap is proportional to nh or ne, the timescale is
independent of the electron or hole number density and is
set instead by the trap density. Thus, as electrons and holes
diffuse or drift, the trap-assisted recombination timescale
stays constant.

5. Auger recombination

Finally, electrons and holes can recombine due to
the Auger process, in which an electron in the conduction
band gives its energy to another carrier by scattering and
recombines with a hole, or a hole scatters with another hole
and recombines with an electron. In all cases, the process is
three-body and leads to the disappearance of both an
electron and a hole. The extra carrier in the process
dissipates the energy liberated in the recombination in
the form of phonons [166]. The corresponding rate density
is given by

ΓAug ¼ ðanne þ ahnhÞðnenh − n̄en̄hÞ; ð4:15Þ

where ae;h are the Auger recombination coefficients, which
are given in Table I for our benchmark semiconductors, and
n̄e;h are the background carrier concentrations discussed
in Appendix A. The timescale for the Auger process is
given by

τAugere;h ≡ ne;h
ΓAuger : ð4:16Þ

6. Other recombination channels

The processes discussed above are the basic mechanisms
by which electrons and holes can recombine. Different
combinations of the above processes, or slight variations of
them, can lead to more complex recombination channels.
Consider, for example, scintillation in GaAs. As discussed
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above, in intrinsic GaAs band-to-band radiative recombi-
nation happens efficiently, as GaAs is a direct-band-gap
semiconductor. If, for instance, n doping is added, a new
radiative recombination channel opens up, as now a hole
from the valence band can recombine with an electron
provided by the donor by emitting a photon. Doping can
significantly increase the GaAs scintillation rate, as the rate
is proportional to the number of electrons and holes
available to recombine; cf. Eq. (4.8). If the complexity is
further increased by also adding p doping to GaAs, which
is the case studied in Ref. [92], then further recombination
channels become available. For instance, an electron from
the donor energy level can then recombine radiatively with
a hole in the acceptor energy level. Also, an electron in
the conduction band can first transition to the donor
energy level and subsequently recombine with a hole in
the acceptor level or valence band by emission of a photon
[92]. Given the similarity of these processes with the ones
already discussed in the previous paragraphs, their analysis
can be performed by including additional recombination
channels in Eq. (4.2) similar to the ones already presented.

B. Recombination of e−h+ pairs as a background
to dark-matter searches

Recombination of e−hþ pairs created by tracks passing
through detector materials is an important source of back-
grounds at sub-GeV dark-matter experiments. One reason
for the relevance of this process is that the energy liberated
in the recombination of a single e−hþ pair is of the order of
the material’s band gap, i.e., a few eVor less. Such energies
coincide with the ones obtained from sub-GeV dark-matter
scattering in detectors, so recombination photons or pho-
nons naturally fall within the signal regions of dark-matter
searches. In addition, luminescence or phonon events from
recombination can avoid track-related vetoes and effec-
tively constitute backgrounds in a variety of ways. As an
example, and as discussed in Sec. II B, photons may avoid
vetoes if they are long-lived in the material, a possibility
that is very natural in band-to-band recombination, since
the emitted photons are near band gap. Another possibility,
which for brevity is not discussed here in much detail, is
that vetoes based on the time coincidence of the lumines-
cence with the originating tracks can be avoided if the
return of the excited electrons to the ground state happens
slowly, a phenomenon called long-lasting phosphorescence
or “afterglow” [169]. Phonons from nonradiative recombi-
nation, on the other hand, may avoid vetoes if they are
generated in uninstrumented detector materials that are in
contact with the detector target, such as holders and clamps,
and subsequently make it into the target.
To illustrate how recombination can lead to large back-

grounds rates at dark-matter experiments, we discuss the
recombination of e−hþ pairs created by the passage of a
single-electron track through a typical detector material.
For brevity, we focus here on possible backgrounds from

radiative recombination only, and we briefly comment on
the relevance of nonradiative recombination in Sec. VI D.
We consider the case of a track passing through Si and

take the track energy E ¼ 200 keV. According to Fig. 6,
such a track travels le ∼ 200 μm in Si before stopping.
Given the mean ionization energy in room-temperature Si,
ϵ ¼ 3.63 eV [144], the track leads to

Neh ¼ 6 × 104 ð4:17Þ
e−hþ pairs distributed as a cloud around the track trajectory
(a similar number of e−hþ pairs is obtained at other
temperatures). Assuming that the track is approximately
straight, the shape of the cloud is cylindrical. As discussed
in the previous sections, the radius of the cylinder r is
expected to be a few times the electron and hole mean-free
paths, which in Si are of the order of

r ∼ 10−2 μm: ð4:18Þ

For our estimates below, in what follows we take the
cylinder radius to be equal to Eq. (4.18). The corresponding
density of the e−hþ cloud left by the track is then

ne ¼ nh ¼
Neh

πr2le
∼ 1018 cm−3: ð4:19Þ

After the passage of the track, the electrons and holes in the
cloudmove due to diffusion or are drifted by an electric field.
They also recombine, leading to low-energy photons that
contribute to backgrounds. We now calculate the number of
recombination photons emitted in the process, first for a track
passing through high-purity Si and later for doped Si.

1. Passage of a track through undoped Si

For the case of undopedSi,most of the carriers found in the
material are simply those left by the track. In order to
understand the fate of these electrons and holes, we must
compare the timescales for diffusion, drift, and different
recombination mechanisms. Using Eqs. (4.7), (4.10), (4.14),
and (4.16), typical initial diffusion and recombination
times are

τdrift0 ∼
r
μE

¼ 10−12 s

�
103 cm2=V=s

μ

��
103 V=cm

E

�
;

τdiff0 ∼
r2

D
¼ 10−13 s

�
10 cm2=s

D

�
;

τdirect0 ¼ 1

Bne;h
¼ 10−4 s

�
10−14 cm3=s

B

�
;

τtrap0 ¼ 1

cdeepndeept

¼ 10−6 s

�
10−9 cm3=s

cdeep

��
1015 cm−3

ndeept

�
;

τAuger0 ¼ 1

an2e
¼ 10−5 s

�
10−31 cm6=s

a

�
; ð4:20Þ
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where the subscript “0” emphasizes that these are the initial
timescales right after the passage of the charged track; we
discuss the evolution of the timescales below. In Eq. (4.20),
we take typical room-temperature values for the diffusion
constant and recombination coefficients from Eq. (4.5) and
Table I. In order to obtain the electric drift time,we assume an
electric field value E similar to the one applied across the
SENSEI CCD to drift electrons and holes toward the readout
stage, which is also within a few orders of magnitude of the
electric field applied at the SuperCDMS HVeV detector
target to induce the Neganov-Trofimov-Luke effect [68,71].
We also take a deep-trap density of ndeept ¼ 1015 cm−3 and a
trap recombination coefficient ofcdeep ¼ 10−9 cm3=s,which
are typical values in Si [154]. However, in ultrapure Si, the
trap-assisted recombination can be as large as approximately
10−2 s. [170] Inspecting the timescales in Eq. (4.20), it is
clear that, immediately after the passage of the track, the
fastest process in action is e−hþ diffusion. If the electric field
is present, the second-fastest process is movement of the
pairs by electric drift. After carrier movements, the fastest
process is trap-assisted recombination, which, as discussed
previously, happens nonradiatively.
Now, as the electrons diffuse radially away from the

track trajectory, both the density and the density gradients
of the electrons and holes decrease. Correspondingly, the
diffusion time increases as the inverse density τdiff ∼ 1=ne;h,
starting from its initial value in Eq. (4.20). The trap-assisted
recombination time, however, is independent of the e−hþ
density and stays constant.
From the above discussion, a clear picture of the

evolution of the e−hþ cloud arises. Consider first the case
of the absence of an electric field. After the passage of the
track, electron holes quickly diffuse away from the track.
The electron and hole densities and density gradients drop,
so diffusion slows down until the diffusion timescale
becomes comparable to the trap-assisted recombination
time: τdiff ∼ τtrap ∼ 10−6 s. Finally, after a few trap-assisted
recombination times, most of the electron holes disappear
by recombining nonradiatively. On the other hand, if an
homogeneous electric field across the material is present,
carriers first diffuse and then are drifted to the surfaces of
the material. If, for instance, an electronics readout stage or
electronics connections to ground are located at the
surfaces, the carriers leave the material. Otherwise, they
eventually recombine close to the surfaces of the material
into phonons.
Even if most of the electrons and holes recombine

into phonons, a small fraction of them recombine radia-
tively. The radiative recombination rate, which is propor-
tional to the density of electrons times the one of holes
[cf. Eq. (4.8)], is large right after the passage of the track,
when these densities are the highest. As electrons and holes
diffuse or drift, the radiative recombination rate decreases.
Thus, we can obtain an estimate of the number of pairs that
recombine radiatively by considering only the process over

the first diffusion time. The total number of radiated
photons is then

Nγ ∼ Neh
τdiff

τdirect

∼ 6 × 10−5
�
10 cm2=s

D

��
B

10−14 cm3=s

�
: ð4:21Þ

Comparing the estimate in Eq. (4.21) with the amount
of photons created via the Cherenkov effect by a single
track [Eq. (2.10)], we find that radiative recombination is a
subleading source of photons in undoped Si. However,
three important observations elucidate the relevance of
radiative recombination. First, while the overall number of
recombination photons from a single track is small, all
these photons are near band gap (cf. Fig. 13) and, therefore,
long-lived, so they can deposit their energy in the detector
far from their originating track. As already discussed in
Sec. II B, such photons may efficiently constitute back-
grounds in, e.g., CCD-based detectors, since they can avoid
track-related vetoes. Second, while the rate for radiative
recombination is small in high-purity Si, the situation is
drastically different in the doped scenario, which we dis-
cuss below. Third, the radiative recombination coefficient is
significantly enhanced at cryogenic temperatures [161],
and in high-purity semiconductors trap-assisted phonon-
mediated recombination is suppressed. In these setups,
radiative recombination can be a significant source of
backgrounds. The enhancement of the radiative recombi-
nation coefficient at low temperatures is particularly rel-
evant, as many dark-matter detectors are, in fact, operated
cryogenically.

2. Passage of a track through doped Si

When doping is included, in addition to the e−hþ pairs
created from the passage of the track, a large background
density of electrons or holes from the dopant already exists
in the material. This enhances radiative recombination of
the pairs left by the track, as these electrons or holes can
recombine with the large number of background carriers
donated by the dopant.
For concreteness, let us consider the case of n-doped Si

with an n-doping density nd ¼ 1018 cm−3. In this case,
holes left by the track recombine with the background
electrons from the dopant, and the timescales for the
corresponding hole recombination channels are

τdirect ¼ 1

Bne
¼ 10−4 s

�
10−14 cm3=s

B

�
;

τtrap ¼ 1

cdeepndeept

¼ 10−6 s
�
10−9 cm3=s

cdeep

��
1015 cm−3

ndeept

�
;

τAuger ¼ 1

an2e
¼ 10−5 s

�
10−31 cm6=s

a

�
: ð4:22Þ
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Differently from the undoped scenario, these timescales do
not evolve in time, as they depend on only the electron
density, which is set by the dopant and not affected by the
diffusion of the holes left by the track. As a consequence,
we can obtain the total number of recombination photons
by simply multiplying the radiative recombination rate
with the lifetime of the holes, which is set by the fastest
recombination process in Eq. (4.22), i.e., by trap-assisted
recombination. The total number of photons obtained from
recombination for our single-electron track is then given by

Nγ ∼ Neh
τtrap

τdirect

∼ 6 × 102
�
10−9 cm3=s

cdeep

��
1015 cm−3

ndeept

�

×

�
B

10−14 cm3=s

�
: ð4:23Þ

The large number of photons obtained in our estimate
clearly shows the relevance of radiative recombination as a
source of backgrounds in dark-matter detectors. Note that
this number is also many orders of magnitude larger than
the one in Eq. (4.21) obtained for undoped Si and also
larger than the number of photons with approximately 1-eV
energies obtained from the Cherenkov process by the same
track [Eq. (2.10)]. In the next section, we demonstrate that
radiative recombination in SENSEI is an important back-
ground, since the CCD back side is unthinned and has a
few-micron-thick layer with high phosphorus doping.

V. RADIATIVE BACKGROUNDS AT CURRENT
DARK-MATTER EXPERIMENTS

In this section, we give an overview of how backgrounds
from Cherenkov radiation, recombination, and transition
radiation are realized in recent results from SENSEI at
MINOS [68], SuperCDMS HVeV [71], and EDELWEISS
[70]. We also briefly discuss the results from CRESST-III
[61,62], the EDELWEISS-Surf Ge bolometer [48], and
the SuperCDMS cryogenic photodetector (CPD) [72]. In
Sec. VI, we discuss upcoming and proposed experiments.
Our selection of experiments is representative of a

variety of detection strategies and environmental character-
istics. For example, the data from SENSEI at MINOS and
SuperCDMS-HVeVare taken at a shallow underground site
or on the surface, respectively, with little shielding [68,71],
while the data from EDELWEISS are taken deep under-
ground in a well-shielded environment [70]. All experi-
ments have excellent timing resolution with the exception
of SENSEI, which instead has excellent position resolution
and very little timing information. Detectors with good
timing resolution are not affected by radiative backgrounds
that are generated in the target itself, since such photons are
detected at the same time as the high-energy charged track.
For these detectors, radiative backgrounds are observed as

low-energy events if they originate from uninstrumented
materials near the target. At SENSEI and other CCD-based
detectors, on the other hand, background photons can be
generated in both the target and surrounding material.
We see that a precise calculation of the Cherenkov

radiation, recombination, and transition radiation back-
grounds is, in general, rather complicated. However, our
discussion makes it clear that these processes undoubtably
contribute to the low-energy backgrounds at current and
future experiments.

A. SENSEI at MINOS

The SENSEI experiment uses Si Skipper charged-
coupled devices to probe dark matter that interacts with
electrons [22,35,46,68]. Dark-matter scattering in an
approximately 1.9 g Skipper CCD excites electrons from
the Si valence band into the conduction band, creating
e−hþ pairs. The excited pairs are quickly drifted to the
Skipper CCD’s surface via an applied electric field, where
they are stored until being read out.
We focus on the results reported by SENSEI in Ref. [68].

These results are based on data collected during 24 days in
early 2020 at the MINOS cavern at Fermilab. During the
24 days, the Skipper CCD is exposed 22 times, for a period
of 20 h each time, which is followed by a 5.15-h reading
period. Each such 20-h exposure plus readout is called a
“CCD image.” The Skipper CCD has a thickness of 675 μm
and a total area of size approximately 9.4 cm × 1.6 cm. The
latter area is divided into a two-dimensional array of pixels of
size 15 μm× 15 μm, with each pixel having the same
thickness as the CCD. Signal events are categorized by
the number of e−hþ pairs that they createwithin sets of pixels
defined by the search analysis (1e− events, 2e− events, etc.).
To mitigate backgrounds arising from high-energy

events such as charged tracks, SENSEI imposes several
selection criteria (“cuts”) on the data. One of the most
important cuts is the “halo mask.”High-energy events leave
tracks of energy depositions in the CCD, in the form of
multiple e−hþ pairs along the track. To discriminate such
background events from the hypothetical dark-matter
signal, all the pixels that have a distance to a track smaller
than some “halo-mask radius” (measured in number of
pixels) are removed from the analysis. For quoting a final
single-electron-event rate, a benchmark halo-mask radius
of 60 pixels is chosen, outside of which the rate of single-
electron events is reported to be R1e− ∼ ð450� 45Þ=g-days.
Several hypotheses to explain these events are discussed in
Ref. [68], but no currently known background is able to
account for them.
Here, we propose two novel explanations for the origin

of the single-electron events: We argue that a significant
fraction of them is due to the emission of (i) Cherenkov and
(ii) recombination photons that are generated as charged
particles pass through the detector. [171] Transition radiation
also contributes single-electron events, but the corresponding

SOURCES OF LOW-ENERGY EVENTS IN LOW-THRESHOLD … PHYS. REV. X 12, 011009 (2022)

011009-19



rate at SENSEI is negligible compared to the rates obtained
from Cherenkov and recombination photons. [172].
We present a simplified schematic of the SENSEI

detector in Fig. 14. The main parts of the detector are
the CCD and a “pitch adapter,” both made of Si, and the
epoxy glue between them. The back side of the CCD
contains a Oðfew-micronÞ-thick layer of Si that is highly
doped with phosphorus. These parts are placed in a copper
housing.

1. Cherenkov photons

Cherenkov photons are emitted by tracks as they pass
through the CCD, pitch adapter, or epoxy glue. For brevity,
we consider here only Cherenkov radiation arising from the
CCD, which, given its dimensions compared with the pitch
and epoxy glue, should already provide anOð1Þ fraction of
all Cherenkov photons.
In order for the Cherenkov photons to be registered as

events after applying the halo-mask cut, they must travel
at least 60 pixels (900 μm) away from their originating
track before converting into e−hþ pairs. As discussed in
Sec. II A, photons have a large mean-free path in the
dielectric material if they have energies near or below its

band gap. In Fig. 15, we show the photon mean-free path
in Si at the SENSEI operating temperature T ¼ 135 K.
From the figure, we see that only photons with energy
ω≲ 1.2 eV can travel more than 60 pixels ¼ 900 μm
radially away from the track. On the other hand, only
photons with frequency above ω≳ 1.1 eV are energetic
enough to create e−hþ pairs in Si [173]. Thus, we can obtain
an order-of-magnitude estimate of the number of Cherenkov
events by calculating the total number of Cherenkov photons
in the frequency range 1.1 ≤ ω ≤ 1.2 eV, which are emitted
by all the charged tracks passing through the Skipper CCD.
The charged tracks and their energies are measured by
SENSEI and are reported in Ref. [68]. With this procedure,
we find that the number of single-electron events expected at
SENSEI from Cherenkov backgrounds is (see Appendix B
for more details)

RCherenkov
1e− ∼ 500=g-day: ð5:1Þ

This compares favorably with the observed rate R1e− ¼
450=g-day, although, as we discuss below, this result should
be seen as only a rough estimate.
Further evidence in favor of our hypothesis comes from

analyzing the Cherenkov event rate as a function of the
halo-mask radius. Besides the benchmark halo radius of
60 pixels, SENSEI also reports rates for other halo-mask
radii. They find that the single-electron-event rate increases
for smaller halo-mask radii, i.e., when including events
closer to the tracks. As an example, when reducing the halo
radius from its benchmark value to approximately five
pixels, the single-electron-event rate is measured to
increase to approximately 900/g-days. Our hypothesis also
accounts for the increase of the rate as the halo mask is
decreased, since most of the emitted Cherenkov photons
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Copper
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Top view

9.4 cm
11.4 cm

1.59 cm

Copper
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Skipper CCD
Epoxy

Side view

675 m

675 m

   75 m

255 m

2380 mVacuum

CCD back-side layer with high 
phosphorus doping  (~6 m)

FIG. 14. Schematic depiction of the SENSEI Skipper CCD
detector module in the MINOS cavern, a shallow underground
site, for taking the data described in Ref. [68]. The active part of
the detector is the Skipper CCD (orange). A Si pitch adapter
(blue) is glued with epoxy (gray) to the Skipper CCD. This is
placed inside a copper module (red). The CCD back side contains
a few-micron-thick layer that is heavily doped with phosphorus
(magenta). We omit several details of the detector, including a
series of layers with thicknesses of the order of approximately
1 μm or below that exist in between the Skipper CCD and the
epoxy. The entire copper module shown is surrounded by lead
bricks, placed inside a copper vessel, and then surrounded with
additional lead shielding.

FIG. 15. Photon attenuation length in Si for energies close
to the indirect Si band gap, ESi

g ¼ 1.14 eV, at the SENSEI opera-
ting temperature T ¼ 135 K. The data are taken from a fit in
Ref. [173], which allows for single-phonon-assisted transitions.
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are converted into e−hþ pairs close to their originating
track. This is illustrated in Fig. 16, where we show the
number of Cherenkov photons that arise from one electron
track and that travel at least a distance lr radially away
from the track before converting into an e−hþ pair. Such
photons, thus, pass the cut corresponding to a halo-mask
radius of the order of lr. From the figure, we clearly
observe that the number of expected Cherenkov-induced
e−hþ events increases as smaller halo-mask radii are
considered.

2. Luminescence from recombination of e−h+ pairs

A second possible contribution to the backgrounds
observed by SENSEI are photons that arise from the
recombination of e−hþ pairs, which are created as charged
tracks pass through the CCD, epoxy, or pitch adapter.
As discussed in Sec. IV B, each track generates tens of
thousands of e−hþ pairs when passing through these
materials, which can recombine either radiatively or non-
radiatively. The rates for the different recombination
mechanisms are material dependent. The CCD and pitch
adapter found in SENSEI are made mostly out of high-
purity, undoped Si. In addition, while there is no electric
field in the pitch adapter, there is a nonzero electric field
across the bulk of the CCD. In both cases, we know from
Sec. IV B that only a tiny fraction of the e−hþ pairs
recombine radiatively [cf. Eq. (4.21)], naively suggesting

that recombination is not a relevant source of backgrounds
for SENSEI.
Very importantly, however, the back side of SENSEI’s

CCD (as seen in Fig. 14) has a few-micron-thin layer of
phosphorus-doped Si, where the doping concentration is as
high as 1020 cm−3 and where there is no electric field. Even
if this region is small, in doped materials radiative recom-
bination is extremely efficient, as discussed in Sec. IV B.
As a consequence, as tracks pass through the doped layers,
they lead to a large number of recombination photons,
which can travel to and be absorbed in the bulk of the CCD
and contribute to the observed single-electron events.
Moreover, most of the recombination photons are near
band gap and, thus, have a large absorption length, so they
can avoid the halo-mask cut.
As with the Cherenkov events, to estimate the number

of single-electron events now due to recombination, we
calculate the total number of photons emitted in the
range of frequencies 1.1 eV ≤ ω ≤ 1.2 eV. Using the
radiative recombination fraction in Eq. (4.23), the spectrum
Eq. (4.9), and the number of tracks observed at SENSEI,
we obtain (for details, see Appendix B)

Rrecombination
1e− ∼ 500=g-day: ð5:2Þ

Our estimate clearly indicates that radiative recombination
in the doped layers of the CCD is an important source of
backgrounds at SENSEI and may explain a large fraction of
the observed single-electron-event rate.
Finally, we comment briefly on the possible lumines-

cence of epoxy. After the passage of a charged particle
through the epoxy, it is possible that some of the deposited
energy is reemitted as radiation, which can produce events
in the CCD. The front side of the CCD (which faces the
epoxy) contains a poly-Si layer with a thickness of about
0.6 μm. Photons need to travel through this layer and be
absorbed in the Si bulk in order to be registered as an event.
Only photons with an energy below approximately 2.8 eV
can traverse the front-side layer. It is possible that the epoxy
luminesces below this energy [174]. It may be possible,
even if unlikely [175], that such events occasionally create
a (single-pixel) 2e− event. A detailed study of the lumi-
nosity and scintillation efficiency of epoxy is needed to
characterize these possible backgrounds more precisely.

3. Transition radiation

Transition radiation from the copper-vacuum, vacuum-
CCD, vacuum-pitch-adapter, and other interfaces can
produce photons across a wide range of energies. [176]
However, in order for photons to be registered as an
event, they first need to penetrate into the bulk of the
CCD, which requires their energy to be close to the band
gap. Most of the CCD front side is covered by the pitch
adapter and epoxy, requiring photons that are generated at
the copper-vacuum interface to be within 0.1 eV of the

FIG. 16. Total number of photons produced by a single high-
energy electron track passing through Si, which travel radially
away from the track for a distance of at least lr. Such photons
have a mean-free path satisfying lγ ≥ lr= sin θCh. The electron’s
kinetic energy is Ek ¼ 250 keV (blue curve) or Ek ¼ 500 keV
(red curve). The top x axis shows the maximum frequency that
allows the photon to travel at least lr. Vertical lines show the
dimensions corresponding to 5, 30, and 60 pixels in the Skipper
CCD at SENSEI.
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band gap. Even the small regions that are uncovered have a
0.6-μm-thick poly-Si layer (see the discussion above),
requiring photons to have an energy below approximately
2.8 eV to traverse into the bulk. On the back side, there is an
approximately 6-μm layer of (n-doped) Si and poly-Si,
requiring the photon energies to be below approximately
1.8 eV in order to be registered in the bulk. We find that
transition radiation contributes much less than Cherenkov
radiation or recombination to the single-electron-event
rates. More details are provided in Appendix B.

4. Summary

Summing both our Cherenkov and recombination event-
rate estimations, we see that both of these processes can
easily generate over 1000 events per g-day, a number that is a
factor of approximately 2 larger than the measured rate of
450/g-day. Our calculations, however, must be taken as only
order-of-magnitude estimates, as we neglect a myriad of
details that must be accounted for to calculate a precise
background event rate. In order to refine our estimates, a
detailed simulation of these two sources of backgrounds in
the SENSEI detector is required, which will be done in a
companion paper [178]. In that reference, we will discuss
several aspects that are crucial for obtaining a realistic
background rate estimate, which include (i) the precise
distribution of the electron and muon tracks in the detector,
(ii) all data analysis cuts, (iii) the exact geometry and
properties of the detector materials, (iv) reflection and
transmission of Cherenkov and recombination photons on
detector surfaces, (v) the detailed properties of the layers
of doped material in the CCD, and (vi) absorption of
Cherenkov and recombination photons in the phosphorus-
doped CCD layers and the epoxy. There, we confirm that our
very rough estimates [Eqs. (5.1) and (5.2)] arewithin a factor
ofOð1–10Þ of amuchmore detailed background simulation.
In Ref. [178], we will also discuss the 2e−hþ-pair event rate.

B. SuperCDMS HVeV above ground

The SuperCDMS high-voltage eV-resolution (HVeV)
detectors [36,71] aim to detect dark matter via its scattering
with electrons in a Si target. The e−hþ pairs created in the
scattering process are drifted toward the surfaces of the Si
target by an applied bias voltage, creating phonons along
their way via the Neganov-Trofimov-Luke effect [179,180].
In this way, the energy deposited by the scattering event is
amplified, so that a small energy resolution can be achieved.
The phonon energy is measured by quasiparticle-trap-
assisted electrothermal-feedback transition edge sensors
(QETs) attached to the surface of the Si detector.
In our discussion, we focus on the detector setup and

results described in Ref. [71,181], which correspond to data
collected during 7 days in 2019 in a surface laboratory at
Northwestern University using a 0.93 g Si crystal target.
Given that the detector is near surface, it is exposed to a
large number of backgrounds from cosmic high-energy

events. One important tool available at SuperCDMS to
discriminate signal events from backgrounds is the detec-
tor’s excellent timing resolution (of the order of 10 μs),
which allows events that coincide with the passage of
energetic tracks to be vetoed. More specifically, physics
events are identified using a pulse shape, which is of the
order of 100 μs. Note that this is in sharp contrast with
the strategy followed by SENSEI discussed previously,
where there is little timing information and backgrounds
are instead discriminated using information regarding the
location of energy depositions in the CCD.
The final dark-matter search dataset observed by

SuperCDMS is a spectrum of n-e−hþ-pair events registered
within their pulse-shape time window, where n ranges from
1 to 6 [71]. We show their results in Table II. The observed
single-e−hþ-pair events are likely dominated by charge
leakage [183]; however, the origin of the events with n ≥ 2
e−hþ pairs is unknown [71]. SuperCDMS tests the results
with different bias voltages (100 and 60 V), finding that the
rate of events is similar for both voltages.
We now argue that Cherenkov photons generated in the

nonconductive material surrounding the HVeV Si detector
can plausibly explain the number of events containing
n ≥ 2 e−hþ pairs, both in magnitude and in spectral shape.
We also mention the contribution from transition radiation,
which is, however, likely subdominant compared to that
from Cherenkov photons. In addition, luminescence from
the materials surrounding the target could contribute to the
backgrounds, but nothing precise can be said about this
possibility without detailed measurements of the lumines-
cence properties of these materials [184].
A schematic layout of the main components of the HVeV

detector module inside its copper housing is presented in
Fig. 17. The Si HVeV detector is clamped with metallic
screws between two PCBs made of a material composed of
woven fiberglass cloth with an epoxy resin binder.

1. Cherenkov photons

Cherenkov photons are generated by tracks passing
through the PCBs, the Si detector, and other dielectrics

TABLE II. The rate of n e−hþ pairs, Rn, observed with the
SuperCDMS HVeV detector for two different bias voltages [71].
The uncertainty on the quoted rates corresponds to 3σ, assuming
Poisson statistics.

HVeV rates ðg-dayÞ−1
100 V 60 V

R1 ð149� 1Þ103 ð165� 2Þ103
R2 ð1.1� 0.1Þ103 ð1.2� 0.2Þ103
R3 207� 40 245� 86
R4 53� 20 77� 48
R5 16� 11 20� 25
R6 5� 6 10� 17
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found in smaller quantities within the copper vessel, such as
plastic connectors. Cherenkov photons produced by tracks
passing through the target are easily removed by vetoing
time windows around the high-energy event, as described
above. That leaves us only with the Cherenkov photons due
to tracks that pass exclusively through uninstrumented
materials, such as the PCBs, which are not vetoed. Such
photons may escape the uninstrumented materials and
make their way into the detector (either directly or after
reflecting one or more times off the copper or other surfaces
inside the copper vessel), producing a low-energy back-
ground. We now provide an overview on how to estimate
the number of photons created in this way, concentrating
in photons originating in the PCB. We refer the reader
to Appendix C for a more detailed explanation of our
calculations.
The number and spectrum of Cherenkov photons created

in the PCB can be obtained given its dielectric properties
and the number of tracks going through it, the details of
which are not available. We assume that the PCB’s
dielectric properties are similar to the “NEMA FR4 plate”
found in Ref. [185], which is made of 61% SiO2, 15%
epoxy, and 24% of bromine and oxygen. We then approxi-
mate the real part of the dielectric function, ReϵðωÞ, by the
PCB’s dominant SiO2 component (see Sec. II A). To
determine if photons can escape the PCB, we estimate

the PCB’s photon absorption coefficient from the absorp-
tion coefficient of its SiO2 and epoxy components, ignoring
possible contributions from bromine and oxygen. We take
the photon absorption length in SiO2 from Ref. [114] and
epoxy from Ref. [186].
To estimate the number of tracks passing through the

PCB, we proceed as follows. For the incident high-energy
muon track rate and energy spectrum, we use the data in
Ref. [187]. There is no public information available for the
rate and spectrum of the high-energy electron background,
so we simply assume that the spectrum is the same as that
observed at SENSEI [68] but normalized higher by a factor
of 60 given that SuperCDMS is closer to the surface. This
brings the background rate in line with the one observed in
the SuperCDMS cryogenic photodetector (CPD) [72] and
should constitute a reasonable estimate of the background
rate in the HVeV detector [183]. In addition, we consider
only tracks that pass sufficiently close to the edges of the
PCB board, which lead to photons that have a large chance
of escaping given the PCB’s absorption coefficient. It is
very plausible that a large fraction of such tracks pass
through the PCB without hitting instrumented parts of the
detector and are, thus, not vetoed.
With the above assumptions, we estimate that the

number of Cherenkov radiation events per g-day of detector
exposure from interactions of charged particles in the PCB
(see Appendix C for details) is

NCherenkov
events ∼ 2.8 × 104=g-day: ð5:3Þ

Each of these events contains some number of Cherenkov
photons with a range of energies, some of which may
escape the PCB. Given that the PCB has a frequency-
dependent absorption coefficient, the photons that can
escape the PCB inherit a characteristic spectrum, shown
in Fig. 18 for photons originating from a typical (average)
track. Some of the Cherenkov photons that exit the PCB are
expected to reach the detector target, either directly or after
bouncing off various materials or the copper walls of the
vessel. As shown in Fig. 18, many of these photons have
energies above the Si band gap, so these produce e−hþ
pairs if they are absorbed in the Si detector. The observed n-
electron events are then obtained from the absorption of one
or multiple Cherenkov photons, depending on the energy of
each photon and the charge yield in Si. Given the large
number of photons obtained in our estimate as compared
with the rates measured at SuperCDMS, it is very plausible
that Cherenkov photons are an important source of back-
grounds at the HVeV detector.
In order to calculate the actual rates of n-electron events

from Cherenkov radiation, it is necessary to know the
probability f for a photon that has escaped the PCB to
reach the detector target without being absorbed by other
detector parts. Calculating this detection probability
requires a detailed detector simulation, which is beyond
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FIG. 17. Schematic depiction of the SuperCDMS HVeV
detector module that takes surface data described in Ref. [71].
The active part of the detector is the “Si detector” (blue), which is
clamped between two printed-circuit boards (PCBs, gray-green)
that are partially covered with a layer of copper (two shades of tan
color). All surfaces of the two PCBs are coated with copper,
except the area denoted as “bare PCB” on the front surface of the
upper PCB from the top view, as well as the side surfaces. A Si
“veto detector” is placed on top of the top PCB. Two plastic
connectors (black) and a flex cable (not shown) are also located in
the copper housing (red).
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the scope of this work. However, an alternative way to
obtain this probability is to simply fit the predicted
n-electron spectrum for a given f to the observed
SuperCDMS data, assuming that all the measured n ≥ 2
events are due to Cherenkov photons (recall that the single-
electron events are expected to come from charge leakage).
With this assumption and ignoring that f is likely energy
dependent, we obtain f ≈ 1.6 × 10−3. The smallness of the
detection probability required to fit the data is indicative
of the extremely large number of Cherenkov photons that
are being created by tracks at the PCB. With this one-
parameter background model, we can predict six observ-
ables, namely, the Cherenkov-induced n-electron spectrum
shape 1 ≤ n ≤ 6. We show the corresponding spec-
trum shape in Fig. 19. The figure clearly indicates that
Cherenkov photons coming from the detector’s PCB could
plausibly precisely reproduce the observed event spectrum
of the n ≥ 2 electron events.
While our hypothesis that Cherenkov radiation explains

the observed low-energy events with n ≥ 2 e−hþ pairs is
plausible, we cannot definitively prove that all, or even
most, of the observed events are from Cherenkov radiation.
For this, we need to know (i) the precise spectrum of the
high-energy background, (ii) the optical properties of the
PCBs and all dielectric materials inside the copper vessel,
and (iii) a better understanding of the detection probability
f of each Cherenkov photon, etc. This requires a careful
measurement of the optical properties of the PCB and the

other nonconductive materials inside the copper housing, as
well as a detailed simulation.

2. Transition radiation

We now discuss the contribution from transition radia-
tion. When charged particles pass through the surfaces of
the copper vessel, PCB, or other materials, without inter-
secting the instrumented target, they generate photons from
transition radiation. These photons can be registered as an
event once they reach the detector. Considering only the
surfaces with the largest area, i.e., the inner wall of the
copper vessel, we estimate that the total number of
transition radiation events is

NTR
events ∼ 1000=g-day: ð5:4Þ

More details of our estimate can be found in Appendix C.
Comparing this number with NCherenkov

events in Eq. (5.3) sug-
gests that transition radiation provides a much smaller
contribution to the observed event rate. For example,
assuming the same detection probability f mentioned
above, transition radiation contributes negligibly to n-
electron events at SuperCDMS. However, since the spec-
trum of an emitted photon is quite different than that of
Cherenkov photons, the detection probability f might not
be the same, so we cannot draw a definite conclusion
without a dedicated simulation. Moreover, the PCB con-
sists of different materials that are woven together; it is
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FIG. 18. The spectrum of Cherenkov photons that are able to
escape the PCB, produced by an average single charged particle
interacting in the PCB. The sharp drop in the spectrum at
approximately 8 eV is due to the SiO2 component of the
PCB, which becomes highly absorptive at photon frequencies
close to and above the material’s band gap. See Appendix C 1 for
details.
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FIG. 19. The estimated n-electron event rate from Cherenkov
radiation at SuperCDMS HVeV (blue line) based on a simple
model with several assumptions and a photon detection proba-
bility f ≈ 1.6 × 10−3 (see the text for details). The experimental
data with 100 V bias voltage are shown in black with the error
bars corresponding to the 3σ statistical uncertainty [71].
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possible that a track can make multiple transitions between
different materials inside the PCB, thereby generating a
large number of transition photons.
The value of NTR

event in Eq. (5.4) is still very large, so that
transition radiation should be carefully studied as a source
of low-energy backgrounds in this and future versions of
SuperCDMS-HVeV. In particular, transition radiation could
be an important background source even in the absence of
nonconductive materials in the detector housing (which
would remove Cherenkov radiation).

3. Luminescence

We are unable to say anything quantitative about
possible luminescence backgrounds at SuperCDMS-
HVeV. It is possible that some low-energy events are
generated if the PCB has a nonzero luminescence, but
this requires detailed measurements of its properties. That
being said, it is very important to point out that radiative
recombination is expected to be significantly enhanced at
cryogenic temperatures (see, e.g., Ref. [161] for the case of
recombination in Si at low temperatures), so it could be a
significant source of low-energy photons.

C. EDELWEISS at Modane

The EDELWEISS Collaboration published a first search
for sub-GeV dark matter using a Ge cryogenic target in
Ref. [70]. In this search, electrons produced in the Ge
target are drifted with a bias voltage (approximately 78 V)
and amplified, creating phonons via the Luke-Neganov-
Trofimov effect [179,180]. While the detection principle
is similar to the SuperCDMS HVeV search discussed in
the previous section, an important difference is that the
EDELWEISS Ge detector is operated in a well-shielded,
underground, low-background environment at the Modane
Underground Laboratory. Nevertheless, a large event rate
is observed, peaking at approximately 4 × 108 differential-
rate units [188] (DRU) at an ionization energy equal
to approximately 4 eV and flattening out at a rate of
approximately 105 DRU for ionization energies in the
range approximately 15 eV. The total exposure is approx-
imately 2.4 days. We see below that, given the quiet
environment in which the detector is placed, such events
cannot originate from high-energy tracks going through the
materials near the target sensor. This is regardless of
the mechanism by which the charged tracks produce
radiation, may it be Cherenkov radiation, transition radi-
ation, or luminescence. However, we also show that
Cherenkov backgrounds, in particular, and perhaps even
luminescence due to e−hþ pairs created by tracks, could
still be large enough to limit the future sensitivity of this
experiment to sub-GeV dark matter. Transition radiation
constitutes likely only a small background, since many of
the tracks that pass, e.g., the copper-vacuum interface also
hit the detector and are vetoed.

A schematic of the EDELWEISS detector is given in
Fig. 20. It consists of a 33.4 g Ge target that is contained
inside a copper housing. The detector is clamped between
three Teflon (PTFE) holders on the one side and three
sapphire spheres on the other side. High-energy tracks that
interact with either the uninstrumented Teflon holders or
sapphire spheres can produce radiation. It is possible that
the heat produced by the high-energy events that interact in
the Teflon is detected also in the EDELWEISS detector
[189], so that radiation produced in the Teflon could be
vetoed; however, this does not seem to be possible with the
events produced in the sapphire.
Given the deep underground location of the detector,

cosmic high-energy events are rare, so the tracks passing
through the sapphire or Teflon are mostly due to radio-
activity intrinsic to these materials or from environmental
radioactivity. The most important source of radioactive
backgrounds is the former, which is due to the contami-
nants 238U and 40K [190]. The Teflon holders have a
measured 238U contamination of 10� 5 mBq=kg, while
their 40K contamination is not reported. The contamination
of the sapphire spheres is unknown. Assuming that the
238U and 40K contamination of the Teflon and sapphire is all
equal at a rate of 10 mBq=kg, we estimate that the 33.4 g
Ge detector in 2.4 days sees about 1.5 tracks from internal
radioactivity in the sapphire and Teflon holders.
Regarding the environmental gamma-ray backgrounds

inside the EDELWEISS cryostat, we may use numbers
from the 860 g Ge EDELWEISS-III detector that operates
in a similar environment [190]. For this detector, the total
integrated rate from 100 keV to 4 MeV is about 370 counts/
kg/day [189,190]. If this same rate is incident on the
sapphire and teflon, then the number of tracks due to
environmental radioactivity in the 2.4 days of exposure
is about 0.3. Therefore, summing the contributions from
high-energy particles from the ambient radioactive back-
ground and from impurities, we expect at most a couple
of tracks passing through the Teflon and sapphire during
the detector’s exposure, which leads to at most two events.

Ge detector

Copper vessel

Teflon holder

Top view

Ge detector
Sapphire ball

Copper vessel

Copper clamp

Bottom view

FIG. 20. Schematic depiction of the EDELWEISS Ge detector
module used to take the data described in Ref. [70]. The Teflon
holders each have a mass of 0.05 g (ρPTFE ¼ 2.2 g=cm3). The
sapphire balls have a diameter of 3.18 mm, and each has a mass of
0.067 g (ρAl2O3

¼ 3.98 g=cm3).
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The EDELWEISS data show, however, an event rate that is
several orders of magnitude higher. We conclude that the
observed backgrounds cannot be due to any type of
radiation coming from tracks in the main uninstrumented
materials surrounding the detector.
Looking toward the future, it is worth pointing out that

the radioactive high-energy tracks discussed above, even if
rare, do still contribute a sizable low-energy background
rate. Since both sapphire and Teflon are dielectric materials,
tracks passing through them lead to Cherenkov radiation.
Cherenkov radiation in sapphire is discussed in Sec. II A,
where we find that tracks with energies above approxi-
mately 100 keV, which is in the typical energy range of
radioactive tracks, lead to Cherenkov photons. In addition,
electrons and holes produced by tracks in sapphire are
shown to produce luminescence due to defects, leading to
approximately 3 eV photons [191]. Regarding Teflon, the
dielectric constant of Teflon is measured in Ref. [192] to be
about ϵPTFE ∼ 1.6 in the energy range 0.8–3 eV, rising to
ϵPTFE ∼ 2.1 at an energy of 8.8 eV; this implies that
Cherenkov photons can be generated from electrons with
energies above approximately 200–300 keV, which again is
an energy range that can be expected from radioactive
events. Consequently, given the high-energy track rate
discussed above, we expectOð1Þ events per day associated
with Cherenkov radiation from such tracks. A detailed
modeling of the Cherenkov and luminescence backgrounds
is, therefore, warranted to understand more precisely the
implications for the future sensitivity of this detector setup
to sub-GeV dark matter.

D. Radiative backgrounds at other existing experiments

We briefly comment on radiative backgrounds in a few
other experiments that observe low-energy events above
what is expected from Compton and other radiogenic
backgrounds.

(i) CRESST-III [61,62].—Using a 23.6 g CaWO4 cryo-
genic crystal target, the CRESST-III Collaboration
achieves a nuclear recoil threshold of 30.1 eVand an
exposure (after cuts) of 3.64 kg-days. The target is
well shielded and placed underground at the Labo-
ratori Nazionali del Gran Sasso). An excess of
events above that expected from radioactive back-
grounds is observed at energies well below approx-
imately 200 eV.
We find that it is unlikely for Cherenkov radiation,

transition radiation, or luminescence to be an im-
portant background in the final dataset after cuts are
applied, since all holders of the CaWO4 crystal
target and the vast majority of nonconductive
material inside the copper housing is designed to
scintillate if it interacts with a high-energy particle.
In this way, while many Cherenkov and possibly
recombination photons are generated inside the
copper housing, it is easy to veto them by observing

the accompanying scintillation from the high-energy
event that generates the radiation.

Research into the origin of the low-energy events
is ongoing, and plausible hypotheses that are being
investigated include cracking or microfracturing of
the crystal or support holders that occur when the
detectors are being tightly clamped [84]. Another
possibility that deserves investigation is lumines-
cence from the various detector materials that occurs
only well after a track passes through it (phospho-
rescence).

(ii) SuperCDMS CPD [72].—Using a 10.6 g Si athermal
phonon detector with an energy resolution of ap-
proximately 5 eV and a raw exposure of 9.9 g-days,
the SuperCDMS Collaboration obtains the strongest
constraints on elastic dark-matter–nucleon scattering
for dark-matter particle masses from 87 to 140 MeV.
The detector is operated on the surface, where it is
subject to a large environmental background rate of
approximately a few ×105 DRU atOðkeVÞ energies.
A large number of events—much larger than that
expected from background photons that Compton
scatter in the target Si—are observed for recoil
energies below approximately 150 eV.

Radiative backgrounds may arise, however, from
uninstrumented auxiliary materials. The detector is
clamped between six Cirlex holders (three on the
top and three on the bottom), which can generate
radiation when high-energy electrons and muons
interact with them. The CPD detector operates
without a bias voltage, has very little position
resolution (so radiated photons that interact at the
surface of the detector likely cannot be vetoed), and
has only a single detector inside the copper housing
(so photons cannot be vetoed by using a coincident
signal between two or more detectors). We expect
Cherenkov or recombination radiation to be domi-
nantly generated by environmental background ra-
dioactive events incident on the Cirlex clamps
(rather than from impurities in the Cirlex) and
transition radiation to be generated from environ-
mental backgrounds and cosmic rays passing
through the various inner-detector layers. Including
muons from Ref. [187] and naively scaling up the
number of tracks observed in the SENSEI MINOS
data [68] to the background rate observed in the
CPD detector at OðkeVÞ energies reveals that
radiation from tracks passing through the Cirlex
cannot make up for more than 10% of the observed
signal. Given the large observed event rate in the
CPD detector, this implies that radiation from tracks,
which could, for instance, arise via the Cherenkov
effect, still constitutes a significant background in
this experiment, even if in this case it is subdominant
to whatever else is causing the low-energy events.
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(iii) EDELWEISS-Surf Ge bolometer [48].—Using a
33.4 g Ge cryogenic target operated with a neu-
tron-transmutation-doped Ge thermal sensor, the
EDELWEISS Collaboration achieves a heat-energy
resolution of 17.7 eV and constrained elastic dark-
matter–nucleon scattering for dark-matter masses
above approximately 600 MeV. An excess above an
approximately flat Compton background is observed
for recoil energies below approximately 150 eV. As
discussed above in Sec. V C, Cherenkov radiation
can be generated from high-energy electrons and
muons interacting with the Teflon (PTFE) holders.
Transition radiation can also be generated from the
passage of high-energy events through various
detector layers. A detailed investigation of what
fraction of the observed excess events is from
such radiative backgrounds is beyond the scope of
this paper.

(iv) Optical haloscopes [193].—Dark matter may be
composed of light bosonic fields, which behave
as a background dark-matter oscillation. Using
layers of dielectric materials, Ref. [193] proposes
to enhance the conversion of the background dark
matter, dark photons, in particular, into visible
photons. The visible photons can be focused into
a small superconducting nanowire detector using a
lens. [194] In this setup, backgrounds can arise from
tracks that pass through the lens, which emit a large
number of Cherenkov photons that mimic the dark-
matter signal.

VI. RADIATIVE BACKGROUNDS AT FUTURE
AND PROPOSED EXPERIMENTS

In this section, we discuss radiative background at the
upcoming SuperCDMS SNOLAB experiment [21], com-
ment briefly on upcoming and proposed large-exposure
Skipper CCD detectors (SENSEI at SNOLAB, DAMIC-M,
and Oscura) [88,89], and also comment on proposed
experiments based on athermal phonon detection and
low-energy scintillation [12,29,44,59,90,195].

A. SuperCDMS at SNOLAB

The upcoming SuperCDMS at SNOLAB experiment
will use two types of cryogenic detectors, denoted HV and
iZIP, and two types of target materials, namely, Si and Ge
[21]. The goal is to operate the HV detectors with a bias
voltage (approximately 100 V) that amplifies ionization
signals produced in the target material by drifting electrons
and creating phonons via the Luke-Neganov-Trofimov
effect [179,180]. We estimate below the expected back-
ground from Cherenkov photons produced from noncon-
ductive materials inside the detector housing for the HV
detectors. We argue that the Cherenkov background may
dominate over other previously considered backgrounds at

low energies, but a careful simulation and more details
about the optical properties of Cirlex are needed to estimate
precisely this background. Additional details about our
estimate can be found in Appendix D. We do not attempt
here an estimate of transition radiation or of the radiative
recombination rate in Cirlex.
At SuperCDMS SNOLAB, there will be eight HV

detectors with a Ge target, each with a mass of 1.39 kg,
and four HV detectors with a Si target, each with a mass of
0.61 kg. These targets are placed in two separate towers,
with each tower surrounded by its own copper housing and
with each tower consisting of four Ge and two Si HV
detectors. Each HV detector inside this tower is held by 12
clamps (six on the top and six on the bottom) made of
Cirlex. Each clamp has a mass of 0.17 g. In addition, four
straight and four curved detector interface boards made of
Cirlex sit on the edge of the copper housing (near the top
and bottom of each HV detector) and have a direct view to
the HV detector; the mass of each such detector interface
board is approximately 0.21 g. The total mass of Cirlex that
sits inside or along the side of the copper housing for each
HV detector is, therefore, about 3.72 g, or about 22.3 g for
one tower consisting of six HV detectors.
Cirlex is a nonadhesive laminate made from 100%

Kapton polyimide film [196]. Cirlex has the same chemi-
cal, physical, thermal, and electrical properties as Kapton
polyimide. Since we are unable to find in the literature the
measured optical properties of Cirlex specifically, we
assume in our estimate below that its optical properties
are the same as for Kapton polyimide [197,198]. Kapton
polyimide has a density of 1.43 g=cm3 and a dielectric
constant of ϵ ∼ 3 [197] [which varies ≲10% for energies in
the relevant OðeVÞ range; see below]. Cherenkov photons
can, thus, be generated from electrons that have a kinetic
energy ≳115 keV.
The dominant source of high-energy electrons comes

from beta decays of the radioactive impurities 238U, 232Th,
and 40K, which are present in the Cirlex [21]. These
radioactive impurities are found to have the following
concentrations: approximately 14 mBq=kg for 238U,
approximately 4.5 mBq=kg for 232Th, and ≲5.3 mBq=kg
for 40K [199,200]. Based on this information, we estimate
that, in the 22.3 g of Cirlex present in one tower of six
detectors, the rate for producing energetic electron tracks
from radioactivity is approximately 200 events per day or
approximately 75 000 events per year. A significant frac-
tion of these tracks have energies above the 115 keV
threshold for the production of Cherenkov photons in
Cirlex, namely,

NCirlex
events ∼ 130 events per day ∼ 50 000 events per year:

ð6:1Þ
In addition, the Cirlex may have some luminescence (from,
e.g., recombination of e−hþ pairs), and we are unaware of
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measurements in the literature that constrain this possibil-
ity. We focus our remaining discussion in this subsection on
Cherenkov radiation, although some of our comments are
also applicable to luminescence.
To understand the possible signals generated in the HV

detectors by these beta decays, we need to know how many
Cherenkov photons are produced and how many of these
are detected in the HV detectors. Cirlex (assuming it has the
same optical properties as Kapton polyimide) has a direct
band gap of approximately 1.5 eV and an indirect band
gap of approximately 1.8 eV [198], so that photons with
energies ≳1.5 eV are likely absorbed quickly once pro-
duced. However, photons with energy≲1.5 eV could leave
the Cirlex and be absorbed in the HV detector. As discussed
in Sec. II A (cf. Fig. 5), the number of Cherenkov photons
emitted by an electron depends on the track energy, which
sets the track length. The largest number of Cherenkov
photons that can be generated by the above radioactive
contaminants comes from the highest-energy beta decay,
which is 3.27 MeV at the end point of the 214Bi decay,
which appears in the 238U decay chain. The electron from
this beta decay could travel as much as approximately
12.7 mm inside the Cirlex and produce a maximum of
approximately 106 (approximately 236) Cherenkov pho-
tons, with energies uniformly distributed in the range 1.16–
1.5 eV (0.74–1.5 eV), where the lower bound on the energy
is chosen to correspond to the Si (Ge) band gap [108] and
the upper bound corresponds to the direct energy gap of the
Cirlex. In contrast, an electron with an energy of 200 keV
on average produces only about 1.3 (about 3.0) Cherenkov
photons in the relevant energy range for Si (Ge).
A careful simulation is needed to determine how many

Cherenkov radiation events make it to the detector and
remain after several obvious analysis cuts. First, a gamma
ray or x ray may accompany the beta decay and be
absorbed in an HV detector, allowing the event to be
vetoed. Second, events that produce many Cherenkov
photons can be vetoed, since they produce a coincident
signal in two or more HV detectors; however, events that
produce only a few photons may be difficult to remove with
an anticoincidence veto. Another useful discriminant could
be to veto events that do not penetrate deeply into the
cylindrical side walls of the HV detectors. This allows one
to veto some events that produce Cherenkov photons that
all hit a single detector, since such events often contain
multiple photons, some of which are well above the Si or
Ge band gap and, hence, are absorbed on the surfaces.
However, even in this case, some beta decays could
produce a few photons, all of which are within approx-
imately 0.1–0.2 eVof the Si or Ge band gaps, so they have a
large absorption length and penetrate into the bulk.
In Ref. [21], the expected number of events (before any

analysis cuts) with energy ≲50 (100) eV in the HV
detectors, from the HV detector-bulk contamination and
ambient background incident on the HV detectors, is about

9 (18) events per year in one Si HV detector and about 2
(4) events per year in one Ge HV detector. Based on our
discussion above, it is conceivable that the Cherenkov
background dominates in this energy range over the
backgrounds that were considered previously. This would
affect the projected SuperCDMS SNOLAB sensitivity on
various dark-matter models. However, a careful study of the
optical properties of Cirlex and a detailed simulation of
the Cherenkov-photon background is needed to determine
these implications precisely and whether this background is
a real concern. In addition, measurements that determine
the luminescence of the Cirlex would also be important.
Appendix D contains additional details relevant to our
discussion above, as well as brief comments on the
possibility of operating some, or all, of the six HV detectors
with a zero bias voltage.

B. Future Skipper CCD experiments

We will discuss in Ref. [178] the implications of
radiative backgrounds for the future Skipper CCD searches
SENSEI at SNOLAB (100 g), DAMIC-M at Modane (1 kg)
[88], and Oscura (10 kg) [89]. We note, however, that these
upcoming and proposed experiments will have a drastically
improved shielding, which will reduce radiative back-
grounds coming from high-energy tracks. For example,
SENSEI at SNOLAB is aiming for a background rate that is
about 3 orders of magnitude better [approximately 5 DRU
atOðkeVÞ energies] than the SENSEI data taken at MINOS
[approximately 3000 DRU atOðkeVÞ energies [68]], while
DAMIC-M and Oscura are aiming for a background rate of
about 0.1 and 0.01 DRU, respectively. This would lead to a
very low single-electron-event background rate from track-
induced radiation, but a careful analysis of these back-
grounds is needed.

C. Future dark-matter detectors searching
for photons with scintillators and molecules

Radiative backgrounds could mimic a dark-matter signal
at proposed detectors that search for one or more photons
from dark-matter interactions in, e.g., solid-state scintilla-
tors [12], molecular targets [44,195], and organic aromatic
materials [59]. Radiative backgrounds could either excite
the target material, which subsequently produces a photon,
or directly hit the photodetector.
As a concrete example, we consider the proposed SPICE

detector, which aims to detect the scattering or absorption
of light-dark matter on a GaAs target by measuring a
scintillating signals obtained from the event [12,90] (SPICE
also aims to detect phonons from dark-matter events; see
Sec. VI D). The proposed detector setup consists of
multiple targets with a volume of the order of cm3 each,
with independent sensing devices attached to each target.
Cherenkov or recombination radiation from high-energy
tracks passing through noninstrumented dielectric materi-
als, such as the detector holders, or transition radiation from
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high-energy tracks passing through two or more layers with
different refractive indices, can produce photons that could
make it into their detector target. In the GaAs target,
photons with energy ≳1.5 eV can be directly absorbed by
the photodetector or they can be absorbed by the GaAs
target that subsequently scintillates and emits a secondary
photon; in both cases, such photons mimic a dark-matter
signal.

D. Future dark-matter detectors searching
for collective excitations

The search for collective modes in solid-state detectors,
such as phonons and magnons, has been suggested as a way
to probe sub-MeV dark-matter scattering off, and sub-eV
dark matter being absorbed by, a target material [29,54,56].
The background processes discussed here can also mimic
dark-matter signals for these searches.
As a concrete example, we again consider the SPICE

detector (see also Sec. VI C). One of the goals with SPICE
is to detect the scattering or absorption of matter on a
sapphire target by measuring sub-eV phonon signals
obtained from the event [90]. While achieving sub-eV
energy resolutions is currently still challenging, the pro-
posal aims to develop novel transition-edge sensors to
obtain the required sensitivities.
The authors of the proposal identify two possible back-

grounds affecting future dark-matter searches in their
detectors, neutrinos and radiogenic backgrounds, and
indicate that, after discriminating high-energy events from
their low-energy signals, zero backgrounds are to be
expected [29]. Another potential background comes from
the low-energy coherent scattering of a photon off nuclei
[201], but these can likely be mitigated using an active veto.
However, backgrounds such as Cherenkov, transition, or
recombination radiation, as well as nonradiative recombi-
nation, have not been discussed previously in the literature.
Regarding Cherenkov or recombination radiation, high-

energy tracks passing through noninstrumented dielectric
materials, such as the detector holders, lead to photons with
a variety of energies. Such photons may escape the non-
instrumented materials and make it into their detector
target. In particular, Cherenkov photons can have energies
that match the lattice modes of the sapphire detector. In this
case, they convert into optical phonons in the target and,
thus, constitute a background. A plausibility argument for
this background can be made as follows. Take the radio-
activity of the Teflon holders at EDELWEISS as an
example (10 mBq=kg), a total mass of 1 g in holders
made of some insulating material, a detector with 1 kg of
fiducial target, and an effective exposure of 10 kg-year as
indicated in Ref. [90]. In this case, Oð3000Þ charged tracks
are expected in the holders. According to the estimate in
Eq. (2.10), each track leads to Oð1Þ Cherenkov photons
with energies below 100 meV, which may then convert to
phonons in the sapphire detector. It is likely that most of

these events are vetoed, as tracks also radiate higher-energy
Cherenkov photons, which lead to large energy depositions
in the detector that are not consistent with the dark-matter
signal region. However, there also are low-energy charged
tracks; in this case, Cherenkov photons are radiated only
when the dielectric constant of the insulating holders is
extremely large, which happens only near lattice modes of
the holders, as discussed in Sec. II A. Thus, such tracks
emit only Cherenkov photons with energies of the order
of phonon modes (approximately 100 meV and below).
These events, although rare, are likely not vetoed and could
pass as a dark-matter signal. A concrete example of this
possibility is shown in Fig. 5, where we see that a 20-keV
electron track in α-quartz leads to Cherenkov radiation only
near lattice modes. It may be desirable, therefore, for any
material near the detector to consist of a nonpolar material,
of a polar material with lattice modes that do not match the
lattice modes of the target, or of a material that does not
produce Cherenkov radiation altogether like a conductor.
However, even in this case photons may be generated by
transition radiation, which needs to be studied carefully.
Another potential background for a phonon search

is nonradiative recombination. A track passing through
uninstrumented materials leads to a large number of e−hþ
pairs. As discussed in Sec. IV, these pairs may relax and
recombine emitting phonons or go toward band minima via
the emission of phonons. If an uninstrumented material is
in contact with the detector, a few such phonons may be
transferred into the detector, mimicking the dark-matter
signal.
In all cases, a precise characterization of the properties of

all material surrounding the detector is crucial to avoid
these low-energy backgrounds.

VII. RADIATIVE BACKGROUNDS AT
NEUTRINO EXPERIMENTS AND
SUPERCONDUCTING QUBITS

Up to this point, we focus on sub-GeV dark-matter
searches, but it is worth noting that the backgrounds that we
identify could also be a concern for other research areas.
For example, these backgrounds also appear in searches for
coherent scattering between neutrinos and nuclei with
Skipper CCDs such as CONNIE [95] and νIOLETA [96].
Moreover, the radiative backgrounds we point out in

this paper could have a significant impact on quantum
computing, as they could limit the coherence time of
superconducting qubits. It has been shown in several
references [97–100] that high rates of charged particles
from radioactivity and cosmic rays correlate with high
quasiparticle (broken Cooper pairs) densities in super-
conducting qubits and reduced coherence times. The
current explanation is that phonons generated by these
charged tracks in a dielectric substrate interact with the
qubits and create quasiparticles. However, the impact on
qubit coherence times of low-energy photons from
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Cherenkov radiation, transition radiation, and lumines-
cence from recombination is not discussed in the literature.
As mentioned in previous sections, the Cherenkov process
and luminescence from recombination in semiconductors
typically lead to photons with energies OðeVÞ or below.
Superconducting qubits made of Al efficiently absorb
photons at these energies. Once absorbed, these low-energy
photons can break Cooper pairs and create quasiparticles.
Therefore, low-energy photons have similar effects on
qubits as phonons, and they must be carefully investigated.
While a detailed analysis is beyond the scope of this paper,
we now present a simple estimate that demonstrates the
relevance of Cherenkov and recombination photons pro-
duced by tracks passing through the dielectric substrate.
We focus on photons near or below the band gap, since,

after being produced, they can travel sufficiently far in the
substrate to eventually reach the qubits and create quasi-
particles. Let us first consider Cherenkov photons. A single
track passing through the substrate leads to approximately
α × Eg × Δx subgap Cherenkov photons, where Δx is the
track length [see Eq. (2.4)]. Thus, the total energy in subgap
Cherenkov photons created by a single track is approx-
imately α × E2

g × Δx. For example, a sapphire (Al2O3)
substrate has band gap of approximately 7 eV. Thus, a
300-μm track passing through such substrate can release
approximately 200 eV in the form of long-lived, subgap
Cherenkov photons, which can create a large number of
quasiparticles as they are absorbed by the qubits. Note that
a substrate with a larger band gap produces more energy
that can be absorbed by the qubit.
Moreover, substrates with high radiative recombination

efficiency produce a large number of luminescence photons
as tracks pass through. For instance, the luminescent yield
of sapphire is approximately 1% [202], which means that
an approximately 100-keV track can release more than
1 keV in the form of OðeVÞ photons. Since the sapphire
substrate is basically transparent to these low-energy
photons, almost all such photons are absorbed in the qubits
if there are no other absorptive materials.
These consideration suggest that materials with low band

gaps and low radiative recombination efficiency, such as Si
and Ge, could dramatically reduce radiative backgrounds
for superconducting qubits and may, thus, constitute
optimal substrates to mitigate them.

VIII. CHARACTERIZATION AND MITIGATION
OF RADIATIVE LOW-ENERGY BACKGROUNDS

The radiative backgrounds discussed in this paper have
significant implications for future searches of low-mass
dark matter, both in designing future detectors and in
calculating their low-energy backgrounds. Moreover,
these backgrounds affect searches for dark-matter-induced
electromagnetic excitations (electrons or photons) and exci-
tations of collective modes (such as one or more phonons or
magnons). Fortunately, there are several mitigation and

characterization strategies. Several of these strategies are
already employed to reduce radiogenic backgrounds and
are not specific to mitigating the backgrounds discussed in
this paper, but others are not universally used.

(i) Increase passive shielding.—Passive shielding with
lead, copper, and other materials reduces the number
of photons that can interact in the detector or the
material that surrounds it, thereby reducing the
number of backgrounds from Cherenkov radiation,
transition radiation, recombination, and brems-
strahlung.

(ii) Increase active shielding.—In detectors with ex-
cellent timing resolution, an active veto can detect a
high-energy event in coincidence with a low-energy
event, in which case the low-energy event can be
vetoed. For example, the CRESST-III detector par-
tially employs an active shield, for which the
materials inside the copper housing scintillate when
interacting with a high-energy event.

(iii) Minimize nonconductive materials near sensors.—
Reducing nonconductive materials and, when fea-
sible, either replacing them with conducting materi-
als or covering them with a conductive surface
reduces Cherenkov radiation and recombination-
induced backgrounds. It may also be possible to
add coatings on the nonconductive materials to
absorb low-energy photons, although it is important
to check that the coating itself does not lead to
additional radiation that can mimic low-energy
events in the sensor. We note that transition radiation
can be generated in all materials.

(iv) Radiopure materials.—In addition to high-energy
events from ambient background radiation, a sec-
ond, often dominant, source of high-energy events
can arise from radioactive contaminants inside the
detector materials. These can, for example, beta
decay to produce electrons that create Cherenkov
radiation. The careful selection and screening of
materials are crucial to reduce these sources of high-
energy events that can create Cherenkov radiation,
transition radiation, and recombination-induced
backgrounds.

(v) Multiple sensors.—Having multiple nearby sensors
(inside a common copper shield) can drastically
reduce low-energy events that mimic dark matter by
allowing events to be vetoed in which two or more
sensors detect events in the same time window. For
example, Cherenkov radiation often produces multi-
ple low-energy photons, which can be vetoed if the
photons get absorbed in two or more sensors.
However, Cherenkov radiation in which only one
or a few photons are produced that are all absorbed
by one sensor still constitutes a background. It may
also be challenging to veto transition radiation using
multiple sensors, since few photons are typically
produced.
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(vi) Precise measurements of properties of all materi-
als.—Our work makes it clear that the low-energy
backgrounds at different experiments depend very
sensitively on the detailed properties of detector
materials. Estimating the low-energy background
rates requires precise knowledge of each material’s
relative permittivity and extinction coefficient, re-
combination coefficients, electron and hole mobil-
ities, etc., all of which must be specified at the
detector’s operating temperature. These properties
are often not known precisely in the literature for the
materials used in different dark-matter detectors and
so should be measured in each case.

(vii) Thinning of back-side Skipper CCDs.—The back
side of CCDs is routinely thinned for astronomical
applications, but it naively seems not to be necessary
for dark-matter searches. However, we show that a
careful study of the back-side thickness and doping
levels is needed. A “thick” layer heavily doped with
phosphorus helps absorb near-band-gap photons
from Cherenkov and radiative e−hþ recombination,
preventing such photons from traveling far away
from the high-energy charged particle track. How-
ever, such a thick layer also leads to many photons
from radiative e−hþ recombination. We will discuss
this further in Ref. [178].

(viii) Thin layer of absorptive material on surfaces.—It
may be useful to cover all surfaces with a thin layer
of material that absorbs low-energy photons. Such
layers may create more radiative backgrounds but
could be beneficial if they absorb light that can
create events in the target.

(ix) Substrate with low band gap and low luminescence
for superconducting qubits.—As mentioned in
Sec. VII, low-energy photons generated from the
substrate can create quasiparticles in qubits and
reduce the coherence time. Using substrates with
low band gaps and small luminescence rates, such as
Si or Ge, could alleviate these backgrounds.

The mitigation strategies above quite plausibly reduce
these backgrounds to manageable levels. However, a
detailed investigation of these backgrounds is necessary
for each experiment.

IX. SUMMARY AND CONCLUSIONS

In this paper, we discussed four processes that can
produce low-energy events in low-threshold direct-detec-
tion experiments and which have not been previously
considered as important backgrounds: Cherenkov radia-
tion, transition radiation, and luminescence or phonons
from recombination. These processes can generate low-
energy (approximately meV to few-eV) photons or pho-
nons that can be absorbed by the target or sensor and,
depending on the specific target properties, create one or a
few e−hþ pairs, phonons, or photons that can mimic the

signal expected from a wide range of sub-GeV dark-matter
interactions. Cherenkov radiation is generated when high-
energy charged particles (electrons and muons, from
cosmic rays or radioactivity) above some threshold energy
interact with the detector target material or any noncon-
ductive material surrounding the target. Transition radiation
is generated when charged particles cross the boundary
between two materials with different relative permittivities.
Recombination can occur between electron and holes
generated after the passage of a high-energy charged track.
We discussed these backgrounds in the context of several

existing and proposed experiments.
(i) A sizable fraction of the approximately 450/g-day of

single-electron events seen in SENSEI data from a
Skipper CCD at a shallow underground site arise
from Cherenkov radiation and radiative recombina-
tion. Cherenkov photons close to the Si band gap are
generated by charged particles interacting (mostly)
in the Si Skipper CCD, which can travel “far” away
from the high-energy track before being absorbed. In
addition, photons close to the band gap are also
generated by the radiative recombination of e−hþ
pairs created by charged tracks in anOðμmÞ layer of
Si heavily doped with phosphorus on the back side
of the Skipper CCD. Transition radiation provides a
negligible contribution to the observed rate. We
defer to a companion paper [178] a precise calcu-
lation of these backgrounds, which is challenging
and must include a careful modeling of the Skipper
CCD structure near and on its surfaces. The above
backgrounds needs to be evaluated carefully for
future searches using Skipper CCDs, including
SENSEI at SNOLAB, DAMIC-M, and Oscura,
although all of them will be greatly aided by the
planned excellent passive shielding.

(ii) We find that Cherenkov and transition radiation
provide a plausible origin of the events containing
2–6 electrons in the SuperCDMS HVeV surface
data. Cherenkov radiation, which likely dominates
over transition radiation, is produced in the printed-
circuit boards and plastic connectors located inside
the copper housing near the Si HVeV detector, while
transition radiation is produced when charged tracks
cross into the copper housing or between two
materials. A detailed simulation and the detailed
optical properties (currently unavailable) of the
nonconductive materials in the detector housing
are required to evaluate these backgrounds precisely.

(iii) Even experiments that are well shielded could be
affected by these backgrounds. For example, we
showed that Cherenkov radiation from radioactive
contaminants in the approximately 0.35 g of Teflon
and sapphire holders may produce a raw rate ofOð1Þ
potential low-energy events per day in the EDEL-
WEISS Ge detector. This is too small to explain their
currently observed low-energy event rate but is
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sufficiently large to warrant a careful investigation
for future searches.

(iv) We find that our backgrounds are unlikely to explain
the excess events observed at CRESST-III [61,62],
since the materials inside the copper vessel scintil-
late when interacting with a high-energy particle and
Cherenkov events would, thus, be vetoed.

(v) We find that Cherenkov radiation or luminescence
would not be able to explain more than about 10% of
the large observed low-energy event rate at the
SuperCDMS CPD detector [72].

(vi) We pointed out that beta decays of radioactive
contaminants (238U, 232Th, and 40K) in the approx-
imately 22.3 g of Cirlex located inside or on the
copper side walls of a tower of six SuperCDMS
SNOLAB detectors will produce a raw rate of
approximately 75 000 potential events per year
containing one to several Cherenkov photons. While
not all will make it to the detector and while most
can be easily vetoed, a careful analysis is needed to
determine the surviving background.

(vii) We discussed how the radiative backgrounds could
also mimic a dark-matter signal in proposed searches
in which the signal consists of one or more photons.
Typical targets consist of, e.g., solid-state scintilla-
tors (as for the SPICE detector), molecular gases, or
organic aromatic materials.

(viii) We also showed that the radiative and nonradiative
backgrounds can mimic a dark-matter signal in
proposed searches in which the signal consists of
one or more phonons (such as SPICE). In particular,
subgap photons with energy near the phonon modes
of the target material can be produced in materials
surrounding the target and be absorbed by the target
to produce a phonon. Phonons from e−hþ recombi-
nation generated in detector clamps or holders may
also constitute backgrounds.

(ix) Finally, we pointed out that the backgrounds that we
have identified could also be a concern for other,
non-dark-matter experiments. Examples include
searches for coherent scattering between neutrinos
and nuclei with Skipper CCDs (such as CONNIE)
and the decoherence of superconducting qubits.

Fortunately, having now identified these unexplored
radiative and nonradiative backgrounds, we can point
out several mitigation and characterization strategies.
Mitigation strategies include using a large passive shield,
using an active shield, using radiopure materials, minimiz-
ing nonconductive materials near the target material and the
sensors, using multiple nearby sensors to veto coincident
low-energy events, and (for detectors using Skipper CCDs)
investigating if thinning the back side of CCD detectors can
reduce backgrounds. The first three strategies are already
employed to reduce radiogenic backgrounds, but the latter
are not universally used.

In addition, a careful calculation of the backgrounds
studied here is of utmost importance, as it could enable the
different experimental collaborations to perform back-
ground subtraction and enhance their reach to detect dark
matter. Calculating these backgrounds requires detailed and
detector-specific simulations, which could be carried out
with GEANT4 [203], using the input from theorists, the
different experimental collaborations, and GEANT4 devel-
opers. Note that these simulations also require precise
knowledge of the optical properties of all materials in the
detector. While these are not necessarily difficult to
measure, they are not currently available to sufficient
precision for many materials commonly found in dark-
matter detectors.
Finally, we note that there are other radiative back-

grounds that we did not consider in detail, such as
bremsstrahlung and diffraction radiation. The bremsstrah-
lung rate is Oðα3Þ but enhanced at low photon-emission
energies and at low charged-particle energies. However, a
simple estimate suggests, for example, that its contribution
to the single-electron-event rate in the SENSEI MINOS
data is about 2 orders of magnitude less than the observed
rate. Diffraction radiation occurs when a charged particle
travels close to the interface between two materials. We
leave a detailed study of these and other backgrounds to
future work.
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APPENDIX A: CARRIER CONCENTRATIONS
IN SEMICONDUCTORS

The background (equilibrium) number densities of
electron and holes in a semiconductor, n̄e;h, are determined
by the intrinsic concentration and the density of dopants.
The intrinsic carrier concentration corresponds to the
density of electrons and holes in the absence of dopants,
purely due to the thermal excitation of electrons into the
conduction band. Approximating the band structure as
parabolic, and, assuming a nondegenerate semiconductor,
the intrinsic carrier concentration is given by [147]

ni ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NCNV

p
e−Eg=2T;

n̄e ¼ n̄h ¼ ni ðintrinsic semiconductorÞ; ðA1Þ
where Eg is the band gap and NC (NV) is the effective
density of states in the conduction (valence) band. The
effective densities of state are [147]

NC ¼ 2

�
m�

eT
2π

�
3=2

;

NV ¼ 2

�
m�

hT
2π

�
3=2

; ðA2Þ

where m�
e;h are the electron and hole effective masses. We

present the band gaps and effective masses in Table III for
Si, Ge, and GaAs.
When considering doped materials, the background

value of the electron and hole densities n̄e;h differs from
the intrinsic carrier concentration of Eq. (A2). In this case,
the number density of n-type (p-type) dopants nd sets the
concentration of electrons (holes). The concentration of the
opposite carrier can then be obtained by using the equi-
librium condition n̄en̄h ¼ n2i , which holds true in the
presence of doping [147]. Thus, for doped materials, the
carrier concentrations are

n̄e ¼ nd; n̄h ¼ n2i =nd ðn-dopedÞ;
n̄e ¼ n2i =nd; n̄h ¼ nd ðp-dopedÞ: ðA3Þ

The carrier concentrations in doped materials usually
significantly exceed the room-temperature intrinsic carrier
concentrations.

The background equilibrium density of electrons and
holes determines the Fermi level of a material. For non-
degenerate semiconductors and using the parabolic band-
structure approximation, the Fermi level can be obtained by
using Eqs. (A2) or (A3) and the expressions

n̄e ¼ NC exp½−ðEC − EFÞ=T�;
n̄h ¼ NV exp½−ðEF − EVÞ=T�: ðA4Þ

Here, EC (EV) is the energy of the conduction (valence)
band, and EF is the Fermi energy. For instance, in the case
of an intrinsic semiconductor, using the intrinsic electron or
hole density [Eqs. (A2) and (A4), respectively], we obtain

Ei
F ¼ 1

2
ðEC þ EVÞ þ

1

2
T logðNV=NCÞ: ðA5Þ

Note that, in an intrinsic semiconductor, the Fermi level lies
approximately midways in between the valence and con-
duction bands. In doped semiconductors, the Fermi level
can be easily found by using Eq. (A3) in Eq. (A4), with the
result that in n-doped (p-doped) semiconductors the Fermi
level lies close to the conduction (valence) band.

APPENDIX B: DETAILS ON CHERENKOV,
TRANSITION RADIATION, AND
RECOMBINATION IN SENSEI

In this Appendix, we provide a few additional details for
how we estimate Cherenkov radiation, recombination, and
transition radiation rates in Sec. VA. A detailed simulation
will be presented in Ref. [178].

1. Cherenkov radiation

For Cherenkov radiation, we consider here only those
tracks that pass through the CCD and neglect radiation
generated in the pitch adapter and epoxy. The charged
tracks passing through the detector can be either electrons
or muons, and SENSEI presents the aggregated data in
Ref. [68]. Comparing with the muon-only tracks in
Ref. [187], we find that muons contribute less than 10%
of the number of electron tracks, so in what follows we
neglect them and assume that all track data come from
electrons.
Assuming that the electron events are isotropic, most

electrons traverse the Skipper CCD along its shortest
dimension, 675 μm. However, electrons can be stopped
in the Skipper CCD before exiting, depending on their
mean range le shown in Fig. 6, which depends on the track
energy. Thus, the typical length of an electron track is

L ¼ minð675 μm;leÞ: ðB1Þ

Once the photons are emitted by the charged tracks, the
distance they travel away from the originating track is

TABLE III. The room-temperature band gap, effective electron
mass, and effective hole mass for Si, Ge, and GaAs.

Si Ge GaAs

Eg (eV) [108] 1.11 0.66 1.43
m�

e [147] 0.26me 0.12me 0.068me
m�

h [147] 0.39me 0.3me 0.5me
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determined by the photon absorption length, which
depends on the photon energy. In particular, and as
discussed in Sec. II A, photons with energies close to
the Si band gap may travel for macroscopic distances
before converting into e−hþ pairs. From Fig. 15, we see
that photons with energies in the range 1.1 eV≲ ω≲
1.2 eV are absorbed 60 pixels or more away from the
track. Using our electron track distribution data, the typical
track length (B1), and the Si dielectric function in Fig. 3
and integrating the Cherenkov differential rate Eq. (2.4)
over photon energies in the range 1.1 eV ≤ ω ≤ 1.2 eV,
we obtain our estimate for the number of single-electron
events expected at SENSEI from Cherenkov backgrounds:

RCherenkov
1e− ∼ 500=g-day: ðB2Þ

2. Radiative recombination

For radiative recombination, we obtain the number and
spectrum of the tracks as done for the Cherenkov estimate
above. The phosphorus doping profile in the back side of
the CCD is taken from Ref. [204]. The doping concen-
tration varies from 1020 cm−3 close to the back side of the
CCD to 1017 cm−3 at a distance of approximately 4 μm
from the back side. For each track, we obtain the number of
e−hþ pairs created per unit-track length in the doped
region, dNh=dx, using Eq. (4.1) and the Si ionization
energy from Ref. [143]. A fraction of these holes recom-
bine radiatively with the electrons donated by the dopant.
This fraction is given by (see Sec. IV B)

dNγ

dx
¼ dNh

dx
τ

τdirect
; ðB3Þ

where τ is the hole lifetime and τdirect the radiative
recombination timescale in Eq. (4.10). Both these lifetimes
depend on the electron-carrier concentration, which is set
by the doping density discussed above. The radiative
recombination coefficient at the SENSEI operating tem-
perature, required to calculate τdirect, is obtained from
Ref. [148]. Regarding the hole lifetime, we take it be
the minimum between three timescales: (i) the trap-assisted
recombination time, which we take to be 10−6 s, (ii) the
Auger recombination time, calculated in Eq. (4.22), and
(iii) the diffusion time required for the e−hþ pairs to diffuse
away from the doped regions:

τ ¼ Minð10−6 s; τAuger; τdiffÞ: ðB4Þ

We approximate the diffusion time by τdiff ∼ r2=Dh as in
Eq. (4.22), where Dh is the hole diffusion constant, which
we take from Ref. [159], and r is the length over which the
holes need to diffuse. We take r ¼ 2 μm, which is the scale
that roughly characterizes layers with the same order-
of-magnitude doping, according to Ref. [204]. Then, we

integrate dNγ=dx along the length of the track passing
through the doped region to obtain the number of photons
per track assuming that the track goes perpendicular to the
CCD. We finally sum over tracks to obtain the total amount
of radiation.
To obtain the radiative recombination spectrum, we use

the radiative absorption coefficient from Ref. [173] in
Eq. (4.9). Doping affects the Si band gap, which, in turn,
affects the absorption coefficient formulas in Ref. [173],
and we include this effect by correspondingly shifting the
band gap using Ref. [162].
Given the total number of recombination photons and

their spectrum, we obtain the fraction of them that escape
the doped region into the active CCD area by using the
photon absorption coefficient above, but now including
also absorption by free carriers in doped Si, described in
Refs. [205,206]. As for the Cherenkov photons, we con-
sider only the recombination photons in the energy range
1.1 eV ≤ ω ≤ 1.2 eV, which pass the halo-mask cut. In
this way, the corresponding rate of recombination photons
leading to events at SENSEI is estimated to be

Rrecombination
1e− ∼ 500=g-day: ðB5Þ

3. Transition radiation

We now estimate the contribution to single-electron
events at SENSEI from transition radiation generated from
charged particles passing through material surfaces. We
consider only the inner walls of the copper housing, since
these constitute the largest surface area compared to the
other surfaces in the detector [207].
In order to be registered as an event, the photons from

transition radiation need to penetrate into the CCD bulk.
Most of the CCD front side is covered by the pitch adapter,
and even the part that is not covered has a 0.6-μm layer of
polysilicon. Photons entering the back side need to pen-
etrate at least approximately 6 μm to be registered as an
event. These considerations immediately limit the energies
of the photons that can penetrate into the bulk. Since only
photons with energy ≲1.8 eV can travel more than approx-
imately 6 μm in silicon, we consider only photons with
energies between 1.1 and 1.8 eV. We take the dielectric
functions for copper from Ref. [208] at 78 K. Since charged
particles can pass the surfaces traveling in either direction,
we consider both forward and backward emission at the
copper-vacuum interface.
The next ingredient is the spectrum of charged particles

that pass through the copper-vacuum surface. We use the
cosmic muon energy and angular spectra from Ref. [187].
For determining the electron spectrum, we make some
simple assumptions rather than doing a full background
simulation. The measured spectrum at the Skipper CCD
consists of electrons generated inside the CCD (e.g., from γ
rays) and, to a lesser extent, of electrons coming directly
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from the outside. We then assume the ambient photon
spectrum inside the copper housing is the same as the
measured electron spectrum, while the electrons relevant
for transition radiation are generated only from photons
interacting with the copper. We also assume the angular
distributions are uniform. Under this assumption, the high-
energy photon flux at the inner surface of the copper
housing is a factor of Ahousing=ACCD larger than the flux at
the CCD, where Ahousing=CCD is the area of inner surface of
the copper housing/CCD. To estimate the flux of electrons
generated inside the copper that can pass through the
copper-vacuum interface, we use the (energy-dependent)
mean range of electrons inside copper, lCu

e . Assuming each
photon converts all its energy to one primary electron once
it is absorbed, the number of electrons escaping from the
copper housing into the vacuum toward the detector is
determined by the number of photons being absorbed within
lCu
e from the copper-vacuum interface. Since the photon

flux drops over a distance L inside copper as ∝ e−L=l
Cu
γ ,

where lCu
γ is the photon absorption length inside copper,

the flux of electrons passing the surface can be estimated
as Rhousing

e ðEÞ ∼ RCCD
γ ðelCue =lCuγ − 1ÞAhousing=ACCD, where

RCCD
γ is the high-energy photon flux at the CCD.
With the above simple assumptions, the rate of single-

electron events in SENSEI from transition radiation can be
expressed as

RTR
1e− ∼

X
i¼e;μ

Z
dERhousing

i ðEÞ
Z

1.8 eV

1.1 eV
dω

dNTR
γ ðEÞ
dω

; ðB6Þ

where Rhousing
e;μ ðEÞ is the spectrum of electrons (muons)

passing through the inner surface of the copper housing and
dNTR

γ =dω denotes the rate of transition radiation [see
Eq. (3.1)], which includes both forward and backward
contributions. We estimate

RTR
1e− ∼ 0.2=g-day: ðB7Þ

These estimates for transition radiation are clearly negli-
gible compared to those from Cherenkov [Eq. (5.1)] and
recombination [Eq. (5.2)]. We do not expect our conclu-
sions to change qualitatively once we include the other
interfaces mentioned above.

APPENDIX C: DETAILS ON CHERENKOV
AND TRANSITION RADIATION IN

SUPERCDMS HVEV

In this Appendix, we provide a few additional details for
how we estimate Cherenkov and transition radiation for
SuperCDMS-HVeV [71] in Sec. V B.

1. Cherenkov radiation

The HVeV detector target is a 0.93 g Si crystal with
dimensions 1 cm × 1 cm × 0.4 cm. It likely has some

layers of composite elements (such as SiO2) on its surface,
but the precise composition of the surfaces is unknown. The
detector is not perfectly black and, thus, at least partially
reflects some optical photons. Several nonconductive
materials are located inside the copper enclosure that
constitutes the SuperCDMS HVeV detector module (see
Fig. 17). This includes the two PCB boards, the plastic
connectors, and the flex cable. In our estimate, we include
only the PCB boards, which we expect to dominate.
We now estimate the rate of Cherenkov events produced

in the two PCBs and the resulting rate and spectrum of
e−hþ pairs observed with the HVeV detector. We make
several simplifying assumptions. First, we need to know the
high-energy background rate and spectrum. The back-
grounds consist of cosmic muons and electrons from
radioactivity. The muon flux is well measured, and, for
our estimate, we take a muon flux at sea level of
approximately 9 × 10−3=ðcm2 s srÞ, with a zenith angular
distribution of cos2 θ [187]. As discussed in the main text,
for the high-energy electron background, we simply
assume it is the same as that measured by SENSEI [68]
but scaled higher by a factor of 60.
Second, to estimate the Cherenkov radiation generated

inside the PCBs, we need to know the PCB’s dielectric
properties and the typical track length of high-energy
electrons or muons in the PCB. We do not know the
precise composition of the PCB used in the HVeV detector,
nor do we find in the literature a measurement of its
refractive index and extinction coefficient at optical and
infrared frequencies. Given this limitation, in order to
perform our estimate, we simply assume that the compo-
sition of the PCB is equal to the one of the “NEMA FR4
plate” found in Ref. [185]. This assumes that the PCB is
made of 61% SiO2, 15% epoxy, and 24% of bromine and
oxygen. The dielectric properties of SiO2 are discussed in
Sec. II A, while the epoxy properties are taken from
Ref. [186]. Since Ref. [186] provides data only for epoxy
between 1.8 and 6.5 eV, we simply assume the absorption
length in epoxy below 1.8 eV (above 6.5 eV) is constant
and the same as that at 1.8 eV (6.5 eV). We consider
only photons with energies above approximately 1 eV,
as these are energetic enough to create an e−hþ event in
the SuperCDMS Si detector. For photon frequencies
1 eV ≤ ω ≤ 8 eV, both SiO2 and the epoxy have a refrac-
tive index of approximately 1.5, so we assume that the
refractive index of the PCB board is nPCB ¼ 1.5, ignoring
the contributions from the bromine and oxygen. We
account for absorption only in the SiO2 and epoxy and
neglect possible absorption due to the oxygen and bromine.
With our assumptions, the threshold energy for electrons
(muons) to produce Cherenkov radiation in the PCB is
Eth
e ¼ 175 keV (Eth

μ ¼ 36 MeV).
The typical track length, on the other hand, is obtained

from the track mean range and the PCB dimensions. For
each track, we assume that its length is given by the
minimum of the electron or muon mean range, le;μðEÞ
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(whereE is the kinetic energy of the incoming particle), and
the size of the PCB. Since the thickness of the upper PCB
and lower PCB is 0.7 and 1.5 mm, respectively, and the
electrons and muons typically pass the PCB at an angle, we
take the maximum track length to be 1 mm (2 mm) for the
upper (lower) PCB. The track length is, therefore, given by

ΔxPCB;upperðEÞ ¼ Min½1 mm;le;μðEÞ�;
ΔxPCB;lowerðEÞ ¼ Min½2 mm;le;μðEÞ�: ðC1Þ

For electrons, the mean range can be obtained according
given the composition of FR4 from Ref. [122]. For muons,
the mean range lμ inside the PCB is much longer than the
PCB sizes, so the muon path is limited to 1 mm (2 mm) for
the upper (lower) PCB.
We estimate then the total number of Cherenkov photons

per high-energy charged particle as

NChðEÞ ≈ αΔωΔxPCBðEÞ
�
1 −

1

v2n2PCB

�

≈ 140

�
Δω
7 eV

��
ΔxPCBðEÞ
1 mm

�
ðv ≈ 1Þ: ðC2Þ

The PCB parts that can produce Cherenkov photons that
can leave the PCB and be absorbed by the HVeV detector
are determined by the PCB dimensions and the photon
absorption length. Since most of the PCB’s surfaces are
coated with copper, Cherenkov photons generated in the
middle of the PCB far away from any opening likely bounce
around and are not able to escape before being absorbed
again. Only those photons close to the edge or the surfaces
where there is no copper covering can potentially escape
and reach the detector. The relevant PCB parts are the
open surface (denoted as “bare PCB” in Fig. 17 with the
estimated area being 1.2 × 1.3 cm2) and those parts whose
distance to the edge is less than the photon absorption
length. Since this absorption length is frequency dependent,
the Cherenkov photons that are able to escape the PCB
inherit a characteristic spectrum, shown in Fig. 18 (even if
the Cherenkov emission spectrum itself [Eq. (2.4)] is rather
flat for our range of frequencies). [209] Thus, the number of
photons that escape the PCB per track is, on average,
obtained by direct multiplication of Eq. (C2) with the
spectrum shown in Fig. 17. Note that a sharp drop in the
spectrum of photons that can escape the PCB is observed at
frequencies≳8 eV, where the SiO2 becomes highly absorp-
tive, so in what follows we drop photons with ω ≥ 8 eV.
Having calculated the number and spectrum of photons

per track that escape the PCB, we must now calculate the
number of electrons that each individual track produces in
the detector, which determines into which n-electron
category 1 ≤ n ≤ 6 the track-induced event falls. We
assume that single photons with energies 1 eV≲ ω≲
6 eV create a single e−hþ pair inside the HVeV detector,

while photons with energies 6 eV≲ ω≲ 8 eV can create
two e−hþ pairs [175]; we refer to these two energy ranges
as “low” and “high,” respectively. Under these assump-
tions, a track leads to two-electron events either by emitting
one high-energy photon or by emitting two low-energy
photons. The n-electron events with n > 2 are obtained by
multiple emission of low- or high-energy photons. If a track
leads to NCh

lowE low-energy and NCh
highE photons that escape

the PCB, and assuming that each one of these photons has
the same probability f of reaching and being absorbed in
the detector, the probability Pn that a track leads to an n-
electron event can be obtained from a binomial distribution
that accounts for all possible combinations of photons of
different energy that can create exactly n e−hþ pairs. For
example, P4 is given by

P4ðEÞ ¼
�
NCh

lowE

4

�
f4ð1 − fÞNCh

lowEþNCh
highE−4

þ
�
NCh

lowE

2

��
NCh

highE

1

�
f3ð1 − fÞNCh

lowEþNCh
highE−3

þ
�
NCh

highE

2

�
f2ð1 − fÞNCh

lowEþNCh
highE−2: ðC3Þ

Note that PnðEÞ is a function of the track energy, as the
number of high- and low-energy photons emitted by each
track NCh

low;highE is fixed by the track energy via Eq. (C2), in
conjunction with the average spectrum of photons leaving
the PCB per track shown in Fig. 18. Thus, the n − e−hþ-
event rate Rn can be obtained by multiplying the number of
tracks of a given energy passing through the areas of the
PCB previously discussed, with the probability that such
tracks lead to an n-electron event:

Rn ¼
Z

dERe;μðEÞPnðEÞ: ðC4Þ

The probability f is likely energy dependent and hard to
quantify without a detailed simulation. For a qualitative
estimate, we simply note that the predicted spectrum of Rn
for f ≈ 0.0016 agrees well with the SuperCDMS HVeV
data [71] for different bias voltages. The small value of the
probability, f ≪ 1, for each photon immediately tells us
that a very large number of Cherenkov photons are created
in the PCBs. Moreover, a subpercent probability is pos-
sible, because it is the combination of the geometric penalty
factor for escaping the PCB, the probability of reaching the
detector, and the detector efficiency. We note that the
geometric penalty factor should really be included in the
values of NCh

low;highE, but we check that it can be absorbed
into f without significantly affecting the predicted values
of Rn.
In summary, we show that Cherenkov radiation plausibly

explains the observed events in SuperCDMS HVeV.
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However, we make several simplifying assumptions with
unknown uncertainties. A dedicated simulation and more
precise knowledge of the optical properties of the PCB are
needed for us to draw a definitive conclusion on whether
the observed events in SuperCDMS HVeVare mostly from
Cherenkov.

2. Transition radiation

We now discuss the contribution of transition radiation in
the SuperCDMS HVeV detector. As mentioned in Sec. V
B, transition radiation can be generated from charged
particles passing through inner surfaces of a copper vessel,
surfaces of PCBs, and any other material in the copper
vessel. As long as those charged particles do not pass the
detector directly, the subsequent transition radiation likely
is registered as an event if they reach the detector. For our
estimate, we consider only transition radiation at the inner
surface of the copper vessel while neglecting other surfaces
due to their smaller areas. For the dielectric function for
copper, we use the data in Ref. [208] at 78 K for photon
energies below 6.6 eV and the data in Ref. [140] at room
temperature for photon energies above 6.6 eV.
We make some simple assumptions to determine the

high-energy charged particle background. First, we take the
muon spectrum from Ref. [187]. Next, we assume that the
ambient high-energy photon spectrum through the copper
vessel looks like the SENSEI electron spectrum but scaled
up by a factor of 60, which brings the background rate in
line with the measured background rate at the SuperCDMS
CPD [72,183]. Similar to our estimate of transition radi-
ation at SENSEI [see discussion around Eq. (B6)], the
number of low-energy photons created in transition radi-
ation at the SuperCDMS HVeV detector is given as

dNHVeV
γ

dω
¼

X
i¼e;μ

Z
dERvessel

i ðEÞ dN
TR
γ ðEÞ
dω

; ðC5Þ

where Rvessel
eðμÞ is the spectrum of electrons (muons) passing

the inner surface of the copper vessel. In particular,
Rvessel
e ¼Rdetector

γ Avessel=AdetectorðelCue =lCuγ −1Þ, where Rdetector
γ

is the high-energy photon spectrum at the detector,
AvesselðdetectorÞ is the surface area of the copper vessel
(detector), and lCu

eðγÞ is the mean range of an electron

(the absorption length of a photon) inside copper. The
factor dNTR

γ =dω denotes the rate of transition radiation [see
Eq. (3.1)], which includes both forward and backward
contributions from the copper-vacuum interface. The esti-
mated number of low-energy photons (per g-day exposure)
created in transition radiation, dNHVeV

γ =dω, as a function of
the emitted photon energy ω is shown Fig. 21.
To estimate the contribution to the observed n-electron

events (Rn) at SuperCDMS, we need to introduce the
detection probability f of each emitted photon as discussed

in Sec. V B and above for Cherenkov radiation. Unlike the
case for Cherenkov radiation, where typically tens or
hundreds of Cherenkov photons are generated at (almost)
the same time, typical only one photon is produced within
the time window of the detector resolution. This means that
only one power of f is needed to obtain the rate. Moreover,
since transition radiation has a spectrum of emitted photon
that extends toOð10Þ eV, they can create n ≥ 1 e−hþ pairs
at the Si detector with the probability defined as ηn.
Therefore, Rn is given as

Rn ¼
Z

dω
dNHVeV

γ

dω
ηnðωÞf; ðC6Þ

where ηnðωÞ is take from Ref. [175] with
P

n ηnðωÞ ¼ 1 for
any ω.
Since it is hard to estimate f without a simulation,

for illustration we simply use the inferred detection
probability from our estimate of Cherenkov photons, f ≈
0.0016 (see the above discussion for Cherenkov radiation).
The contribution to n-electron events at SuperCDMS
HVeV detector is shown in Fig. 22. This estimate suggests
that transition radiation is not the dominant source of the
observed events. However, we make several simplifying
assumptions with unknown uncertainties, so that we
hesitate to draw a definitive conclusion on the importance
of transition radiation. A detailed simulation is needed to
quantify the contribution from transition radiation at the
SuperCDMS HVeV detector.

0 5 10 15 20

101

102

103

FIG. 21. The estimated number of photons (per g-day expo-
sure) created in transition radiation from charged particles
passing the interface between the copper vessel and vacuum at
the SuperCDMS HVeV detector, dNHVeV

γ =dω, as a function of
the emitted photon energy ω.
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APPENDIX D: CHERENKOV RADIATION
FOR SUPERCDMS SNOLAB DETECTOR:

FURTHER DETAILS

We provide a few additional details to our discus-
sion in Sec. VI A on the Cherenkov background at the
SuperCDMS-SNOLAB experiment. We focus on the HV
detectors, which are expected to be more sensitive than the
iZip detectors to the sub-keV energy depositions expected
from sub-GeV dark matter.
Each HV detector inside the tower is held by 12 sensor

clamps consisting of Cirlex. Each clamp has a mass of
0.17 g; it has an irregular shape, but, approximating it
as a cuboid, its dimensions are approximately 6 mm×
14 mm × 1.5 mm. In addition, four straight and four
curved detector interface boards consisting of Cirlex (of
mass approximately 0.21 g) sit on the edge of the copper
housing near each HV detector and have a direct view to the
HV detector. The shape of the detector interface boards
is also irregular, but, approximating them as cuboids,
their dimensions are approximately 3.8 mm × 25.5 mm×
1.5 mm. We neglect the Cherenkov contribution from the
cables connecting the HV sensors to the outside. The total
mass of Cirlex that sits inside or along the side of the
copper housing for each HV detector is, therefore, about
3.72 g, or about 22.3 g for one tower consisting of six HV
detectors.
In order to estimate the Cherenkov generated inside the

copper housing by the Cirlex, we need to know the rate
of such high-energy events that interact with the Cirlex.

The SuperCDMS Collaboration has published the expected
background spectrum only up to approximately 100 keV
for the HV detectors [21], finding that detector-bulk
contamination with 32Si (in the Si HV detectors) and 3H
(in the Ge HV detectors) dominate the background spectra
at low energies. These contaminants are not present inside
the Cirlex, but other radioactive impurities are present in it.
These radioactive impurities are listed in Table IV of
Ref. [21] and have recently been assayed more precisely
[199,200]. Beta decays of these impurities can produce
electron events with energy above 115 keV, which can
create Cherenkov radiation. There is also an “ambient”
environmental background that includes (i) gamma rays
that Compton-scatter off electrons or pair-convert to elec-
tron-positron pairs inside the Cirlex and (ii) electrons
produced in other materials that interact with the Cirlex.
A simulation is required to calculate this ambient back-
ground rate and spectrum above 115 keV, although it is
likely subdominant to the contribution from the radioactive
impurities inside the Cirlex. In any case, our estimate of the
Cherenkov event rate based on the radioactive impurities
alone should be viewed as conservative.
Three radioactive impurities in Cirlex (238U, 232Th, and

40K) listed in Table IVof Ref. [21] dominate the production
of high-energy electrons inside the Cirlex.

(i) 238U has a concentration of approximately
14 mBq=kg [199,200]. [210] The 238U-decay chain
contains six beta decays with various energy releases
ΔE, namely, 234Th → 234mPa (ΔE ≃ 0.27 MeV),
234mPa → 234U (ΔE ≃ 2.27 MeV), 214Pb → 214Bi
(ΔE≃1.02MeV), 214Bi→ 214Po (ΔE ≃ 3.27 MeV),
210Pb → 210Bi (ΔE ≃ 0.06 MeV), and 210Bi → 210Po
(ΔE ≃ 1.16 MeV). Using GEANT4, we expect about
3.8 electrons above the Cherenkov threshold of
115 keV from the 238U-decay chain [199].

(ii) 232Th has a concentration of approximately
4.5 mBq=kg [199,200]. The 232Th-decay chain con-
tains the following beta decays with various
energy releases ΔE, namely, 228Ra → 228Ac (ΔE≃
0.05 MeV), 228Ac→ 228Th (ΔE ≃ 2.12 MeV),
212Pb → 212Bi (ΔE ≃ 0.57 MeV), 212Bi → 212Po
(ΔE ≃ 2.25 MeV, 64%), and 208Tl → 208Pb (ΔE≃
1.80 MeV, 36%). Using GEANT4, we expect about
2.6 electrons above the Cherenkov threshold of
115 keV from the 232Th-decay chain [199].

(iii) 40K is assayed to have an upper limit on its
concentration of ≲5.3 mBq=kg [199,200]. We take
the upper limit in our estimate of the Cherenkov
event rate below. About 89% of 40K undergo a beta
decay to 40Ca, emitting a total energy of 1.31 MeV.
About 90% of the electrons released have an energy
above 115 keV [211] and produce Cherenkov
photons.

Based on this information, we estimate that, in the 22.3 g of
Cirlex present in one tower of six detectors, the total rate of
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FIG. 22. The estimated n-electron event rate from transition
radiation at SuperCDMS HVeV (blue line) based on a simple
model with several assumptions and a photon detection proba-
bility f ≈ 1.6 × 10−3 (see the text for details). The experimental
data with 100 V bias voltage is shown in black with the error bars
corresponding to the 3σ statistical uncertainty [71].

DU, EGANA-UGRINOVIC, ESSIG, and SHOLAPURKAR PHYS. REV. X 12, 011009 (2022)

011009-38



beta decays is approximately 200 events per day or
approximately 75 000 events per year. The rate for pro-
ducing electron events above the Cherenkov threshold of
115 keV is approximately 130 events per day or approx-
imately 50 000 events per year.
Many of these events can be vetoed easily, although it is

plausible that several Cherenkov events remain in the final
dark-matter search dataset.

(i) Beta decays typically leave the daughter nucleus in
an excited state and can lead to a gamma ray or x ray
being emitted that gets subsequently absorbed in the
detector. This could veto many events that produce
Cherenkov radiation [199], but, of course, not all
high-energy photons are observed in the detector.

(ii) A fraction of high-energy electrons produced in the
beta decays leave the Cirlex and could interact in the
HV detector. Nevertheless, the range of an electron
with an energy of 1 MeV in Cirlex is only about
3.3 mm, so that many beta decays produce electrons
that do not leave the Cirlex. Moreover, many
electrons that leave the Cirlex simply interact with
the surrounding copper without causing a signal in
the HV detector. Finally, the small increase in heat
from a beta decay in the Cirlex clamp is likely not
detectable by the HV detector. It seems, therefore,
challenging to veto many Cherenkov events using
the accompanying energy deposition of the high-
energy electron.

(iii) Beta decays that produce electrons with an energy
well above the Cherenkov threshold of approxi-
mately 115 keV produce a large number of photons.
Such events are easy to veto, since they have a high
probability of producing a signal in more than one
detector. However, beta decays that produce elec-
trons with an energy close to 115 keV or that
produce electrons that leave the Cirlex before
coming to a full stop (without subsequently inter-
acting with an HV detector) are more problematic.
These produce only a few photons, which part of the
time could interact only in one detector.

(iv) Some of the photons, especially those produced in
the detector interface boards along the side wall of
the copper housing, could leave the copper housing.
This may allow at least some beta decays that
produce electrons with energy well above the
Cherenkov threshold to produce only a few photons
that are actually observed in a single HV detector.

(v) It is possible that events produced close to the
surface on the cylindrical side walls of the HV
detectors can be distinguished from those that
penetrate some distance into the bulk from the side
walls. This would allow many events to be vetoed
that produce Cherenkov photons that all hit a single
detector, since they produce multiple photons, sev-
eral of which are well above the Si or Ge band gap
and, hence, absorbed on the side walls. However,

photons that hit the top or bottom surfaces of the
detector are likely harder to distinguish from those
that penetrate into the bulk [94]. Even in this case,
some beta decays could produce a few photons all of
which are within approximately 0.1–0.2 eVof the Si
or (with lower probability) the Ge band gaps and
have a large absorption length that allows them to
penetrate into the bulk.

Finally, we assume in our discussion that the HV
detectors are operated with a nonzero bias voltage. It is
also possible that they operate without a bias voltage. (This
would not dramatically affect their sensitivity to nuclear
recoils from dark matter, although it would largely remove
any sensitivity to electron recoils.) Since the design goal of
the phonon energy resolution for the Si (Ge) HV detectors
is about 5 eV (10 eV) (see Table I in Ref. [21]), the detector
“threshold,” taken to be 7σ above their resolution, is about
35 eV (70 eV). This implies that about 35 (70) Cherenkov
photons with an energy of OðeVÞ are needed in Si (Ge) to
create a background event above the noise threshold. This
is possible with the beta decays that produce electrons well
above the Cherenkov threshold of 115 keV. While the
Cherenkov photons from such high-energy beta decays are
likely absorbed in multiple HV detectors, it is not above
threshold in all of them. A detailed simulation is needed
also in this case to determine whether the Cherenkov
background is a concern. One interesting option might
be to operate some HV detectors with a nonzero bias
voltage and use these as a veto for the HV detectors that are
being operated with a zero bias voltage.
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