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Recent breakthroughs in cryogenic silicon detector technology allow for the observation of single
electron-hole pairs released via particle interactions within the target material. This implies sensitivity to
energy depositions as low as the smallest band gap, which is ∼1.2 eV for silicon, and therefore sensitivity
to eV=c2-scale bosonic dark matter and to thermal dark matter at masses below 100 MeV=c2. Various
interaction channels that can probe the lowest currently accessible masses in direct searches are related to
standard photoelectric absorption. In any of these respective dark matter signal models any uncertainty on
the photoelectric absorption cross section is propagated into the resulting exclusion limit or into the
significance of a potential observation. Using first-time precision measurements of the photoelectric
absorption cross section in silicon recently performed at Stanford University, this article examines the
importance having accurate knowledge of this parameter at low energies and cryogenic temperatures for
these dark matter searches.
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I. INTRODUCTION

A diverse set of astrophysical observations provides
compelling evidence for the existence of dark matter
(DM) [1] that accounts for about 85% of the matter content
in the Universe [2]. These data do not, however, give much
insight into the particle nature of dark matter and its
nongravitational interactions. Lacking knowledge about
defining properties of the dark matter particles, it is of
great scientific interest to search for as many plausible dark
matter candidates as possible in a diverse set of interaction
channels. Widely accepted candidates include, but are not
limited to, weakly interacting massive particles (WIMPs)
[3], light dark matter (LDM) [4], axionlike particles (ALPs)

[5,6], and dark photons [7], candidates to which current and
future direct detection experiments are particularly sensi-
tive [8,9].
Several of these direct detection channels are similar in

that they can be related to the Standard Model photoelectric
absorption cross section σp:e:, where p:e: stands for photo-
electric. Relevant processes include the absorption of ALPs
and dark photons by a target material [10,11] (causing the
emission of one or more electrons) and inelastic nuclear
scattering of WIMPs or LDM (resulting in bremsstrahlung
emission of a photon [12] or the emission of an electron via
theMigdal effect [13]). The natural low-energy limit for these
searches in solid-state detector experiments is the lowest
band gap or ionization energy of the target material; σp:e:
approaches zero below this energy, where only negligible
contributions to the cross section due to material impurities
and free carrier absorption exist.
Recent breakthroughs in cryogenic silicon (Si) detector

technology [14–17] allow for the potential observation of
these absorption and scattering processes at energies as low
as the indirect band gap at ∼1.2 eV [18], thus maximizing
the reach of the corresponding dark matter searches. Precise
and accurate knowledge of σp:e: near the Si band gap and at
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cryogenic temperatures thus comes to the fore. Lacking
respective absorption data to date, the uncertainty in σp:e:
has been the dominant source of uncertainty at low ALP
and dark photon masses in recent Si dark matter search
results [19,20]; this fact has been directly addressed by a
new, first-time measurement of σp:e: with a cryogenic Si
device operated well below 1 K by Stanford et al. [21].
This article discusses the sensitivity of dark matter direct

detection interaction channels to uncertainties in σp:e:. We
show that for some interaction channels the systematic
uncertainties cannot be ignored, whereas in other channels
the uncertainties are important only in special cases. The
current status of low-energy σp:e: measurements is summa-
rized in Sec. II. The dark matter signal models associated
with σp:e: are described in Sec. III. The effect of the new σp:e:
measurements on corresponding dark matter coupling limits
is discussed in Sec. IV, followed by a conclusion in Sec. V.

II. PHOTOELECTRIC ABSORPTION

The direct detection of dark matter requires knowledge
of the photoelectric absorption cross section σp:e: over a
wide range of energies E, depending on the interaction
channel and on the dynamic range of the experiment. For
the discussed interaction channels and in leading-edge,
low-threshold silicon detectors, energies as low as ∼1.2 eV
and higher than 1 keV are required. The nominal σp:e:ðEÞ
curve is defined as the σp:e: data from Ref. [22] for energies
≤1 keV, Ref. [23] for energies >1 and ≤20 keV, and
Ref. [24] for energies >20 keV. This definition roughly
follows that used in Ref. [11].
At incident photon energies below ∼4 eV, there is

temperature dependence in the photoelectric cross section
due to the temperature-dependent phonon distributions that
are required for indirect, phonon-assisted photon absorp-
tion [25]. Until recently, existing literature about σp:e:
measurements at energies of O (eV) [22,23,26–32] did
not include measurements at temperatures below 5 K, i.e.,
at temperatures highly relevant to state-of-the-art Si direct
detection dark matter searches [19,20,33,34]. To account
for this lack of data, higher temperature results had to be
extrapolated down to the lower temperature region of
interest. A notable systematic uncertainty of up to an order
of magnitude on the cross section remained due to the wide
spread in the existing data even after temperature correc-
tions, as can be seen in Fig. 1. It should be noted that in
some of the sources shown the experimental setup differs,
which could lead to systematic shifts in the measurement of
σp:e: (for example, Ref. [32] used epitaxial Si, and Ref. [31]
used n-type Si). Overall, the uncertainty in σp:e: yielded
dominating uncertainties in some dark matter results.
These uncertaintiesmotivated a dedicatedmeasurement of

σp:e: in Si for photon energies of 1.22.8 eVand temperatures
as low as 0.5 K [21]. Based on these new data, Ref. [21]
models the Si absorption cross section up to 4 eV using an
analytic description validated up to that energy [25].

To fully probe the dark matter models described in
Sec. III, the photoelectric absorption cross section is needed
over a wide range of energies. Thus, for energies larger than
4 eV, previously existing data are used starting at 4.02 eV,
interpolating in the region in between. The corresponding
cross section above 4.02 eV follows the same curve as
nominally used in various Si direct dark matter search
experiments and phenomenological studies [11].
The resulting photoelectric cross section curve from

1.2 eV to 50 keV is provided as Supplemental Material [35]
and is referred to as the fitted σp:e: curve throughout this
paper. In contrast, the photoelectric cross section curve
made up of commonly used data is the previously defined
nominal σp:e: curve. Above 4 eV both curves are identical,
and therefore the effects on the DM interaction channels are
a direct result of the temperature dependence of σp:e:.

III. DARK MATTER SIGNAL MODELS

For many years, most direct-detection dark matter
experiments have been optimized for WIMP searches using

FIG. 1. Top: summary of existing measurements of the photo-
electric absorption cross section data at low energies [22,26–32].
The data have been temperature corrected to 50 mK, using the
model from Ref. [25], with fitted parameters from Ref. [21]. Also
shown are the new measurements by Stanford et al. [21] taken at
0.5 K, also temperature corrected to 50 mK using the same
method. Lastly, this plot shows the difference between the
nominal and fitted σp:e: curves used to compare the limits in
this work. The nominal curve is defined as described in the text.
The fitted curve uses the model in Ref. [25] evaluated at 50 mK
with fit parameters extracted from the new data described in
Ref. [21]. The model is valid up to 4 eV. Above that energy, the
fitted curve and the nominal curve are the same. Bottom: ratio of
the nominal σp:e: curve over the fitted σp:e: curve.
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nuclear recoil events. However, the absence of a confirmed
positive signal to date has increased the interest in other
dark matter candidates and dark matter masses lower than
the OðGeV=c2 − TeV=c2Þ window, i.e., beyond the stan-
dard WIMP paradigm. Recent detector developments using
cryogenic Si detectors show they are particularly sensitive
to low-energy electron recoil events induced by dark matter
candidates with masses as low as about 1 eV=c2. The
respective interactions are described in this section. The
observable rate in each case is a product of the cross section
and the relic dark matter flux ϕ ¼ ρDMv=mDM, where
ρDM ¼ 0.3 GeV=cm3 is the local dark matter density,
and v and mDM are the dark matter velocity and mass,
respectively [36].

A. Absorption

If the energy of a bosonic relic dark matter candidate,
like a sub-MeV=c2 dark photon or ALP, exceeds the work
function of a particular target, it may be absorbed by bound
electrons in analogy to the photoelectric effect [37,38]. In
the case of cryogenic semiconductor detectors, the band
gap plays the role of the work function, which is ∼1.2 eV
for Si at 0 K. The associated excitation of an electron into
the conduction band is detected as an electron recoil event
with an energy equal to the total energy of the incoming
particle.
For cold dark matter, this energy is a good approximation

of the mass energy, which means that the dynamic range of
the experiment equals the mass range accessible in these
absorption processes. With a threshold as low as the band
gap, existing cryogenic semiconductor experiments can
thus probe parameter space down to a few eV=c2 exceeding
current astrophysical bounds with only moderate exposure
[19,20,33,34].

1. Axionlike particles

The expected cross section σa for the effective ALP-
electron interaction can be related to σp:e: as per

σaðEaÞ ¼ σp:e:ðEaÞ
g2ae
βa

3E2
a

16παm2
ec4

!
1 −

β2=3a

3

"
; ð1Þ

where me is the mass of the electron, Ea is the ALP’s total
energy, βa ¼ va=c is its relativistic beta factor with velocity
va and speed of light c, α is the fine structure constant, and
gae is the axioelectric coupling of the ALP to the electrons
[37,39]. For nonrelativistic ALPs, Eq. (1) reduces to

σaðmaÞ ¼ σp:e:ðmac2Þ
g2ae
βa

3m2
a

16παm2
e
; ð2Þ

with Ea ¼ mac2 and βa ≪ 1. The consequent interaction
rate in the detector of ALPs constituting all of the relic dark
matter is

RaðmaÞ ¼ ρDMσp:e:ðmac2Þ
3c

16παm2
e
g2aema: ð3Þ

Using this signal model and given a measured energy
spectrum in the region of interest, a limit can be set on gae
as a function of ALP dark matter mass ma.

2. Dark photons

The kinetic mixing of dark photons A0 to Standard Model
photons enables an effective coupling to electrons, and with
it the absorption of dark photons by atoms. The expected
cross section for this process [10,11] is given by

σA0ðEA0Þ ¼ ε2eff
vA0

σp:e:ðEA0Þnℏc; ð4Þ

where EA0 is the dark photon’s total energy, vA0 is the dark
photon’s velocity, εeff is the effective kinetic mixing
parameter, and n is the index of refraction. For dark photon
masses ≳20 eV=c2 εeff approximates the kinetic mixing
parameter ε, the actual parameter of interest.
At lower masses in-medium effects can significantly

alter ε and it has to be derived from εeff using

ε2eff ¼
ε2m2

A0

ðm2
A0 − 2mA0σ2 þ σ22 þ σ21Þ

; ð5Þ

as described in Ref. [11]. Here σ1 and σ2 are the energy-
dependent real and imaginary part of the complex conduc-
tivity, respectively. The photoelectric cross section is
related to the real part of the complex conductivity through

σ1ðmA0Þ ¼ n · σp:e:ðmA0Þ · ρ · ℏc; ð6Þ

where ρ is the density of the target material. Assuming that
all relic dark matter consists of nonrelativistic dark photons,
the event rate is given by

RA0ðmA0Þ ¼ ρDM
mA0

ε2effσp:e:ðmA0c2Þnℏc: ð7Þ

Using this signal model and given a measured energy
spectrum in the region of interest, a limit can be set on ε as a
function of dark photon dark matter mass mA0 .

B. Bremsstrahlung

The scattering of a thermal, relic dark matter particle χ,
such as a WIMP or LDM, with a target nucleus N has both
elastic and inelastic contributions. The inelastic scattering
process is accompanied by an emitted photon and referred
to as bremsstrahlung [12].
While the total cross section of the bremsstrahlung

process is orders of magnitude lower than that of the
elastic process, it allows for the search of dark matter at
masses well below those accessible in elastic scattering
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searches. If the dark matter mass is mχ ≪ mN , the kinetic
energy of the dark matter that gets transferred to the emitted
bremsstrahlung photon is much higher than the elastic
nuclear recoil energy would be. This results in an observ-
able electron recoil signature in the detector down to a mass
of mχ < 90 MeV=c2, the lowest mass probed to date in
elastic DM-nucleus scattering searches [40].
The differential cross section as a function of emitted

photon energy Eγ can be written as

dσ
dEγ

¼
4αjfðEγÞj2

3πEγ

μ2Nv
2σSIN

m2
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
2Eγ

μNv2

s !
1 −

Eγ

μNv2

"
ð8Þ

whereα is the fine structure constant,f is the complex atomic
scattering function, μN is the DM-nucleus reducedmass, and
mN is the mass of the nucleus [12]. The spin-independent
elastic DM-nucleus scattering cross section σSIN is related to
the respective DM-nucleon cross section σSIn through

σSIN ≃ A2σSIn

!
μn
μN

"
2

ð9Þ

where μn is the DM-nucleon reduced mass.
Following the convention in Ref. [41], f can be written

as a function of the photoelectric cross section

jfj2 ¼ jf1 þ if2j2 ¼ f21 þ f22 ð10Þ

where the imaginary part f2 is

f2ðEγÞ ¼
σp:e:ðEγÞ
2reλ

ð11Þ

and where the real part f1 relates to the imaginary part and
thus the photoelectric cross section as

f1ðEγÞ ¼ Z% þ 2

π
P
Z

∞

0

E0
γf2ðE0

γÞ
E2
γ − E02

γ
dE0

γ

¼ Z% þ 1

πrehc
P
Z

∞

0

E02
γ σp:e:ðE0

γÞ
E2
γ − E02

γ
dE0

γ: ð12Þ

Here, Z% ≃ Z − ðZ=82.5Þ2.37 is the atomic number after a
small relativistic correction, re is the electron radius, h is
Planck’s constant, λ is the wavelength, and P is the Cauchy
principal value.
The energy spectrum of an event in the detector is

obtained by multiplying the cross section by the number of
target nuclei per unit mass NT and the relic dark matter
flux, averaging the cross section over the dark matter
velocity distribution fv in the lab frame

dR
dEγ

¼ NT
ρDM
mχ

Z

jv⃗j≥vmin

vfvðv⃗þ v⃗eÞ
dσ
dEγ

d3v⃗: ð13Þ

A truncated Maxwell-Boltzmann distribution with a most
probable velocity of 220 km=s is chosen for fvðv⃗Þ. v⃗e is the
velocity of the Earth relative to the Galactic rest frame
and vmin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eγ=μN

p
.

The validity of this model at energies as low as the band
gap is subject to ongoing research [42]. Under this caveat,
using this signal model and given a measured energy
spectrum in the region of interest, a limit can be set on
σSIn as a function of dark matter mass mχ .

C. Migdal effect

Another process relevant to WIMP and LDM searches at
masses too low for standard DM-nucleus elastic scattering
experiments is the so-called Migdal effect [43]. In cases
where the incoming kinetic energy is too small to fully
dislocate a target nucleus from its host atom, the nucleus
may at least temporarily be moved out of place. The
surrounding electron cloud is not able to immediately
follow the recoiling nucleus and the relative displacement
within the atom represents an excited state. An electron
emitted in the deexcitation process of the atom provides an
observable electron recoil signal in the detector. The overall
process is referred to as the Migdal effect. Reference [13]
describes how this process can be taken advantage of in
direct dark matter detection experiments to increase the
sensitivity to low-mass thermal dark matter. Various
approaches exist for calculating the differential rate of this
dark matter signal in different target materials [13,44–47].
For the present paper only the approach in Ref. [44] is
relevant, as it is the only calculation based on σp:e:.
In Ref. [44], the differential cross section for DM-nucleus

scattering with nuclear recoil energy ER accompanied by an
ionization electron of energy Er due to the Migdal effect is
related to the photoelectric cross section, as per

d2σMPA

dERdEr
¼ m2

e

μ2Nv
2
σSIN

ER

Er

σp:e:ðErÞ
4π2α

: ð14Þ

This relation is referred to as the “Migdal-photoabsorption”
(MPA) relation. The respective differential rate is obtained in
the same fashion as in Sec. III B yielding

d2R
dERdEr

¼NT
ρDM
mχ

Z

jv⃗j≥vmin

vfvðv⃗þ v⃗eÞ
dσMPA

dERdEr
d3v⃗ ð15Þ

with vmin ¼ ðmNER þ μNErÞ=ðμN
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNER

p
Þ. For the case

that the observed energy does not include the nuclear recoil
energy ER, the double differential rate can be reduced to

dR
dEr

¼NT
ρDM
mχ

Z
dER

Z

jv⃗j≥vmin

d3v⃗vfvðv⃗þ v⃗eÞ
dσMPA

dERdEr
ð16Þ

by integratingoverER.Under the samecaveat as inSec. III B,
using this signal model and a measured energy spectrum in
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the region of interest, a limit can be set on σSIn as a function of
dark matter mass mχ .

IV. EXCLUSION LIMITS

To demonstrate the effect of these new Si photoelectric
absorption measurements on dark matter exclusion limits,
we need to analyze low background data at electron recoil
energies as low as the Si band gap. An excellent test case is
provided by the SuperCDMS Collaboration in their pub-
lication of the HVeV Run 2 data analysis [20], where HVeV
is a high-voltage eV-resolution detector. The same data and
limit setting procedure is used here, summarized in this
section. The HVeV Si device was operated at a temperature
of about 50 mK.

A. Underlying data and toy assumptions

The HVeV Run 2 electron recoil spectrum and signal
efficiency from Ref. [20] are shown in Fig. 2. The data were
taken with an applied bias voltage of 100 V. The exposure
after analysis cuts is 1.219 g · day, the energy resolution is
σE ¼ 3.6 eV, the charge trapping fraction is 0.11, and the
impact ionization fraction is 0.02. Throughout the pre-
sented analysis the fitted band gap energy of 1.13 eV
determined in Ref. [21] is used, which is the only difference
to the HVeV Run 2 analysis in which 1.2 eV was used as
the band gap energy [20]. The experiment was operated
within a surface facility at Northwestern University.

In the case of the bremsstrahlung and Migdal model, an
additional toy experiment is adduced as an example: in this
idealized experiment, there are no events in the data
spectrum, the efficiency is unity at all energies, and there
is no trapping or impact ionization. The observable signature
of the scattering signal models is less sensitive than the
signature of the absorption signal models to differences in
σp:e:. This additional toy experiment maximizes the effect on
the limits due the discussed differences in σp:e:.
The detector response model used in this analysis is

identical to the one used in Ref. [20] to compute the mean
number and probability distribution of electron-hole pairs
produced in an interaction with a given deposited energy
using a Fano factor value of 0.155. The detector response
model also accounts for the effects of charge trapping and
impact ionization and was used to quantize the expected
dark matter signal model at each mass.

B. Limit calculation

For this analysis, we compute limits using Poisson
statistics under a signal-only hypothesis. For a given signal
model SM0ðEÞ calculated at a reference cross section σ0,
the cross section σP [computed within an energy window
½a; b', with signal efficiency ϵðEÞ, and exposure X] is

σP ¼ Cab
P · σ0

X
R
b
a SM0ðEÞ · ϵðEÞdE

; ð17Þ

where Cab
P is the Poisson upper limit at a given confidence

level (C.L.) on the event count between a and b. To account
for the look-elsewhere effect, the C.L. used to calculate the
limit at each window is adjusted such that the overall C.L.
when selecting between n number of windows is 90%. For
choosing between n windows and an overall C.L. of 90%,
this correction is 0.91=n. The windows used in this analysis
are centered around the quantized signal peaks with a width
of (3σE in agreement with Ref. [20].
To compute the limits on ε and gae, the same procedure is

followed as in Ref. [20]. For the σSIn exclusion limits using
HVeV Run 2 data, all six peaks are taken into account. In
case of the zero-background toy experiment, only the first
electron-hole pair peak is used to calculate the σSIn limits,
which is the peak with the greatest sensitivity to the
differences in σp:e:.

C. Results

1. Dark photon and ALP absorption

The signal generated in each of the bosonic dark matter
absorption processes described in Sec. III A is a delta
function at the dark matter mass. In addition, the total event
rate in both Eqs. (3) and (7) depends on the photoelectric
cross section at that mass. Therefore, a different σp:e: value
at a given mass amounts to a difference in overall scaling of

FIG. 2. Data spectrum (top, black histogram) and signal
efficiency curve (bottom) as a function of energy from the HVeV
Run 2 100 V analysis [20]. The peaks just above 100 V, 200 V,
300 eV, etc., are the quantization peaks at 1, 2, 3, etc., electron-
hole pairs, respectively. The highest peak is at six electron-hole
pairs. Also shown are the expected Migdal model spectra for an
exemplary dark matter mass of 0.1 GeV=c2 and a cross section of
σSIn ¼ 1.36 × 10−30 cm2 for both σp:e: curves (top, solid blue and
orange lines). The inset shows the first electron-hole pair peak of
those two dark matter signal spectra, where the difference
between them is largest.
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the expected dark matter signal spectrum for a given ALP
coupling strength gae or dark photon kinetic mixing ε. In
both cases a lower σp:e: results in a higher, and thus weaker,
limit on gae or ε.
The notable difference between the nominal σp:e: curve

and the newly fitted σp:e: curve, as shown in Fig. 1, results
in a significant shift in the exclusion limits. Figure 3
compares the 90% C.L. limits computed using either the
nominal or fitted σp:e: curve. Shown for comparison are the
published HVeV Run 2 limits [20]. They differ below
4 eV=c2 from the nominal limits because the spread in the
σp:e: data shown in Fig. 1 is propagated as systematic
uncertainty in the limit. More specifically, the HVeV Run 2
limits are slightly weaker compared to the nominal limits
because the HVeV Run 2 limits also incorporate σp:e:
information with lower values than the nominal curve.
The plot inset shows the ratio between the two newly

calculated limits up to 4 eV=c2. The limit ratio uses the
limit calculated with the nominal σp:e: in the denominator
whereas the σp:e: ratio shown in Fig. 1 uses the nominal σp:e:
in the numerator. A direct comparison of the ratio plots
demonstrates their similarity and the overall scaling effect
described above. The distinct features apparent in the limit
ratio plots follow the behavior of the σp:e: ratio plot. Above
a mass of 4 eV=c2 there is no difference between the limits
as the same σp:e: information is used.
The largest effect that the newly fitted σp:e: curve has on

the resulting limits is closest to the band gap, where the
ratio exhibits an asymptotic behavior. However, even at
masses larger than 1.2 eV=c2, throughout the entire region
up to 4 eV=c2 in which the fitted σp:e: differs from the
nominal σp:e:, the shift is non-negligible. The limits are up

to a factor of 2 weaker using the fitted compared to the
nominal σp:e: curve. The only exception is the ε limit at dark
photon masses above about 3.5 eV=c2. In this region the
limit based on the fitted σp:e: is slightly stronger due to the
in-medium correction in Eq. (5) applied to ε that also
depends on σp:e:. Overall the effect the recent σp:e: mea-
surements have on the dark photon and ALP absorption
searches with state-of-the-art cryogenic Si detectors cannot
be ignored.

2. Bremsstrahlung and Migdal processes

The signal generated in each of the inelastic scattering
processes described in Secs. III B and III C is a differential
rate. Therefore, and in contrast to the absorption processes,
a different energy dependence of σp:e: alters the shape of the
expected spectra, not just its scale. This can be seen in
Fig. 4 comparing the differential rates based on the fitted
and nominal σp:e: curves and before detector effects are
applied. The corresponding quantized dark matter signal
spectra expected for the Migdal process in the HVeV
detector are shown in Fig. 2. The ionization model used
for the quantization follows Ref. [20] with a Fano factor of
0.155. As can be seen from both figures, the difference is
largest at low energies and negligible at higher energies. At
the same time the data spectrum observed in single-electron
sensitive devices is typically highest at lowest energies (as,
e.g., in Fig. 2) which is largely due to a nonzero dark
current [20]. As a result these types of experiments are most
sensitive to bremsstrahlung and Migdal processes at ener-
gies that are not affected by the presented difference in the
σp:e: curves and thus the respective exclusion limits on σSIn
will be minimally affected, if at all. The example dark

FIG. 3. 90% C.L. exclusion limits on the dark photon kinetic mixing parameter ε over the dark photon mass mA0 (left) and on the
effective ALP-electron coupling constant gae over the ALP massma (right). All limits are based on SuperCDMS HVeV Run 2 data [20].
The blue limit assumes the nominal dependence of σp:e: on energy. The orange limit takes into account the σp:e: curve fitted to recent
direct measurements at sub-Kelvin temperatures in the energy range of interest [21] and evaluated at 50 mK. Both limits, blue and
orange, consider the band gap energy of ∼1.13 eV that was fitted in Ref. [21]. Their ratio is shown in the inset on a linear scale. The limit
in black is the published SuperCDMS HVeV Run 2 result including its uncertainty band in gray.
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matter signal spectra shown in Fig. 2 are both scaled to a
cross section of σSIn ¼ 1.36 × 10−30 cm2, where the strong-
est limit is set for both curves on the fourth electron-hole
pair peak. The difference in the first electron-hole pair peak,
as shown in the figure inset, does not have an impact on
the limit.
For different dark masses different electron-hole pair

peaks can provide the highest sensitivity to a potential dark
matter signal. However, for none of the dark matter masses
probed with the HVeV data does the first electron-hole pair

peak provide the highest sensitivity. Figure 5 compares the
90% C.L. limits computed using either the nominal or fitted
σp:e: curve. The limits that are set based on HVeV data are
virtually identical. To decouple the discussion from a
specific dataset and to understand the maximum impact
the fitted σp:e: curve can have on the limits, the calculations
were repeated with an idealized zero-background toy
experiment as described in Sec. IVA. Using only the first
electron-hole pair peak in this calculation (see Sec. IV B), a
limit weaker by about 10% (5%) for the Migdal

FIG. 4. Differential interaction rate of inelastic DM-nucleus scattering under the emission of a Migdal electron (left) or bremsstrahlung
photon (right). The energy is the energy of the emitted particle. The assumed DM-nucleon scattering cross section σSIn and dark matter
massmχ are given in the text box. The differential rate is calculated once with the nominal σp:e: curve (blue) and once with the σp:e: curve
fitted to the measurements in Ref. [21] and evaluated at 50 mK (orange).

FIG. 5. Top: 90% C.L. exclusion limits on the spin-independent DM-nucleon scattering cross section σSIn over the dark matter mass
mχ . The underlying interaction is inelastic DM-nucleus scattering under the emission of a Migdal electron (left) or bremsstrahlung
photon (right). The solid limits assume the nominal dependence of σp:e: on energy. The dotted limits take into account the σp:e: curve
fitted to recent direct measurements at sub-Kelvin temperatures in the energy range of interest [21] and evaluated at 50 mK. Two sets of
limits are shown: one based on SuperCDMS HVeV Run 2 data [20] and another based on a zero-background toy experiment. All limits
consider the band gap energy of ∼1.13 eV that was fitted in Ref. [21]. Bottom: for both scenarios the ratio of the limit using the fitted
σp:e: curve over the limit using the nominal σp:e: curve is shown.
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(bremsstrahlung) signal model is observed over the entire
dark matter mass range when the fitted σp:e: curve is used
instead of the nominal one. Whether or not this effect is
relevant depends on the size of the various uncertainties that
may exist in a respective measurement. Typical experi-
mental uncertainties include, but are not limited to, uncer-
tainties on the energy resolution, on the charge trapping and
impact ionization fraction, and on the signal efficiency. A
systematic uncertainty that is of particular interest for single
electron-hole pair sensitive devices is introduced with the
ionization model used to quantize the expected dark matter
signal spectrum (as shown in Fig. 2) and the respective
Fano factor that is applied [19,20]. Which uncertainty,
including the one introduced by the σp:e: differences, is the
dominating one is highly dependent on the experiment.
It should be noted that the presented limits on σSIn do not

take into account an upper limit that would be caused by
dampening from the atmosphere (the atmosphere plus the
Earth) for dark matter coming from the upper (lower)
hemisphere in case of a surface-operated experiment. This
means that these results could be in a region that is already
excluded when accounting for these dampening effects.
Also the lower limits themselves shown in Fig. 5 are not
corrected for atmosphere and Earth shielding effects [48].
This means in particular that the limit results in Fig. 5
should not be taken as actual constraints on σSIn derived
from the HVeV Run 2 data in Ref. [20]. They are only
intended to demonstrate the potential effect of σp:e: on such
limits. The dampening effects were not taken into account
because they are beyond the purpose of this paper. The
conclusions from the presented results using the HVeV Run
2 data and the zero-background toy experiment are the
same regardless of whether or not the dampening effects are
accounted for.

V. CONCLUSION

For both dark photon absorption and ALP absorption,
the use of the fitted σp:e: curve that accounts for the
temperature dependence over the nominal σp:e: curve, as
determined in Ref. [21], results in an exclusion limit up to
two times greater at masses below 4 eV=c2. The difference
becomes asymptotically greater close to the Si band gap.
For the dark photon exclusion limit, the fitted σp:e: curve
produces a slightly stronger limit above about 3.5 eV=c2

after applying an in-medium correction. These findings are
based on SuperCDMS HVeV Run 2 data but are expected
to be qualitatively applicable to comparable experiments
like SENSEI and DAMIC [33,34].
In case of the bremsstrahlung and Migdal interaction

channels, using either the nominal or fitted σp:e: curve in the

dark matter signal model produces no significant difference
in the exclusion limits set on SuperCDMS HVeV Run 2
data. This result, however, is dependent on whether or not
the first electron-hole pair peak in the respective data
spectrum contributes to the limit result. Calculating the
limits on an idealized experiment with no events and
perfect efficiency, as well as only setting the limit on the
first electron-hole pair peak, maximizes the difference that
could be observed in the limits when using the different
σp:e: curves. For the bremsstrahlung and Migdal signal
models, the differences in the exclusion limits in this
scenario are about a factor of 1.05 and 1.1, respectively.
In general, this analysis highlights the importance of

considering the temperature effects of the photoelectric
absorption cross section when conducting analyses on low-
mass dark matter candidates that depend on this parameter.
For dark matter absorption, the effect is clear and signifi-
cant at low masses. For inelastic DM-nucleus scattering, the
effect is more subtle and potentially negligible. Only in
cases in which the experimental sensitivity to these
interaction channels is driven by the first electron-hole
pair peak can this effect become noticeable.

ACKNOWLEDGMENTS

We would like to thank Rouven Essig and Josef Pradler
for helpful discussions about the use of the photoelectric
absorption cross section parameter in the Migdal and
bremsstrahlung interaction models. We would further like
to thank Matthew Dolan, Timon Emken, Masahiro Ibe,
Felix Kahlhoefer, Chris McCabe, Wakutaka Nakano,
Jayden Newstead, Yutaro Shoji, and Kazumine Suzuki
for their useful discussions on the Migdal effect, its
normalization, and its application in silicon. We also thank
Betty Young and Steven Yellin for useful discussions and
feedback on the manuscript. This work was supported by
the Deutsche Forschungsgemeinschaft (DFG) under
Project No. 420484612 and Germany’s Excellence
Strategy—EXC 2121 “Quantum Universe” 390833306,
by the U.S. Department of Energy and by the National
Science Foundation (Grant No. 1707704), and by the
Canada First Research Excellence Fund through the
Arthur B. McDonald Canadian Astroparticle Physics
Research Institute. This document was prepared by using
resources of the Fermi National Accelerator Laboratory
(Fermilab), a U.S. Department of Energy, Office of
Science, HEP User Facility. Fermilab is managed by
Fermi Research Alliance, LLC (FRA), acting under
Contract No. DE-AC02-07CH11359. SLAC is operated
under Contract No. DEAC02-76SF00515 with the U.S.
Department of Energy.

B. VON KROSIGK et al. PHYS. REV. D 104, 063002 (2021)

063002-8



[1] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys.
2020, 083C01 (2020).

[2] N. Aghanim et al., Astron. Astrophys. 641, A6 (2020).
[3] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.

267, 195 (1996).
[4] C. Bœhm and P. Fayet, Nucl. Phys. B683, 219 (2004).
[5] R. D. Peccei, Lect. Notes Phys. 741, 3 (2008).
[6] P. Svrcek and E. Witten, J. High Energy Phys. 06 (2006)

051.
[7] B. Holdom, Phys. Lett. 166B, 196 (1986).
[8] M. Battaglieri et al., arXiv:1707.04591.
[9] M. Schumann, J. Phys. G 46, 103003 (2019).

[10] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and T.-T. Yu,
J. High Energy Phys. 6 (2017) 87.

[11] Y. Hochberg, T. Lin, and K. M. Zurek, Phys. Rev. D 95,
023013 (2017).

[12] C. Kouvaris and J. Pradler, Phys. Rev. Lett. 118, 031803
(2017).

[13] M. Ibe, W. Nakano, Y. Shoji, and K. Suzuki, J. High Energy
Phys. 03 (2018) 194.

[14] R. Romani et al., Appl. Phys. Lett. 112, 043501 (2018).
[15] J. Tiffenberg, M. Sofo-Haro, A. Drlica-Wagner, R. Essig, Y.

Guardincerri, S. Holland, T. Volansky, and T.-T. Yu
(SENSEI Collaboration), Phys. Rev. Lett. 119, 131802
(2017).

[16] A. Aguilar-Arevalo, D. Amidei, X. Bertou, M. Butner, G.
Cancelo, A. Castaeda Vzquez, B. Cervantes Vergara, A.
Chavarria, C. Chavez, J. de Mello Neto et al., Phys. Rev.
Lett. 118, 141803 (2017).

[17] Z. Hong et al., Nucl. Instrum. Methods Phys. Res., Sect. A
963, 163757 (2020).

[18] K. Ramanathan and N. Kurinsky, Phys. Rev. D 102, 063026
(2020).

[19] R. Agnese et al., Phys. Rev. Lett. 121, 051301 (2018).
[20] D. Amaral et al. (SuperCDMS Collaboration), Phys. Rev. D

102, 091101 (2020).
[21] C. Stanford, M. Wilson, B. Cabrera, M. Diamond, N.

Kurinsky, R. Moffatt, F. Ponce, B. von Krosigk, and B.
Young, AIP Adv. 11, 025120 (2021).

[22] D. F. Edwards, in Handbook of Optical Constants of Solids,
edited by E. D. Palik (Academic Press, Burlington, 1997),
pp. 547–569.

[23] B. Henke, E. Gullikson, and J. Davis, At. Data Nucl. Data
Tables 54, 181 (1993).

[24] M. J. Berger et al., XCOM: Photon cross section database
(version 1.5), https://doi.org/10.18434/T48G6X (2010).

[25] K. Rajkanan, R. Singh, and J. Shewchun, Solid State
Electron. 22, 793 (1979).

[26] M. A. Green, Sol. Energy Mater. Sol. Cells 92, 1305 (2008).

[27] M. A. Green and M. J. Keevers, Prog. Photovoltaics 3, 189
(1995).

[28] W. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955).
[29] G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and V.

Roberts, Phys. Rev. 111, 1245 (1958).
[30] D. E. Aspnes and A. A. Studna, Phys. Rev. B 27, 985 (1983).
[31] S. E. Holland, D. E. Groom, N. P. Palaio, R. J. Stover, and

M. Wei, IEEE Trans. Electron Devices 50, 225 (2003).
[32] R. Hulthén, Phys. Scr. 12, 342 (1975).
[33] O. Abramoff, L. Barak, I. M. Bloch, L. Chaplinsky, M.

Crisler, Dawa, A. Drlica-Wagner, R. Essig, J. Estrada, E.
Etzion et al. (SENSEI Collaboration), Phys. Rev. Lett. 122,
161801 (2019).

[34] A. Aguilar-Arevalo, D. Amidei, D. Baxter, G. Cancelo, B.
Cervantes Vergara, A. Chavarria, E. Darragh-Ford, J. de
Mello Neto, J. DOlivo, J. Estrada et al. (DAMIC Collabo-
ration), Phys. Rev. Lett. 123, 181802 (2019).

[35] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.104.063002 for the pho-
toelectric absorption cross section data used to produce the
presented results, which includes preexisting material and is
added for convenience. The reader should make sure to
include the original sources in the citations, i.e., [21–24], if
the provided data file is used.

[36] M. Weber and W. de Boer, Astron. Astrophys. 509 (2010).
[37] M. Pospelov, A. Ritz, and M. Voloshin, Phys. Rev. D 78,

115012 (2008).
[38] S. Dimopoulos, G. Starkman, and B. Lynn, Phys. Lett. B

168, 145 (1986).
[39] C. Fu, X. Zhou, X. Chen, Y. Chen, X. Cui, D. Fang, K.

Giboni, F. Giuliani, K. Han, X. Huang et al. (PandaX
Collaboration), Phys. Rev. Lett. 119, 181806 (2017).

[40] I. Alkhatib et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 127, 061801 (2021).

[41] A. Thompson et al., X-ray data booklet, Center for X-Ray
Optics and Advanced Light Source, Lawrence Berkeley
National Laboratory, University of California (2009), 1.7
Atomic Scattering Factors, https://xdb.lbl.gov/.

[42] R. Essig (private communication).
[43] A. B. Migdal, J. Phys. USSR 4, 449 (1941).
[44] C.-P. Liu, C.-P. Wu, H.-C. Chi, and J.-W. Chen, Phys. Rev.

D 102, 121303 (2020).
[45] R. Essig, J. Pradler, M. Sholapurkar, and T.-T. Yu, Phys.

Rev. Lett. 124, 021801 (2020).
[46] D. Baxter, Y. Kahn, and G. Krnjaic, Phys. Rev. D 101,

076014 (2020).
[47] S. Knapen, J. Kozaczuk, and T. Lin, Phys. Rev. Lett. 127,

081805 (2021).
[48] B. J. Kavanagh, R. Catena, and C. Kouvaris, J. Cosmol.

Astropart. Phys. 01 (2017) 012.

EFFECT ON DARK MATTER EXCLUSION LIMITS FROM NEW … PHYS. REV. D 104, 063002 (2021)

063002-9

https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1016/0370-2693(86)91377-8
https://arXiv.org/abs/1707.04591
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1007/JHEP06(2017)087
https://doi.org/10.1103/PhysRevD.95.023013
https://doi.org/10.1103/PhysRevD.95.023013
https://doi.org/10.1103/PhysRevLett.118.031803
https://doi.org/10.1103/PhysRevLett.118.031803
https://doi.org/10.1007/JHEP03(2018)194
https://doi.org/10.1007/JHEP03(2018)194
https://doi.org/10.1063/1.5010699
https://doi.org/10.1103/PhysRevLett.119.131802
https://doi.org/10.1103/PhysRevLett.119.131802
https://doi.org/10.1103/PhysRevLett.118.141803
https://doi.org/10.1103/PhysRevLett.118.141803
https://doi.org/10.1016/j.nima.2020.163757
https://doi.org/10.1016/j.nima.2020.163757
https://doi.org/10.1103/PhysRevD.102.063026
https://doi.org/10.1103/PhysRevD.102.063026
https://doi.org/10.1103/PhysRevLett.121.051301
https://doi.org/10.1103/PhysRevD.102.091101
https://doi.org/10.1103/PhysRevD.102.091101
https://doi.org/10.1063/5.0038392
https://doi.org/10.1006/adnd.1993.1013
https://doi.org/10.1006/adnd.1993.1013
https://doi.org/10.18434/T48G6X
https://doi.org/10.1016/0038-1101(79)90128-X
https://doi.org/10.1016/0038-1101(79)90128-X
https://doi.org/10.1016/j.solmat.2008.06.009
https://doi.org/10.1002/pip.4670030303
https://doi.org/10.1002/pip.4670030303
https://doi.org/10.1103/PhysRev.99.1151
https://doi.org/10.1103/PhysRev.111.1245
https://doi.org/10.1103/PhysRevB.27.985
https://doi.org/10.1109/TED.2002.806476
https://doi.org/10.1088/0031-8949/12/6/008
https://doi.org/10.1103/PhysRevLett.122.161801
https://doi.org/10.1103/PhysRevLett.122.161801
https://doi.org/10.1103/PhysRevLett.123.181802
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
http://link.aps.org/supplemental/10.1103/PhysRevD.104.063002
https://doi.org/10.1051/0004-6361/200913381
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1016/0370-2693(86)91477-2
https://doi.org/10.1016/0370-2693(86)91477-2
https://doi.org/10.1103/PhysRevLett.119.181806
https://doi.org/10.1103/PhysRevLett.127.061801
https://doi.org/10.1103/PhysRevLett.127.061801
https://xdb.lbl.gov/
https://xdb.lbl.gov/
https://xdb.lbl.gov/
https://doi.org/10.1103/PhysRevD.102.121303
https://doi.org/10.1103/PhysRevD.102.121303
https://doi.org/10.1103/PhysRevLett.124.021801
https://doi.org/10.1103/PhysRevLett.124.021801
https://doi.org/10.1103/PhysRevD.101.076014
https://doi.org/10.1103/PhysRevD.101.076014
https://doi.org/10.1103/PhysRevLett.127.081805
https://doi.org/10.1103/PhysRevLett.127.081805
https://doi.org/10.1088/1475-7516/2017/01/012
https://doi.org/10.1088/1475-7516/2017/01/012

