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We present constraints on low-mass dark matter electron scattering and absorption interactions using a
SuperCDMS high-voltage eV-resolution (HVeV) detector. Data were taken underground in the NEXUS
facility located at Fermilab with an overburden of 225 meters of water equivalent. The experiment benefits
from the minimizing of luminescence from the printed circuit boards in the detector holder used in all
previous HVeV studies. A blind analysis of 6.1 g - days of exposure produces exclusion limits for dark
matter-electron scattering cross sections for masses as low as 1 MeV/c?, as well as on the photon-dark
photon mixing parameter and the coupling constant between axionlike particles and electrons for particles
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with masses > 1.2 eV/c? probed via absorption processes.

DOI: 10.1103/5Inp-6mng

I. INTRODUCTION

Searches for sub-GeV dark matter (DM) have attracted
increasing attention recently as the parameter space of
DM above the GeV scale has been strongly constrained by
the most sensitive direct detection experiments [1-3]. In
the sub-GeV energy regime, DM candidates include par-
ticles produced nonthermally in the early Universe such
as MeV-scale DM fermions (y), as well as keV-scale
bosons such as dark photons (DPs) and axionlike particles
(ALPs) [4-6]. Cryogenic crystal detectors play an impor-
tant role in probing this mass range [7,8]. SuperCDMS
high-voltage eV-resolution (HVeV) crystal bolometers,
optimized for O(10) eV electron recoil energy thresholds
and O(1) eV energy resolution, provide sensitivity to these
DM candidates through electron scattering or absorption
processes [9].
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Exclusion limits have been produced for the aforemen-
tioned models in three previous searches using HVeV
detectors [7,10,11]. In this study, we present the results
of the fourth HVeV DM search (HVeV Run 4), with data
taken at the Northwestern EXperimental Underground Site
(NEXUS, see Ref. [12] for more information). Four silicon
HVeV detectors (NFC1, NFC2, NFE, and NFH), each of
mass 0.93 g, were operated inside an upgraded detector
housing to eliminate the luminescence events from Printed
Circuit Board (PCB) reported in Ref. [7]. Moreover, the
NEXUS facility was upgraded with an external lead
castle of 10 cm thickness which allows the suppression
of the ambient gamma-ray flux from “°K and the U- and
Th-chains by close to two orders of magnitude [13]. The
detectors have varying sensor designs, but the energy
resolutions o of these detectors are all around 3 eV. The
best-performing detector (NFC1) was employed for the DM
search, while the remaining detectors served as vetoes to
reject multiple-scattered background events. We report
exclusion limits on the DM-electron scattering cross section
6. [14] down to a mass of 1 MeV/c?, and limits on the
photon-dark photon mixing parameter ¢ and the ALP-
electron coupling constant g,. [15] for particle masses as
low as 1.2 eV/c?, based on a net exposure of 6.1 g - days.

II. EXPERIMENTAL SETUP

The experimental setup is described in Ref. [16]. Here
we only list relevant key features. Four detectors were
installed inside a copper holder arranged in two horizontal
planes, with two detectors placed side by side on each
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plane. Only a minimal area of PCB is exposed on the
copper holder for wire bonding, minimizing luminescence-
induced events. Each detector is made of a high purity
silicon crystal, with a square face of 10 mm side length and
4 mm thickness. The detector holder sits in a light-tight
copper housing which is thermally coupled to the mixing
chamber (MC) of a cryogen-free dilution refrigerator. The
copper housing has a diameter of 220 mm and a height of
180 mm, while the MC stage of the fridge was maintained
at 11 mK.

SuperCDMS HVeV detectors use quasiparticle-trap-
assisted electrothermal-feedback transition edge sensors
(QETs) [17], patterned on one side of the silicon crystal,
to measure phonons corresponding to energy depositions.
The QETs are grouped into two independent readout
channels covering the same fractional surface area; an
inner channel, which covers a central rectangular region,
and an outer channel, which surrounds the inner channel to
form a hollow rectangular area. By comparing the signal
amplitudes from each channel, one can determine whether
the energy deposition of an event occurred closer to the
inner or outer region of the detector.

The QET channels were connected to a SQUID readout
circuit and were read out at a sampling frequency of
156.25 kHz. To reduce external magnetic flux coupling
into the SQUID circuit, a two-layer magnetic shield con-
figuration was implemented. The inner Amuneal 4K [18]
shield encloses the detector area with nearly full coverage,
including openings for mechanical and electrical connec-
tions, and the outer Metglas (Magnetic Alloy 2705M)
blanket [19] covers the full solid angle around the dilution
refrigerator, providing additional attenuation of external
magnetic fields. A bias voltage of Vi, =100V was
applied across the crystal to induce the Neganov-
Trofimov-Luke (NTL) effect [20,21], where phonons are
generated through the drifting of electron-hole (eh) pairs
liberated by electron recoils or absorptions. The total
amount of phonon energy measured by the detector
for a single particle interaction, Eph, is the sum of the
DM-electron recoil energy or absorption energy E, of the
interaction and the energy produced from the NTL ampli-
fication, as shown in Eq. (1),

Eph = E; + nep - €+ Viiass (1)
where ng, is the number of eh-pairs produced and e is the
quantum of electric charge. Equation (1) assumes that the
sensitivity to recombination phonons and/or the phonons
promptly radiated from the initially released hot charge
carriers [22], is the same as the sensitivity to NTL phonons.

As needed in the experiment, LEDs and a '3’Cs gamma
source were used for energy calibration and data selection
studies. Four LEDs emitting photons of 630 nm wavelength
(1.97 eV) at room temperature were instrumented inside the
copper housing, each shining through a pinhole pointing at

the center of one of the detectors, on the side opposite the
QETs. The pinholes were covered with an infrared filter
(SCHOTT KG3) to block long-wavelength photons beyond
the desired LED emission band. These LEDs provided the
means for a precise energy calibration. The gamma source
137Cs was placed outside the refrigerator, at approximately
the same height as the detectors and at a radial distance of
65 cm from them [16].

III. DATA COLLECTION AND EVENT
RECONSTRUCTION

HVeV Run 4 consists of two separate data collection
periods. Period I (February to April 2022) included 12 days
of dark matter data collection (10.8 g - days of raw expo-
sure per detector) with data taken at 100 V bias and a
high-energy calibration period using a 3.14 MBq '*’Cs
gamma source with data taken at both 0 V and 100 V bias.
Period II focused on calibration with optical photons. Data
were taken in a continuous readout mode with the transition
edge sensor (TES) current being digitized every 6.4 ps
(described in detail in Ref. [16]) and stored in the form of
0.5-second long raw readout traces.

A threshold trigger was applied to detect pulses in each
readout trace after filtering using a Gaussian derivative
kernel. Each detected pulse was further analyzed within a
time window of 2048 digitized samples, with the trigger
point centered in the window. The main energy estimator is
the optimal filter (OF) amplitude of the triggered pulse. The
OF requires a pulse template which is constructed from the
average of pulses corresponding to events generated by
single eh-pairs when the detector is biased at 100 V, and a
power spectral density of the noise which is extracted from
randomly triggered events after pulse rejection. We use two
pulse amplitude estimations: (1) The OF amplitude (Agpg)
where the start time of the pulse in the template is forced to
coincide with the trigger time; (2) The maximum OF
amplitude (Agp) when scanning a range within six samples
of the trigger time, to account for potential misalignment
between the pulse and the OF template. Aggy iS a more
suitable estimator for low-energy detector response model-
ing when the pulse arrival time is known (as in the case of
LED data discussed below in Sec. IV). It is also essential
for an unbiased assessment of the baseline. Both the
triggering and amplitude estimations are applied to the
summed traces of the inner and outer channels, using equal
weighting (1:1) for both channels..

Period II of data taking was preceded by the addition of
LED sources and filters described in the previous section. A
spectrum analyzer was used to measure the energy of the
LED photons to be Epjoion = 2.05 £ 0.02 eV with the LED
immersed in liquid helium. A function generator was used
to drive an LED with O(1 ps) pulses and a repetition rate of
10 Hz. A cross-talk signal between the LED and QET
wiring was observed. It was mitigated by minimizing the
amplitude swing of the driving voltage through keeping a
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DC voltage level just below the LED turn-on. Variation of
the LED intensity while holding the capacitative cross-talk
constant was achieved by holding the signal amplitude
constant while the DC offset was changed. An interpolation
triggering algorithm was developed to identify triggered
LED events and find those that were not triggered because
no photons were produced in accordance with Poisson
statistics. This LED interpolation trigger exploits the
periodicity of the LED pulses by identifying a train of
triggered pulses following the exact 0.1 s spacing in time,
interpolating in cases where the threshold trigger did not
fire at the time of an LED pulse.

IV. CALIBRATION AND DETECTOR
RESPONSE MODELING

We calibrated the detector NFC1 with the LED data
acquired in Period II. We also extracted parameters of
charge trapping (CT) and impact ionization (II) according
to the chosen detector response models [23,24]. Charge
trapping occurs when charge carriers are trapped before
undergoing the full NTL amplification, resulting in a
reduced signal. Impact ionization refers to the process
where a drifting charge carrier liberates a previously
trapped charge carrier, leading to a larger-than-expected
signal. The parameters were extracted using two fits of a
single LED dataset: (1) a fit for energy calibration and
detector response parameters from the Aggy spectrum
including the O eh-pair peak; followed by (2) a fit for
energy calibration parameters from the Agp (the energy
estimator for the DM search) spectrum, excluding the O
eh-pair peak (see Fig. 1) while holding the CT fraction fct
and II fraction fyy fixed to the values found in the first fit.
The motivation behind this two-step fit is that although Aqr
is a more precise energy indicator for most eh-pair peaks,

10%;
| —— Photon Hit Model
Excluded Regions

10°1

I LED spectrum

n I
07570001 02 03 04 05 06 07 08
Pulse Amplitude [pA]

FIG. 1. LED calibration data for detector NFC1 and the best-fit
photon hit model [24] for the Agr energy estimator. The O eh-pair
peak is distorted in this Agr amplitude spectrum due to noise
fluctuations affecting the OF time offset. The fit is limited to the
first five eh-pair peaks because of limited statistics for higher-
order peaks.

it cannot measure the amplitude of the O eh-pair peak
correctly under the influence of noise.

The effects of CT and II are modeled according to
Ref. [24] which provides event rate distributions between
adjacent eh-pair peaks for multiple photons hitting the
surface of the detector simultaneously (within the timing
resolution), each generating one charge carrier pair. This
model is defined in the energy domain. It is transformed
from the amplitude domain using a quadratic calibration
function, with the linear term being dominant and taking
into account a second-order correction, while ignoring the
higher-order terms assuming their negligible influences.

Due to small changes in the experimental setup to
accommodate the LED module installation and possible
environmental conditions, the TES bias current (/1gg) was
adjusted by less than 7% in Period II compared to Period I,
in order to maintain the same TES operating resistance.
Since the calibration depends on the TES current, we derive
a linear correction to the calibration extracted from
Period II measurements before applying it to data from
Period I. The correction factor (~0.96) is derived such that
the first eh-pair event amplitudes as measured in non-LED
data match between the two periods. Additionally, cross-
talk between LED and channel readout wires affects the
measured pulse amplitudes, which must be taken into
account. To ascertain the amplitude change of the pulse
caused by cross-talk, the dependence of the position of the
0 eh-pair peak on LED offset voltage is fit with a linear
function and extrapolated to the point where the LED
intensity goes to zero (by changing the offset, the cross-talk
amplitude stays constant throughout as discussed in
Sec. III). This extrapolated peak position is our estimate
for the cross-talk contribution, and is subtracted from each
OF amplitude before the calibration fits are applied. The
0 eh-pair amplitude itself increases with increasing LED
intensity, a feature attributed to the surface trapping effect,
where a charge carrier released by a photon near the
detector surface promptly recombines instead of traversing
the crystal [17,24]. To account for this surface trapping
effect, a shift in energy is introduced in the calibration
function that is constant across all eh-pair peaks, but scales
with LED intensity.

Three sources of systematic uncertainty on the energy
scale were identified: (a) Uncertainty due to cross-talk
subtraction; (b) Uncertainty due to the assumption of a
quadratic calibration function from amplitude to energy;
and (c) Uncertainty from the linear gain correction between
Period I and II. The first two are taken into account as
constant uncertainties; for (a) the estimated cross-talk
amplitude uncertainty is converted to energy units, and
for (b) we use the maximum residual when comparing the
measured eh-pair peak positions to the values predicted by
the quadratic calibration function. The systematic uncer-
tainty (c) was calculated separately for each peak, and was
quantified by applying a linear gain correction on datasets
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TABLE I.  Gaussian prior distributions of nuisance parameters.
Here u; and o, represent the mean and standard deviation of the
kth nuisance parameter, respectively. The calibration uncertainty
is taken into account by introducing a nuisance parameter that
simply translates the signal model by an ‘energy shift’.

Hi O

Detector resolution [eV] 3.2 0.1
Energy shift [eV] 0.0 1 eh: 0.7

2 eh: 2.0

3eh: 3.3

4 eh: 3.2
x* cut flat efficiency 0.95 0.02
Charge trapping fraction (%) 12.3 0.5
Impact ionization fraction (%) 0.1 0.4

taken at varying QET biases within +4% of the central
value in Period II. We take the maximum deviation as the
uncertainty estimate for this systematic. Finally, the stat-
istical uncertainties on the linear and quadratic calibration
constants are propagated using the calibration function.

All four uncertainties are added in quadrature, with
values summarized for each eh-pair peak in Table I. The
total uncertainty on the phonon energy scale up to and
including the fourth eh-pair peak is <1%. In the following
sections, the calibration and detector response parameters
and uncertainties from the aforementioned fits are used in
analyzing the DM-search data.

V. DATA SELECTION

Data selection was performed under a blinding strategy,
in which 70% of the data remained blinded during the
development of the analysis. Specifically, only the first
three out of every ten consecutive data files were accessible
to the analyzers, with each file corresponding to a 5-minute
period. Once the data selection criteria (cuts) were final-
ized, the same criteria were applied uniformly to the
remaining blinded data. The initially unblinded 30% data
were discarded and not used to produce the final result.

The first stage of quality selections is composed of live-
time cuts which exclude periods of data that do not satisfy
predefined criteria. The following four live-time selection
criteria were developed to ensure only data taken during
periods with stable run conditions are used:

(1) Fridge temperature cut: A cut was applied to
exclude data periods when the fridge temperature
exceeded 11.1 mK. This cut removes < 1% of the
live-time;

(2) TES baseline cut: The average value of the TES
current (excluding triggered pulses) was calculated
for each readout trace and a 30 cut was applied to
remove outliers. This cut removes < 1% of the
live-time;

(3) Trigger rate cut: Elevated trigger rate periods were
identified when the trigger rate deviated significantly

from the average (i.e., by more than 9¢). These
periods of time were dominated by time-correlated
events incompatible with the random interactions of
a stable local halo of DM. A period of ten hours was
removed for each observed instance of an elevated
trigger rate. This value represents the longest ob-
served elevated rate period in any detector. In all
cases, the event rate is consistent with normal
periods again after this time. This cut removes
approximately 18% of the live-time;

(4) Coincidence cut: Events that occur in close temporal
proximity are not consistent with the DM signal of
interest. Coincidence live-time cuts are therefore
defined to exclude any readout trace that contains
events within 2'> time bins (corresponding to
6.5536 ms) of each other (whether they occur in a
single detector or across different detectors). This
time interval represents half of the pulse analysis
window used for event reconstruction. It is chosen to
remove specific events that are likely of electronics
origin because of their observed characteristic,
precise spacing in time. This cut removes <1% of
the live time.

In combination, these live-time selection algorithms
remove approximately 19% of the raw exposure.

To ensure the accurate reconstruction of events, a
reduced-y? cut is applied. This is based on the reduced-
x* value obtained after pulse fitting using the OF described
in Sec. III. The amplitude-dependent 36 upper bound on the
reduced-y* is defined on the distribution of reduced-y? and
pulse amplitude in the 0 V '¥’Cs calibration data, which
provides a continuous spectrum of pulse amplitudes. We
chose 0 V 1¥7Cs data over 100 V background data due to the
statistical requirement for enough events at different
energies throughout the analysis range. This is justified
by the observation of consistent pulse shapes between 0 V
and 100 V data for pulses with similar amplitudes. The
100 V LED data of Period II had different noise and cross-
talk conditions compared to Period I DM search data, and
could not be used for this purpose.

The signal efficiency of the reduced-y> was estimated
from 0 V '37Cs data, by applying the cut on a subset of the
events that are signal-like. This subset of ‘test’ events are
deemed signal-like if they pass a pile-up cut that removes
time-correlated events, a baseline slope cut removing
events with a nonzero slope in the prepulse region and a
pulse fall-time cut removing slow fall-time pulses unique to
0V datasets which are consistent with local TES saturation
[17]. The passage fraction of the y* cut for the remaining
events was evaluated in 20 eV energy bins and taken as an
estimate for the cut efficiency. This efficiency is found to be
consistent with being energy independent. We take the
maximum deviation from the mean as the estimate of the
uncertainty of the efficiency, producing a signal survival
efficiency €,» = 0.95 £ 0.02.
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The energy region of interest (ROI) of this analysis is
85 eV to 500 eV, which includes the first, second, third, and
fourth eh-pair peaks (beyond which our limited exposure is
not competitive). The lower bound of the ROI is the 50,
lower bound of the first eh-pair peak energy, where o, is
the width of the peak. The trigger efficiency in the ROI is
estimated from the LED data to be 0.998 + 0.002, con-
sistent with 100%.

VI. SIGNAL MODELS

In this analysis, four different DM signals are consid-
ered, as described in Refs. [7,25,26]. There is not a
complete understanding of the source of events in the
DM-search data, so the observed events are treated under
the signal-only hypothesis to derive conservative upper
bounds on DM interaction strengths. For DM fermions
(y)-electron scattering with a heavy or light mediator,
exclusion limits are set on the y-electron interaction
cross sections o,. For DP and ALP absorptions [27-29],
limits are set on the DP effective mixing parameter ¢ and
the axioelectric coupling constant g,, respectively.
In each case, it is assumed that the local DM halo with
a density of 0.3 GeV/cm?® consists exclusively of the
candidate particle [30]. The velocity distribution of the
particles is taken from Ref. [30], with an average DM
velocity of 238 km/s in the galactic frame, and a galactic
escape velocity of 544 km/s, taking the average speed of
the Earth in the galactic frame over a year.

The probability distribution of ny, as a function of E, is
determined by an ionization model [27,31]. In this analysis,
the ionization yields were determined using the results from
Ref. [22] and applied in the same way as for the analysis of
data from the previous HVeV DM search [7], where the
silicon band gap energy used is 1.131 eV [32].

The CT and II model with parameters fcr, fip taken
from fit of LED data in Sec. IV, is convolved with the NTL
phonon energy [ng, - € - Vi, term in Eq. (1)] to include the
effects of charge trapping and impact ionization. Surface
trapping which was considered for LED datasets is irrel-
evant for DM events which would occur throughout the
bulk of the substrate. The phonon resolution in the DM
search data is taken as the width of the first eh-pair peak
(resolution values from LED data are affected by cross-
talk). The detector response parameter values used in the
DM search are listed in Table 1.

VII. RESULTS

We follow the same idea as in the previous HVeV DM
search [7] to take each eh-pair peak region in the energy
spectrum as a separate experiment, and decide which
peak to use for the final upper limit prior to unblinding
the full data files. The upper limits are calculated separately
for the first four eh-pair peaks. The peak windows are
[E, —30,E, + 30|, where E, =n-e- Vi, + (E,) is the

expected total phonon energy for the nth eh-pair peak given
a primary energy deposition with an expectation value (E, ),
and o is the median value of the detector resolution
estimate. For DPs and ALPs of mass m, the absorbed
energy is taken as (E,) = mc?. In the case of DM-electron
scattering we need to consider that the distribution of
recoil energies that may produce n eh pairs (with n < 4)
has a width of less than 18 eV with a 1o equivalent of less
than ~5-6 eV [22], which is considerably less than the
peak windows of E, =30 we consider. Therefore, we
can use the same approach for DM-electron scattering as
for the absorption analyses where we calculate (E,) as
follows. Convolve the DM recoil spectrum with the
probability distribution for producing n eh pairs and
average the resulting distribution. To avoid biases and
look-elsewherelike effects due to separately calculating the
upper limit on multiple eh-pair peaks, we preselected the
eh-pair peak that is used to compute the final upper limit by
selecting the eh-pair peak that produces the strongest
constraint for each DM candidate and mass sampled using
the 30% initially unblinded data. The peak selection
choices are applied to the remaining 70% after unblinding
to produce the final result.

A likelihood-based limit setting approach [33] is adopted
in this analysis. The unbinned extended likelihood function
L(u,0;E) for a total of N observed events is constructed as

We v N 1 _(9k-ll2k>2
L(p,0) =~ | f,(n.0; EN[] e i, (2)
N kK \/2n0?
bdR
=X [ Oe(E)E. G)

where y is the parameter of interest (o, €, Or g,c), v, is the
expected number of signal events, E; is the measured total
phonon energy [E,;, from Eq. (1)] of the ith event, and f, is
the signal probability density function in the E,, domain
[Eqg. (10) in Ref. [24] ], which also depends on the detector
response parameters summarized in Table I and the
ionization model taken from Ref. [22]. In the Gaussian
constraint term, #; is the kth nuisance parameter with an
expected mean of y; and a standard deviation of ;. In
Eq. (3), e(E) is the DM signal efficiency, X is the exposure
after live-time cuts, a and b are the lower and upper
boundary of the energy analysis window. Due to the lack of
knowledge about either the rate or the energy distribution of
the background events, we make the signal-only assump-
tion (taking the expected number of background events
v, = 0) and only set conservative upper limits.

Table I summarizes the nuisance parameters considered
in this analysis. Their prior distributions were assumed to
be Gaussian, with the mean and standard deviation values
taken from the previous sections. The calibration uncer-
tainty is taken into account by introducing a nuisance
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FIG. 2. The blue histogram shows the event rate for the HVeV
Run 4 DM-search data after live-time and event-based data
selection. The HVeV Run 3 data, after applying all data selection
algorithms used in HVeV Run 3, are also shown in orange for
comparison. The red curve shows an example of a DM-electron
recoil signal model for DM particles with a mass of 3.5 MeV/c?
interacting through the exchange of a light mediator with a
scattering cross section of 2.9 x 10733 cm?. The signal model is
shown for the cross section value corresponding to the 90% con-
fidence level upper limit produced in this work. The gray-shaded
energy range is not considered in this analysis.

my, [keV/c?]

FIG. 3.

parameter that simply translates the signal model by an
‘energy shift’, which is constrained by a Gaussian centered
at zero (corresponding to the nominal calibration result),
with a width equal to the eh-pair-peak-dependent uncer-
tainty estimated at the end of Sec. IV.

The test statistic #(u) is defined as

_1p Lwb)
Hu) = { 2InTGa #
0 u<jp

where /i and 0 represent the best fit-values corresponding to
the globally maximized likelihood, and 6* are the best-fit
values for a specific values of . The distribution of #(x) in
the high-statistics limit approaches a y? distribution as
predicted by Wilk’s theorem [34]. When the number of
observed events is small (N < 20), we approximate the
distribution of 7(u) using Poisson counting results with the
nuisance parameters fixed at their mean values, which has
been validated by Monte Carlo simulations.

Due to the attenuation from the overburden, the experi-
ment will not be able to exclude interaction strengths above
certain upper boundaries. This Earth shielding effect for

1072
1072
_107%
=107
S
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10736

10-%

107°
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10 "k

108 ¢
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—12 1
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The 90% confidence level exclusion limits from this work (black lines) calculated while ignoring the effects of overburden in

comparison with results from other experiments [7,8,36—39] (colored lines) for the y-electron scattering cross section with DM form
factor Fpy = 1 (upper left) and Fpy o 1/g% (apper right), the dark photon kinetic mixing parameter (bottom left) and the axioelectric
coupling constant (bottom right). The gray shaded regions in the top plots indicate the estimated exclusion boundaries when considering

overburden attenuation [35].
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y-¢electron recoils is estimated following a similar approach
as used in the analysis for the previous HVeV DM run [7]
where a Monte Carlo simulation of the Earth’s nuclear
stopping power was performed [35].

After the whole analysis was developed, the remaining
70% of the data were unblinded. Figure 2 shows the HVeV
Run 4 DM-search spectrum after live-time and event-based
selections. The 1 eh-pair peak has the dominant number of
observed events, with only a few events in the higher order
peak regions. In fact, no peak feature is observed after the
second eh-pair peak at ~200 eV. The red curve in Fig. 2
shows one instance of the signal model for DM-electron
scattering with a light mediator and DM particle mass of
3.5 MeV/c?, with the inclusion of the CT and II effects.
The cross section of the signal model is chosen to match
the 90% confidence-level upper limit calculated from the
second eh-pair peak of the DM-search spectrum. Figure 3
shows the final constraints on o, €, and g, calculated from
the DM search data shown in Fig. 2 at 90% confidence
level. The black solid lines show the upper limits calculated
while ignoring the effects of overburden. The gray shaded
regions in the top plots indicate the exclusion boundaries
estimated from the attenuation by the overburden. For the
dark absorption limits the effect of the Earth attenuation
becomes relevant only for very high values of € and g,. that
are outside the plotting range. Limits from other direct DM
search experiments [7,8,36-39] are also shown in colored
lines for comparison.

VIII. DISCUSSION AND OUTLOOK

The background event rate in HVeV Run 4 has been
reduced by at least two orders of magnitude compared with
the previous HVeV DM search [7] in the ROI, due to the
replacement of the detector holder that removed most of
the PCB material near the detectors. Consequently, upper
bounds have improved significantly in Run 4 compared
to Run 3.

Taking advantage of the lower background event rate
during this experiment, for the first time we observed
elevated trigger rate periods as described in Sec. III, and
developed a live-time cut to remove them. The nature of
these high-rate events is still under investigation.

This analysis is limited by the lack of a background
model, due to the fact that the background sources and rates
remain poorly understood. One major hypothesized source
of background events are charge leakage events. When a
high voltage is applied across the detector, individual
charge carriers could tunnel from the electrode into the

crystal bulk [40], generating events within a similar energy
range as single eh-pairs.

Many cryogenic low-threshold experiments observe
sharply rising event rates of yet unknown origins below
a few hundred eV [41]. This background, usually referred
to as low-energy excess (LEE) events, has been reported to
be dominated by nonionizing events [42]. Applying HV
pushes our signal (consisting of ionizing events) to higher
energies through the NTL effect while not affecting the
LEE. This minimizes the LEE background contribution in
our energy region of interest.

In summary, HVeV Run 4 confirmed the removal of one
major external background source in previous HVeV runs,
and produced improved exclusion limits with a likelihood-
based limit setting method. A main goal for the future
experiments is to investigate and model the background
components, and further reduce them. The following HVeV
run has already taken place in 2024 at a cryogenic under-
ground test facility hosted at SNOLAB, the analysis of
which is an ongoing effort.
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