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Dark matter (DM) particles with sufficiently large cross sections may scatter as they travel through
Earth’s bulk. The corresponding changes in the DM flux give rise to a characteristic daily modulation signal
in detectors sensitive to DM-electron interactions. Here, we report results obtained from the first
underground operation of the DAMIC-M prototype detector searching for such a signal from DM with
MeV-scale mass. A model-independent analysis finds no modulation in the rate of 1 e~ events with sidereal
period, where a DM signal would appear. We then use these data to place exclusion limits on DM in the
mass range [0.53,2.7] MeV/c? interacting with electrons via a dark photon mediator. Taking advantage of
the time-dependent signal we improve by ~2 orders of magnitude on our previous limit obtained from the
total rate of 1 e~ events, using the same dataset. This daily modulation search represents the current
strongest limit on DM-electron scattering via ultralight mediators for DM masses around 1 MeV/c2.
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Introduction.—There are numerous astrophysical and
cosmological observations supporting the existence of a
nonbaryonic and nonluminous form of matter [1], known as
dark matter (DM). Despite a wealth of experimental efforts
to detect DM through its nongravitational interactions
[2-4], its identity remains unknown. DM particles with
MeV-scale masses are viable candidates that appear in a
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range of natural, well-motivated scenarios [5—9]. However,
their discovery remains challenging since such light particles
do not have sufficient kinetic energy to produce detectable
nuclear recoils in direct-detection experiments [10]. Instead,
DM-electron scattering would produce eV-scale electronic
recoils, which would be observed in semiconductor-based
detectors with O(1 eV) ionization thresholds [11]. To date,
the sensitivity of semiconductor searches [12—-16] has been
partly limited by background levels [17]. A time-dependent
DM signal detected above a time-independent background
can significantly increase the sensitivity of these searches.
Various phenomena give rise to a daily modulation in
the flux of DM, including the variation of the velocity of
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the lab frame due to Earth’s rotation [18] and gravitational
focusing of the DM flux by Earth [18-20]. Furthermore, if
the DM scattering cross section is sufficiently large, the
velocity distribution of DM particles at the detector may be
distorted by their interactions in Earth [21-23]. Over the
course of a sidereal day, the position of the detector rotates
with respect to the incoming DM flux. Thus, the DM
particles will travel a greater or smaller distance across
Earth at different times, leading to a daily modulation.

Most experimental searches for daily modulations
[24-27] have targeted DM particles interacting with nuclei.
Here, we focus on models with MeV-scale DM, which may
be coupled to standard model particles via a kinetically
mixed dark photon [28,29], and thus interact with electrons.
For DM-electron scattering cross sections currently within
reach of semiconductor searches, interactions in Earth may
be substantial [30], which motivate the search for a daily
modulated signal on top of a constant background [31,32].

In this Letter, we present a search for a daily modulated
signal with a prototype of the DAMIC-M (Dark Matter in
CCDs at Modane) experiment [33]. We first perform a
model-independent search for modulations over a wide
range of periods. We then report limits on DM particles
with MeV-scale masses interacting with electrons, which
incorporate, for the first time with an underground detector,
a time-dependent analysis to provide a powerful discrimi-
nant between signal and background.

Setup and data.—The DAMIC-M experiment will feature
~200 skipper charge-coupled devices (CCDs), for a target
silicon mass of ~700 g, installed under the French Alps at the
Laboratoire Souterrain de Modane (LSM). DAMIC-M is
sensitive to a single-ionization charge signal thanks to the
extremely low level of dark current and the subelectron
readout noise of the devices. By operating prototype CCDs at
LSM in the Low Background Chamber (LBC) we obtained
world-leading limits on sub-GeV DM particles interacting
with electrons [16]. The daily modulation results reported
here are obtained with the same apparatus and dataset, which
are summarized in the following.

Two high-resistivity (>10 kQcm), n-type silicon
CCDs [34-36] are installed in the LBC. Each CCD has
6144 x 4128 pixels (pixel area 15x 15 pm?) and is
670 pm thick, for a mass of ~9 g. The detectors are
mounted in a high-purity copper box, which also shields
infrared radiation. A lead shield of ~7.5 cm thickness, with
the innermost 2 cm of ancient origin [37], encloses the
copper box inside the LBC cryostat. An additional 15 cm
of lead and 20 cm of high density polyethylene surround
the cryostat to shield from environmental radiation.
The measured background between 1 and 20 keV is
~10 eventskeV~! kg~! day~!, consistent with expectations
from a GEANT4 [38] Monte Carlo simulation of the
apparatus. The CCDs are kept at a temperature of
~130 K inside the vacuum cryostat at ~5 x 10~ mbar.

Charge carriers produced by ionizing radiation in the
silicon bulk of the CCD drift toward the x-y plane where

pixels are located. Thermal diffusion while drifting results
in a spatial variance aiy of the charge collected in
contiguous pixels [39]. In the readout process, the pixel
charge is moved across the array by appropriate voltage
clocking and read out serially by two amplifiers (referred to
as U and L) located at the corners of the CCD at the end of
the serial register. These skipper amplifiers [40—-42] allow
for multiple nondestructive measurements (NDCMs) of the
pixel charge. Subelectron resolution is achieved by aver-
aging a sufficient number (Ngips) of NDCMs, with the
resolution improving as 1/,/Ngys. The performance of
DAMIC-M CCDs is detailed in Ref. [43].

For this analysis we use 63 days of uninterrupted data
taking beginning on June 8, 2022 (the SR2 dataset in
Ref. [16]). Relevant CCD operating parameters include
Nips = 650, corresponding to a pixel charge resolution of
~0.2¢7, and a 10 x 10 pixel binning. In subsequent text,
the term pixel is used to describe a 10 x 10 bin of pixels
from which charge is summed before being read out. To
minimize dark current counts, only a fraction of the CCD is
read out (640 x 110 pixels), and its charge is cleared
between consecutive images.

Image data reduction and pixel selection criteria are
detailed in Ref. [16]. In brief, images are first calibrated
from the fitted position of the Oe™ and le™ peaks in the
pixel charge distribution. Then contiguous pixels with
charge are joined into clusters. Those with total charge
>7e~ are excluded from further analysis since they are
unlikely to be produced by sub-GeV DM interactions with
electrons. For each cluster we also exclude 10 trailing
pixels in the horizontal and vertical directions to account
for charge transfer inefficiencies. Defects in the CCDs may
release charge during the readout, appearing in the images
as “hot” pixels and columns [44]. These are identified by
their increased rate of pixels with 1e~, and rejected. Lastly,
we exclude one of the prototype CCDs due to the presence
of several charge traps in the serial register (identified by a
decreased rate of pixels with le™). A portion of the
remaining CCD is also excluded for the same reason.
The final integrated exposure after applying these selection
criteria is 39.97 g days, distributed over N;, = 8779
images.

For each image i the charge distribution of the selected
pixels is fitted with the sum of two Gaussian functions
corresponding to the Oe™ and le~ peaks. The number of
pixels with 1e~ charge, N, and its uncertainty o}, are then
obtained from the fitted parameters. The U and L sides of
the image are fitted independently to account for small
differences in the calibration and resolution of the ampli-
fiers. We find the value of N to be ~80 and ~30 pixels/
image for the U and L amplifier, respectively. The differ-
ence in counts is due to a large portion of the L side being
excluded by the serial register trap criteria. Corresponding
rates of le™, R’i, and associated uncertainties afql are then
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FIG. 1. Measured rate of le™, R’i , as a function of time for the
U side. Each data point is the rate averaged over 50 images. The
red line is the result of the fit of a constant plus an exponential.

obtained dividing Nj and o by the effective image
exposure time (Z.x, = 0.003 56 days) and target mass after
pixel selection. For each image the relative uncertainty
ok, /R is ~13% (21%) for the U (L) side. This set of
le™ rates, measured every ~10 min for 63 consecutive
days, is used to search for a daily modulation.

The rate R} for the U side is shown as a function of time
in Fig. 1. The rate is well parametrized by a constant plus an
exponential with time decay constant z ~ 33.5 days. The L
side has the same behavior. Since 7> 1 day, a daily
modulation analysis is largely unaffected. The observed
time dependence is consistent with the dark current
stabilizing over time, a characteristic of these types of
devices [44].

Model-independent search for a daily modulation.—We
first perform a model-independent analysis by fitting the
measured rates R} to a function F(f) = Be /" + C+
Acos|[(2n(t — ¢)/T], where B, C, and 7 parametrize the
exponential time dependence observed in the data, and A,
T, and ¢ are the modulation amplitude, period, and phase.
This simplified model approximates a periodic signal with
the first term of its Fourier expansion. We use a binned
likelihood method to test the null hypothesis, i.e., absence
of modulation, corresponding to A = 0. The likelihood
function is

L) = ﬁéﬁ exp {—% (%J"m)z} (1)

where 0 = {A, B, C, 7, T, ¢} is the set of model parameters
and ¢, is the time [45] when image i was taken. The spread in
the arrival time of the events within each image has negligible
impact for the range of periods explored. The likelihood of
the no-modulation hypothesis H, is found by maximizing
Eq. (1) under the constraint A =0, Ly, = supy_oL(0),
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FIG. 2. Model-independent search for daily modulation. The
test statistic 7, and corresponding local significance as a function
of the modulation period 7 in a range around 24 h; the global
significance levels for 1o, 20, and 30 are also shown as horizontal
lines. Both local and global significances are one-sided. See text
for details.

while the global maximum for a given period T is
Ly, = supyL(0). The likelihood-ratio test statistic for the
H, hypothesis is given by #, = =21n (L, /Ly, ). The local
significance of a departure from the H, hypothesis for any
given period 7' can then be quantified by the value of 7, [46].
In Fig. 2 we show the value of the test statistic and the
corresponding local and global significance as a function of
T in arange around 24 h. Global significances are calculated
by examining the distribution of the maximum value of the
test statistic under Hy [47], accounting for the search range
T = 1-48 h. The measured rate is consistent with the null
hypothesis (no modulation) for the sidereal period
(T = 23.93 h), where a DM signal would appear. The same
conclusion is drawn for all other periods in the search range,
with the only deviation found for 7 = 26 hinthe L side. This
deviation has no effect on the DM-e™~ scattering search (see
Supplemental Material for details [48]).

DM-e~ scattering.—In this section, we introduce a new
approach for constraining DM-e~ scattering, which
exploits the expected daily modulation due to DM inter-
actions within Earth. The rate of DM-e~ scattering in a
semiconductor is obtained by convolving the scattering
cross section with the DM velocity distribution at the
detector f(v,t) and with the crystal form factor f,
[11,56,57]:

512“5@/(:;21[/@‘13”} |Fom(q)*Ife(g. E)P. (2)

Here, 5, is a reference DM-e™ scattering cross section, E,
is the energy deposited as ionization, and ¢ is the
momentum transfer. We consider a model of DM which
couples to standard model particles via a kinetically mixed
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dark photon. In this case, the DM form factor Fpy =
(am,/q)" depends on the mass of the mediator m,, with
n = 0 for a heavy mediator (my > am,) and n =2 for
ultralight mediators (my < am,) [30].

The velocity distribution of DM is expected to follow a
Maxwell-Boltzmann distribution in the Galactic frame
[58,59]. The velocity distribution at the detector is obtained
by boosting into the rest frame of the laboratory, which is
moving at a velocity Vi, (1) = Vg + Vg () + V(7). Here,
Vo is the velocity of the Sun in the Galactic frame, vg(?)
Earth’s velocity in the Solar frame [61], and v, (¢) is the
rotational velocity of the lab in an Earth-centered inertial
frame (see Ref. [62], Appendix A). The velocity distribu-
tion f(v,7) at the detector is therefore always time
dependent due to Earth’s motion.

If the DM-scattering cross section is sufficiently large,
however, the flux of DM may also be distorted by
scattering of particles in Earth before they reach the
detector. The velocity distribution then depends on the
isodetection angle ® [62], defined as the angle between
the local zenith and the direction of the mean DM flux
(v,) = —Vigp. For ® = 0°, the mean DM flux comes from
directly above the detector, while at ® = 180°, it comes
from directly below. The isodetection angle oscillates
over a sidereal day with Earth’s rotation, and thus
the expected DM flux. During the data-taking period
the isodetection angle at LSM (45.2°N) varied in the
range © € [0°,92°].

Depending on the regime of interest, a number of
formalisms have been developed to estimate the DM flux
at the detector as a function of O, taking into account Earth
scattering (e.g., [31,62-67]). Here, we employ a modified
version of the VERNE code [68-70], which assumes that
light DM particles travel along straight-line trajectories and
either continue unaffected or are reflected back along their
incoming path when they scatter [71]. DM scattering with
Earth nuclei, implemented in VERNE with charge screening
[30], is the dominant process for daily modulation effects.
Since each ¢; corresponds to a ©(z;) [72], this code allows
us to efficiently calculate f(v,7;) over a wide range of
parameter space.

We search for a daily modulation of the rate R| by
performing a likelihood fit with Eq. (1), where F includes
both the background and signal model. For the background
we use a Poisson model, P(n,|4), which gives the prob-
ability of measuring n, charges in a pixel given a dark
current A (in units of counts/image). As shown in Fig. 1, the
dark current in our data stabilizes with an exponential
decrease in time. Thus, we model the time-dependent dark
current as A(t;) = A exp(—t;/7) + Aeq, Where 4, and 7 are
the amplitude and time constant of the exponential decay of
the dark current, and .4 is its value once stabilized. The
signal model, S(n,|m,.5,.1;), gives the probability that n,
charges are measured in a pixel for DM particles of mass
m,, and cross section 6,; the time dependence in S accounts
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40 60 80 92 80 60 40 20 0 20
1000— T T T T T T T T

¢+ Data
DM - e signal

500

-500-

1e” rate residuals (events g day™)
o
— — T
et
5
i
e
_ 4
2,
.
i
.
r .
HIRE
.
.,
.
&,
e
e\
e
.

_1000 (I) 1 1 é 1 1 112 1 1 118 1 1 2I4
Sidereal time (h)
FIG. 3. U-side residual rate after the subtraction of the best-fit

background-only model, binned as a function of local apparent
sidereal time. As a reference, the upper x axis gives the
isodetection angle ©(z) for the first day of data taking. Each
data point is obtained from the average of ~300 images. The light
red band shows the expected signal (minus its time average) for a
DM particle of mass 1 MeV/c?, 5, = 10732 cm? interacting via
an ultralight dark photon mediator. The signal is shown as a band
because a given value of the sidereal time may correspond to a
range of different ® values, depending on the varying Earth
velocity over the year. This gives rise to a time shift and
amplitude change of the signal during the data-taking period.

for the expected daily modulation. The fitting function in
Eq. (1) is then

i
P[1 — jlA(#
=0

F(1;]0) = NSGlmy. 8o 1), (3)

expmplx j=
where m;, is the mass of one CCD pixel and 60 =
{24.7,2¢q. 6.} are free parameters in the fit. The signal
model S is derived with the following procedure. First, the
rate as a function of the energy E, deposited in the DM
interaction is computed with Eq. (2) using QEDark [11] for
the crystal form factor f., which encodes the electronic
response of the target. Then, E, is converted to electron-hole
pairs with a semiempirical model based on probabilities
Ppair(ny|E,) from the charge yield model in Ref. [73]. To
include the detector response, we perform a Monte Carlo
simulation of the charge diffusion process, with 0)2@. obtained
from a surface laboratory calibration with cosmic rays
[16,74]. Lastly, a 10 x 10 binning of the simulated pixel
array is applied to match the data-taking conditions.

We minimize the joint log-likelihood for the U and L
sides at fixed DM masses between 0.53 and 2.7 MeV/c?.
To illustrate the sensitivity of the method, we show in Fig. 3
the residual rate after background subtraction, obtained by
fitting the U-side data to the background model only. Also
shown is the expectation for a DM particle of mass
1 MeV/c? interacting via an ultralight mediator with
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FIG.4. DAMIC-M 90% C.L. upper limits (solid thick black) on DM-electron interactions through an ultralight (left) and heavy (right)
dark photon mediator obtained from the daily modulation analysis. Also shown are previous limits from DAMIC-M [16] (solid black
line) and other experiments: DAMIC-SNOLAB [13] (dashed black line); SENSEI [14,76] (solid gray line); EDELWEISS [15] (dashed
gray line); SuperCDMS [12] (dotted gray line); XENONIT combined result from [77,78] (dashed violet line); PandaX-II [79] (dotted
violet line); a limit obtained from XENON10 data in Ref. [80] (dash-dotted violet line); and a limit obtained from XENONIT data
considering “solar reflected DM” (dashed orange line) from Ref. [81] (left) and Ref. [82] (right). Theoretical expectations assuming a
DM relic abundance from freeze-in and freeze-out mechanisms are also shown in light blue line [83].

5, = 10732 cm? (close to the current best limit on the cross
section at this mass).

The fit finds no preference for a DM signal at any mass.
Consequently, we derive exclusion limits using the
approach of Ref. [75] and the profile likelihood ratio test
statistic, 7, = —2log (o), where A(o) is the profile like-
lihood ratio, at each DM mass. The corresponding 90% CL
exclusion limits for ultralight (left) and heavy (right)
mediators are shown in Fig. 4. These limits fall within
the expected 95.4% sensitivity band as estimated by
Monte Carlo simulations. Also shown are previous results
from DAMIC-M and other direct-detection experiments.
Notably, the daily modulation analysis improves up to ~2
orders of magnitude the previous DAMIC-M limits [16]
obtained with the same dataset. Note that the excluded
region does not extend to indefinitely large cross sections,
as Earth-scattering effects eventually lead to a complete
attenuation of the DM flux. For the light mediator, this
upper bound occurs around ¢, ~ 10727 ¢cm? over the mass
range of interest. For the heavy mediator, this upper bound
is at 6, ~ 107" cm? near m, = 1 MeV/c?, decreasing to
0. ~107% cm? at m, = 10 MeV/c? [30]. Cross checks of
the analysis are included in the Supplemental Material [48].

For DM masses < 2.7 MeV/c? the signal is overwhelm-
ingly composed of le~. At higher masses the 2¢~ signal
becomes relevant in establishing the exclusion limit.
However, the existing cross-section constraints result in
a R) daily modulation amplitude that is too small to be
detectable with the statistics of the current dataset. For

this reason, we do not perform a full daily modulation
analysis of R5.

Conclusions.—This DAMIC-M search for DM particles
interacting with electrons excludes unexplored regions of
parameter space between 0.53 and 2.7 MeV/c?. This is the
first time that the daily modulation due to scattering of DM
particles in Earth, before they reach the detector, constrains
DM-electron interactions. When combined with our pre-
vious limits, DAMIC-M provides the current best con-
straints from searches for a nonrelativistic flux of DM
particles incident on Earth, over the mass ranges [0.53,
1000] and [0.53,15.1] MeV/c? for ultralight and heavy
mediator interactions, respectively [84]. In addition, a
model-independent search for modulations with period
close to 24 h demonstrates the stability of our detector,
allowing for further improvements in time-dependent
searches for a DM signal.
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