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SUPPLEMENTAL MATERIAL 50

51

Independent cross-checks have been performed at ev- 52
ery step in the analysis, starting from the low-level image 53
processing to the generation of the data pixel distribu- 5
tion, the identification of defects, the modeling of the DM s
signal, and the extraction of the DM signal upper limit. 56

All of these checks yield consistent results. 57
58

59
Rates 60

61

The observed time dependence of the rate R is consis- &
tent with dark current stabilizing over time, characteris- 6
tic in these types of devices. To confirm this interpreta- &
tion we check the time dependence of the 2e~ rate, R, &
in the same data set. We sum the pixel charge distribu-
tion of 100 consecutive images to guarantee a sufficient &
number of pixels with 2e~ and then fit it with the sum e
of 3 Gaussians to obtain Rj. The exponential time de- ©
cay constant for RS, 79, = 35 4 24 days, when compared
with that for R} is consistent with a Poisson process, as
expected for dark current. 70

Model-independent search

A deviation from the null hypothesis (no modula- 7
tion) is observed for T=26h in the L-side. The best s
fit amplitude when fixing T=26h is found to be A =
(594 +103) events/g/day with a phase ¢ = (10.5+£0.7) h. »
The best fit amplitude for T=24h is found to be A = 4
(229 + 103) events/g/day with a phase ¢ = (6.7 £1.7) h. 7
This cannot be interpreted as evidence for a DM signal,
not only because it does not match the expected period, ¢
but also because a much higher deviation should have
been found in the U-side, which accounts for 70% of the
data. In fact, for the U-side, the best fit point for am- g
plitudes and phases is A = (141 £ 42) events/g/day and
¢ = (7.7 £ 1.2)h when T=26h. For T=24h, instead, &
A = (121 £ 42) events/g/day and ¢ = (16.8 & 1.3)h. &
The same argument is valid for changes in external pa- g
rameters like the temperature, which should affect the g
measured rate in both the U and L-side. Also, no mod-
ulation is found in relevant slow control data (several
temperature sensors in the apparatus and cryocooler pa- g,
rameters). Applying the same model-independent search
on the data set previously excluded due to the presence
of serial register traps (which should have no effect on
a possible modulation signal), no evidence for a T=26h
signal is found. Note that the L-side data consists of pix-
els close to the amplifier (columns > 74 are rejected), and %
the modulation amplitude is reduced by a factor of two e
when all columns are included. From these observations, os
an instrumental effect limited to the amplifier on the L o
side is likely the origin of the deviation. Note that since o

we took data for over two months a T=26 h modulation
is washed out when searching for a signal at a sidereal
period (23.93h), hence we do not expect any significant
effect on the DM-e™ scattering analysis. Indeed, exclud-
ing the L-side data changes the exclusion limits in Fig. 4
by at most 5% (12%) for the ultralight (heavy) media-
tor. As our primary objective is to assess the tempo-
ral stability of the detector by quantifying the statistical
significances of fluctuations in the data, the presence of
a modulated signal highlights the complexity of the de-
tector’s time dependence. We acknowledge the need for
a comprehensive understanding of these temporal varia-
tions. To address this, the method outlined involves a
comparison of best-fit amplitudes and phases across dif-
ferent amplifiers or CCDs. This cross-check enables us
to discern any signal origin that might be common to all
CCDs, aiding in the ongoing effort to refine our under-
standing of the detector’s time-dependent behavior and
ensuring the robustness of our results against potential
instrumental artifacts in future searches.

Exclusion limits

For the model-independent analysis, we have per-
formed toy-MC simulations under Hy (no modulation),
finding that the test statistic ¢; asymptotically follows a
x? distribution with two degrees of freedom.

We have also verified that our limits in Fig. 4 have
the correct coverage by performing the analysis on toy
Monte Carlo simulations, which include both a signal and
background. We find that the signal is properly rejected
or discovered according to our 90% C.L.

In Fig. 5 we show the estimated sensitivity bands. The
bands are obtained from 10000 pseudo data sets con-
structed by randomly shuffling the time of the images.
The shuffling method guarantees that no modulation is
present in the pseudo data set and takes into account
the uncertainty in the measured rates. A 90% C.L upper
limit is then calculated for each pseudo data set, and sen-
sitivity bands are derived from the distribution of these
upper limits. The limit reported in Fig. 4 falls in the 20
(95.4%) sensitivity band.

We also perform a cross-check of the exclusion limits
with a less sensitive but simpler method by computing
the correlation

p= lRllle [ '

1m|

where ||R1|| = \/S2Nm(Ri)2 /Ny and T and ¢ are fixed
to the period and phase predicted by the DM-e™ scat-
tering model described in the main text. The probability
distribution of p is obtained from toy Monte Carlo sim-
ulations, which include only the background model, and
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FIG. 1. Sensitivity bands for DM-electron interactions via a ultralight (left) and heavy (right) mediator. Also shown is the
median sensitivity (dashed line) and the DAMIC-M upper limit from Fig. 4 (solid line).

then used to derive a 90% limit on the amplitude of aiz
putative daily modulation signal. We convert the rate toio
cross section using Eq. (2). The corresponding exclusionixn
limits are a factor of 1.2 weaker than the nominal limitsis
obtained from the likelihood. 133
In Fig. 6 we present DAMIC-M 90% C.L. exclusionis
limits for ultralight (left) and heavy (right) mediators upzss
to masses of 1000 MeV /c?, obtained by combining resultsiss
in Fig. 4 with our previous limits [16]. 137
138

139

Theoretical uncertainties 140
141

We use QEDark as the reference theoretical model for'*
proper comparison with previous and forthcoming results'
from other experiments. We note that theoretical uncer-'**
tainties are significant for DM masses below 2.7 MeV /c2,***
with QEDark-based limits almost a factor 100 better than®
those obtained with DarkELF [83] and EXCEED-DM [84, 85]**

models (see Supplemental Material of Ref. [16].) 18

149
150
151

Earth-scattering calculations
152

The velocity distribution at the detector was deter-is;
mined with an updated version of the VERNE code to takeiss
into account Earth-scattering effects. This code will beiss
described in full in a future publication (Ref. [62]). Hereiss
we provide a brief summary of the calculation, includ-is
ing signal rates and modulation amplitude for a number;ss
of benchmark parameter points, and a comparison withise
other Earth-scattering calculations available in the liter-ieo
ature. 161

The original VERNE code [60], described in Ref. [59],1
was tailored to the Earth-scattering of heavy DM par-ies
ticles. It assumed straight-line trajectories for the in-ie

coming DM particles and a continuous energy loss due
to scattering with nuclei in the atmosphere and Earth.
Instead, light DM (m,, < my) may be deflected substan-
tially when scattering off a nucleus of mass my, while the
energy losses in a single scattering event (proportional to
m, /my) are typically negligible. The updated version of
VERNE used in the present work assumes that the DM
particles follow a straight-line trajectory until they scat-
ter, at which point they either continue along the same
trajectory, or they are reflected back along the incom-
ing trajectory with probability ppack. The value of ppack
depends on the type of DM interaction and a suitable
estimate can be calculated as the fraction of scattering
events which deflect the DM particle into the backwards
hemisphere. We fix ppack = 0.875 and ppack = 0.5 for
the light and heavy mediator cases respectively. We as-
sume zero energy loss with each scattering and take into
account up to two scattering events for each incoming
trajectory. The flux at the detector is given by the sum
of those particles which arrive at the detector without be-
ing reflected out to space and those particles which are
reflected back to the detector, having already passed the
detector. Full details of the formalism and implementa-
tion will appear in Ref. [62].

In Fig. 7 we compare the VERNE DM velocity distri-
butions at the detector with those obtained when the
Earth-scattering effects are calculated using DAMAS-
CUS [53, 86, 87], a more accurate but computationally
demanding 3D Monte Carlo simulation. The simplified
approach adopted in VERNE reproduces to better than
20% the DAMASCUS predictions. We have repeated our
analysis at a DM mass of 1 MeV/c? using the DAMAS-
CUS code; the corresponding limits differ from those ob-
tained with VERNE by less than 30%. The use of VERNE
has also allowed for a number of additional checks. In
the VERNE calculation of the DM velocity distribution



165

166

1

o

7

168

1

o

9

-25
<107 2
e [ === DAMIC-M, Combined Fow = (@ mJ/q)
8 ? = = = DAMIC-SNOLAB (2019) 'SENSEI (2020, recast)
) 270 EDELWEISS (2020) SuperCDMS (2019)
|b 10 % CDEX-10 (2022) Darkside-50 (2023)
[ === XENONIT(2022) e PandaX-Il (2021)
§ ----- XENONL10 (2017) = = = XENONLT Solar Reflected DM (2021)
1072%
10731 X
El A
10733 AN N\ e --
10 N
10—37"‘H1 N | N | NN
1 10 102 10°
2
m, (MeV/c)

O E
€ ,~27F Fp,=1 == DAMIC-M, Combined
8 10 E = = = DAMIC-SNOLAB (2019) SENSEI (2020, recast)
(] ? EDELWEISS (2020) SuperCDMS (2019)
lb 10—29 ; CDEX-10 (2022) DarkSide-50 (2023)
:\ = = = XENONI1T (2019,2022) s PandaX-Il (2021)
‘\ = = = XENONLIT Solar Reflected DM (2021)
-31
10
-33
10
-35
10
-37F
10
-39
10
10—41
3
1 10 102 10
2
m, (MeV/c)

FIG. 2. 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 combining the daily modulation analysis with the previous DAMIC-M result [16]. Also
shown are previous limits from other experiments: DAMIC-SNOLAB [13] (dashed black); SENSEI [14, 64] (solid gray); EDEL-
WEISS [15] (dashed gray); SuperCDMS [12] (dotted gray); CDEX-10 [81] (dot-dashed gray); DarkSide-50 [82] (solid violet);
XENONIT combined result from [65, 66] (dashed violet); PandaX-II [67] (dotted violet); a limit obtained from XENON10
data in Ref. [68] (dash-dotted violet); and a limit obtained from XENONIT data considering “solar reflected DM” (dashed
orange) from Ref. [69] (left) and Ref. [70] (right). Theoretical expectations assuming a DM relic abundance from freeze-in and

freeze-out mechanisms are also shown in light blue [71].

the Earth’s speed is fixed to 263 km/s. To check the ef-ino
fect of this assumption we repeat the analysis using thein
largest and smallest value of vg, 267 and 258 km/s, corre-in
sponding to the beginning and the end of the data-takings
period. The exclusion limits change by at most 15%. 1
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FIG. 3. Speed distributions at different isodetection angles

for DM particles of mass 1 MeV/c? interacting via an ultra-
light dark photon mediator (VERNE, solid line; DAMASCUS,
dots). The distributions are calculated for . = 10733 cm?,
close to the DAMIC-M limit at m,=1MeV/c* reported in

this letter.

For illustration, we report in Table I and II the mean
DM-electron signal rate (R) and the amplitude A of the
daily modulation, calculated using VERNE and DAM-
ASCUS. The values are obtained for representative DM
masses M., and for cross sections o, close to the upper
limits reported in Fig. 4. We find that the maximum
difference between the two calculations is 32% for the
modulation amplitude and 5% for the mean rate.



My (MeV) . [om®] Ap (255 Ay (S95) (Rp) (S) () (o)

g-day g-da; g-day g-day
0.53 1031 20 20 34 34
1.0 10733 45 51 150 157
2.7 10734 22 29 185 178

TABLE 1. Modulation amplitude A and mean DM-electron signal rate (R) calculated with VERNE (V) and DaMaSCUS (D)
for the ultralight mediator model. The mean (R) is obtained by averaging the rate over time. The modulation amplitude is
defined as the maximum deviation from the mean rate, A = max(R™** — (R), (R) — R™™), for the first day of data taking.
We use this amplitude definition because the daily modulation is not symmetric with respect to the mean rate.

i (VeV) G, o] Ap (S) Av (So) (Ro) (o) () ()

g-day g-day g-day g-day
0.53 10~30 6 6 10 11
1.0 10732 135 130 278 273
2.7 10738 6 7 25 26

TABLE II. The explanation can be found in Tab. I
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