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Direct-detection searches for dark matter are insensitive to dark matter particles that have large
interactions with ordinary matter, which are stopped in the atmosphere or the Earth’s crust before
reaching terrestrial detectors. We use “dark” calibration images taken with the HgCdTe detectors in
the Near-Infrared Spectrograph (NIRSpec) on the James Webb Space Telescope (JWST) to derive
novel constraints on sub-GeV dark matter candidates that scatter off electrons. We supplement
the JWST analysis pipeline with additional masks to remove pixels with high-energy background
events. For a 0.4% subcomponent of dark matter that interacts with an ultralight dark photon, we
disfavor all previously allowed parameter space at high cross sections, and constrain some parameter
regions for subcomponent fractions as low as ∼0.01%.

Introduction.—Although there is extensive evidence for
dark matter (DM) from astrophysics and cosmology, its
particle nature remains unknown. Direct-detection ex-
periments provide an important probe of the interactions
between DM and ordinary matter. Tremendous progress
has been made in searching for ever weaker interactions,
in particular also for sub-GeV DM masses [1–16]. In
order to achieve sensitivity to low interaction cross sec-
tions, the experiments are typically placed underground
to avoid cosmic rays and well-shielded to avoid radiogenic
backgrounds. This means, however, that they are insen-
sitive to DM that has strong1 interactions with ordinary
matter, which would be scattered or significantly slowed
by the Earth’s atmosphere, crust, and/or the shielding
before reaching the detector. This effect is reflected as an
upper limit on current direct-detection constraints [17–
19].

Collider, accelerator, astrophysical, and cosmological
data place stringent constraints on strongly-interacting
DM, generally requiring interactions below a specific
threshold [20–49]. The DM bounds depend sensitively
on the DM mass and specific model and, for concrete-
ness, we focus here on DM coupled to an ultralight dark-
photon mediator, which is subject to many of the bounds
applicable to millicharged particles. In particular, if this
constitutes all of DM, constraints from the Cosmic Mi-
crowave Background (CMB) already rule out parame-
ter space above the direct-detection upper limit [50, 51].
However, the CMB constraint vanishes if this consti-
tutes only a sub-component of DM with fractional abun-
dance fχ ≡ ρχ/ρDM ≲ 0.4% [29], where ρDM is the total
DM density. An allowed region above the ground-based

1 “Strong” refers to the strength of the interaction between DM
and ordinary matter, not to the strong force described by QCD.

direct-detection bounds then exists, see Fig. 1.

The unconstrained region can be probed by proposed
accelerator- and collider-based experiments [52–58] or
by leveraging the fact that the density can be signifi-
cantly enhanced near the Earth’s surface [59–68]. In ad-
dition, low-threshold balloon- and space-borne detectors
can have reach beyond ground-based experiments due to
the reduced or absent atmospheric shielding [19, 45, 69–
74], provided they only have minimal shielding surround-
ing the detectors. For example, the DarkNESS mission
proposes to use a Skipper-CCD on a satellite to probe the
open region to very small fractional abundances fχ [74].

In this letter, we show that existing space-based sen-
sors can already probe the allowed region. In par-
ticular, we analyze “dark” images obtained with the
Near Infrared Spectrograph (NIRSpec) on the James
Webb Space Telescope (JWST) to place novel con-
straints on strongly-interacting sub-GeV DM. We sim-
ulate the expected DM signal assuming DM-electron in-
teractions with an ultralight dark-photon mediator, in-
cluding the detector shielding. Alongside the JWST
image-processing pipeline, we develop a masking pro-
cess to reduce high-energy events and their secondary
impacts, while largely preserving the DM signal. As-
suming the backgrounds after masking consist solely of
Poisson-distributed dark current, we place constraints on
the DM-electron cross-section for each DM mass based
on the shape of the pixel charge distribution. Our results
show that current JWST data can constrain a wide range
of open parameter space between 1 MeV and 10 GeV DM
masses for fχ as low as ∼0.01%. The Supplemental Ma-
terial (SM) contains additional details.

Dark matter signals at NIRSpec.—The JWST NIR-
Spec instrument features two detectors (NRS1 and
NRS2) consisting of Hg1-xCdxTe with x = 0.3, which
has a bandgap Egap = 0.234 eV. Each detector has
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2048 × 2048 pixels, including a 4-pixel wide frame of
“reference pixels” on all sides that electronically mimic
regular pixels, although they do not respond to light.
The reference pixels are used within the JWST pipeline
to remove correlated noise. Each pixel has an area of
18µm×18µm and a thickness of about 5µm, correspond-
ing to a detector mass of 0.05037 gram.

The analysis of the JWST data will depend on the
properties of the DM candidate. For concreteness, we
consider a fermionic DM particle χ coupled to an ultra-
light dark-photon mediator A′ that is kinetically mixed
with the ordinary photon [1, 19, 75, 76] (we leave other
models to future work). The DM signal rate in the
HgCdTe target is given by [1, 77–84]
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where mχ is the DM mass, me is the electron mass, µχe

is the reduced DM-electron mass, Ncell is the number of
unit cells in the crystal target, fcrys(Ee, q) is the crystal
form factor, vmin = Ee

q + q
2mχ

, which is the minimum DM

speed vχ for the incoming DM particle to transfer energy
Ee and momentum q to the target, ρχ = 0.3 GeV/cm3

is the local DM density [85, 86] (for more recent mea-
surements, see e.g. [87–91]), and fdet(v) is the DM ve-
locity distribution at the detector (see below). For
the ultralight dark photon, we define the DM-electron
reference cross section as σe ≡ 16πααDϵ2µ2

χe/(αme)
4,

where α (αD) is the electromagnetic (dark) fine struc-
ture constant, and ϵ is the kinetic-mixing parameter.
The DM form factor is FDM(q) ≡ (αme/q)

2. We use
QEDark [77, 92] to calculate the crystal form factor fcrys
for both HgTe and CdTe. The factor 1/|ϵ(Ee, q)|2 en-
codes screening effects, and we use the Lindhard formula
to approximate the dielectric function ϵ(Ee, q) [93]. A
more accurate determination of the scattering rate is in
progress [94], while the evaluation used in this paper
would overestimate the screening effect and result in a
conservative estimation of the scattering rate. To convert
Ee to the number of electron-hole pairs (denoted e−) that
are produced, Q, we use Q(Ee) = 1+ ⌊(Ee −Egap)/ϵeh⌋,
for Ee ≥ Egap, where the half-brackets represent the
floor function, and the average energy needed to create
an electron-hole pair is ϵeh ∼ 3Egap [95, 96]. Examples
of the event rate are given in the SM. For each Q, we
conservatively choose the lower rate between HgCd and
CdTe.

JWST is located at Lagrange point L2, and we take
its velocity the same as the Earth velocity in the galac-
tic rest frame. We assume the standard halo model for
the DM distribution in the galactic halo [86], where DM
follows a Maxwell-Boltzmann velocity distribution trun-
cated at galactic escape velocity. However, the velocity
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FIG. 1. The allowed parameter space for DM interacting with
an ultralight dark photon for a fractional DM abundance of
fχ = 0.4%. The colored regions show the number of electrons
created by DM-electron scattering in a NIRSpec HgCdTe de-
tector in one full effective exposure (3559.7 seconds), divided
by the number of pixels. The effects from the detector shield-
ing are included. Dark gray regions with solid-line bound-
aries are bounds that are either independent or only scale
mildly with fχ [19–43], while light-gray regions with dashed-
line boundaries are bounds that scale with fχ [45–47].

distribution of strongly-interacting DM at the detector
fdet(v) can be drastically different due to the shielding
surrounding the detector, as the DM can scatter and even
be stopped by the shield for very large σe. For the dark-
photon mediator, the scattering off nuclei in the shield
dominates the scattering, and we neglect the interactions
with electrons in the shield [19]. The shielding consists of
a camera housing, various mirrors, an optical bench, and
other structures, and thus varies in different directions
and is complicated to model precisely. Nevertheless, we
can model it by assuming that the detector is surrounded
on the front, top, left, and right by∼20 mm of SiC, on the
back by 12 mm Mo, and on the bottom (which contains
the optical bench) by≲25 mm of SiC [97, 98]. The 12 mm
Mo-shield is roughly equivalent to 120 mm of SiC; we con-
servatively assume it cannot be penetrated by DM and
reduce the incoming DM flux by a factor of two [99]. To
determine fdet(v), we use DaMaSCUS-CRUST [100, 101] to
perform Monte-Carlo simulations of DM passing through
20 mm of SiC. See SM for an example of the DM flux af-
ter detector shielding.

Fig. 1 shows the number of electrons created by DM-
electron scattering in a HgCdTe detector in one exposure
(3559.7 seconds), divided by the number of pixels. The
impact of the shielding is clearly visible for larger σe.

JWST data and masks.—In this study, we consider the
“full-frame-dark” images taken with the NRS2 NIRSpec
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detector and an opaque filter that have the longest ex-
posure (3574.3 seconds) (we checked the data from the
NRS1 detector, but find that it naively is less suitable
for a DM analysis, as we see patterns of noise across the
image that seem difficult to model). The data are ob-
tained from the Barbara A. Mikulski Archive for Space
Telescopes [102]. We first study 20 datasets to design a
preliminary analysis procedure. Ten datasets are from
the first integration of an observation, which we found to
have significantly less noise than the other ten datasets
obtained from the second integration. We then discarded
those images from the second integration and included an
additional 20 first-integration datasets to further refine
our analysis procedure. We finally applied this refined
analysis procedure to all 30 first-integration datasets,
which we list in the SM.

During a single integration of the dark image, the
charges in each pixel are accumulating for ∼3574.3 sec-
onds. However, during integration, the entire image is
read out non-destructively 245 times each ∼14.6 seconds.
Each readout will produce an image that contains a snap-
shot of the accumulated charges in each pixel at the time
of readout; this image is called a “frame.” After the full
integration, the charges are discarded. The signal in each
pixel is measured in digital numbers (DN), which can be
converted to an inferred number of charges (Ne) after
applying a gain factor correction [103].

The JWST image processing pipeline corrects pixel
values and flags bad pixels [104]. We apply to our
datasets the subset of the pipeline that does not affect a
DM signal, which typically consists of ≲15 e−. In addi-
tion, we develop custom masks to remove the impact of
“high-energy” background events.

The JWST Image-Processing Pipeline. Start-
ing with the uncalibrated files, we process each
dataset through the JWST pipeline, which cor-
rects the pixel values and flags their properties.
From the pipeline, we use the following correc-
tions: superbias subtraction, reference pixel

correction, and linearity correction. We use the
Improved Reference Sampling and Subtraction (IRS2)
readout scheme, which produces the lowest readout
noise [105]. In addition, we remove from the subse-
quent analysis all pixels that have been flagged by the
saturation step (∼1.4% of pixels), as these have DN
values above the saturation threshold. We do not im-
plement the dark current subtraction step, since this
could remove part of a potential DM signal. In addition,
we do not implement the jump detection step, since it
could potentially remove some DM events; instead, we
develop a similar but more conservative mask ourselves
(see below).

To remove charges that accumulated before the start
of the integration, we subtract from the DN value yi for
each pixel in each frame i (i = 1, 2, . . . , 245), the DN
value of the corresponding pixel in the first frame, y1
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FIG. 2. Pixel charge distribution Fobs(Ne) in one full ef-
fective exposure of 3559.7 seconds for the dataset obs id:

jw01121008001 02102 00001 nrs2 after applying a subset of
the steps in the JWST image-processing pipeline (gray) and
after applying our custom masks (blue) (see text for details).
The navy curve is the fit to the data within the fit range
(gray dashed lines) of the background model, correspond-
ing to a Poisson distributed dark current with expectation
value λDC = 6.447 e− and smeared by two Gaussian distri-
butions (σ1 and σ2) to mimic the readout noise, with r being
their relative contributions and h a normalization factor (see
Eq. 2). The red curve shows the contribution of a DM signal
together with a dark-current background, for mχ = 1 GeV
and σe = 3.09× 10−22 cm2, which is excluded at 95% CL.

(we suppress a pixel index). The total integrated DN
for the full integration is then yint ≡ y245 − y1, which
corresponds to an effective exposure of ∼3559.7 seconds.
The noise in yint is then the superposition of the readout
noise of two single frames, but we simply use “readout
noise” to refer to the noise in yint. In Fig. 2, we show in
gray the charge distribution for one dataset after apply-
ing the above JWST image-processing pipeline steps and
converting DN to Ne by the gain factor. The charge dis-
tribution peaks near∼15 e−, with a long tail extending to
very large charge values. Although the “dark” images are
taken with an opaque filter, each image contains many
cosmic-ray and radiogenic background events, in addition
to a sizable dark current. We next apply custom masks
to mitigate the high-energy backgrounds, while keeping
potential DM events.

Custom DM Masks. If a pixel has a sudden increase
in DN value from one frame to the next frame that is
larger than expected from a DM event plus a factor of few
times the readout noise, then it very likely disturbed by
a “high-energy” background event. We develop a jump

mask to identify such pixels. In addition, high-energy
events from cosmic rays or radiogenic backgrounds will
deposit large amounts of charge in a set of connected pix-
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Mask Efficiency Pixels left
jump mask 29.9(±0.7)% 69.0(±0.8)%
cluster &

halo mask
40.3(±5.8)% 41.3(±4.4)%

edge mask 16.5(±1.3)% 34.5(±4.1)%
hot-column mask 50.5(±0.1)% 17.1(±2.2)%
brightness mask 68.2(±1.0)% 5.4(±0.8)%

TABLE I. The list of masks for mitigating backgrounds, to-
gether with the fraction of pixels removed (“efficiency”) and
the fraction of of pixels remaining (from a total number of
20482 pixels) after each mask. The errors in parentheses show
the variation across the 30 datasets.

els, which we call “clusters”. We find that these clusters
are also surrounded by a “halo” of charges, which can
extend in radius to O(100) pixels (such combined clus-
ters and halos are called “snowballs” in the JWST user
community [106]). We will not study these here, but
based on similar halos seen around high-energy events in
SENSEI data [107], we hypothesize that the halos arise
from Cherenkov radiation of high-velocity charged parti-
cles within the HgCdTe detectors [108, 109]. The jump
mask is not efficient at removing the pixels within the
halo, as they do not often have a large jump. We thus
design a cluster & halo mask to reject pixels that are
spatially correlated with a hot cluster. We use an edge

mask to mask the edges of the image, since we find them
to be less stable. Moreover, residual correlated noise
remains after the IRS2 correction, appearing as “hot”
columns in the image. We develop and implement a
hot-column mask to account for this issue. Finally, we
employ a brightness mask to remove pixels whose DN
values are much larger than those expected by DM. Then
we implement the gain correction to convert the DN of
each pixel to Ne.
We next list the masks in detail. For each mask, we

tried a range of cut values with the goal of removing
much of the high-Ne tails of the pixel charge distribution
shown in gray in Fig. 2.

• jump mask: This mask is inspired by the jump

detection step in the JWST pipeline. We mask pix-
els whose value increases by > 60 DN between any two
frames, i.e., which have |yi − yi−1| > 60 DN for at least
one frame i = 2, . . . , 245.

• cluster & halo mask: We divide the 2048×2048 pix-
els into 128×128 “mosaic pixels,” each of which con-
sists of 16×16 regular pixels. We then count the num-
ber of pixels flagged by the jump mask in each mosaic.
If more than 70% (40%) of pixels in a given mosaic
are flagged, we discard this mosaic along with the sur-
rounding mosaics that are completely contained within
a radius 3 (1) mosaics.

• edge mask: We mask 64 pixels (4 mosaic pixels) all
around the edges of the image.

• hot-column mask: The image has 128 “mosaic
columns”. Each of them is 16 regular-pixels wide. The

edge mask removes a total of 8 mosaic columns. For
each of the remaining 120 mosaic columns, we sum
the charge in the pixels that are not flagged by the
pipeline or removed by the jump mask and that have
20 DN < yint ≤ 400 DN. The upper bound of 400 DN
is to ignore the few pixels with very large DN, which
would contribute significantly to the summation but
which are unlikely due to correlated noise. We then
discard the 60 mosaic columns that have the largest
summed charges.

• brightness mask: We mask any pixel with |yint| >
150 DN and a circular patch around it with a radius of
2 pixels.

After applying the above masks, we apply the gain cor-
rection to convert each pixels value in DN to the number
of electrons, Ne. The gain factor of “good” pixels in
NRS2 is on average 1.137 e−/DN [103]; we remove pixels
whose gain is < 0.6 e−/DN. An example of the resulting
charge distribution after the custom DM masks is shown
in blue in Fig. 2, which looks approximately Gaussian.
In particular, we see that much of the high-energy tail
is removed. In addition, the jump mask also reduces the
low-Ne tail significantly. We list the average mask effi-
ciencies across all 30 datasets in Table I.
Dark matter constraints.—The observed charge distri-

bution of the surviving pixels, Fobs(Ne), resembles the
distribution expected from a Poisson distributed dark
current (DC) convolved with readout noise. The DC val-
ues of the different datasets varies significantly (see SM),
which is consistent with the variation in the peak of the
charge distribution after the JWST pipeline steps (gray
histogram in Fig. 2), and likely due to instrument insta-
bilities. Nevertheless, a DM signal is expected to slightly
skew the pixel charge distribution towards higher val-
ues of Ne, since DM will in some pixels deposit charges
well above the average DC. To derive a constraint, we
compare the measured pixel charge distribution within
|Ne −Npeak

e | ≤ 55 (Npeak
e is the peak of the charge dis-

tribution after masks) with the one expected from a DM
signal plus a DC signal. For a givenmχ and fχ, the latter
is given by

F (Ne) = Ntot h
∑
n

f(n;σe, λDC)gread(Ne, n), (2)

gread(Ne, n) ≡ rGauss(Ne;n, σ1) + (1− r)Gauss(Ne;n, σ2) .

Here, f(n;σe, λDC) is the probability distribution func-
tion of the pixel charge distribution from the convolu-
tion of a DM signal and a Poisson distributed DC back-
ground with mean λDC; Ntot is the number of surviv-
ing pixels; h accounts for the normalization factor of
the distribution not necessarily being equal to Ntot (we
find 0.998 < h ≤ 1.000 in the background-only fit of all
datasets); gread is the readout noise, modeled with two
Gaussian distributions (since the readout noise differs be-
tween different pixels) indicated by Gauss(Ne;n, σ) with
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FIG. 3. Blue regions show the 95% CL constraints from 14 JWST NIRSpec dark images on the DM-electron scattering cross
section σe versus the DM mass mχ for DM interacting with ultralight dark-photon mediator, for a sub-component of DM with
fractional abundance fχ = 0.4% (left) and fχ = 0.05% (right). The strongest bound is shaded blue, while the blue lines
within show the excluded regions from the other datasets (in the right plot, not all 14 JWST datasets provide a constraint at
95% CL). Other limits are from [32, 36–38, 40, 43, 45, 46, 110].

mean n and variance σ; and the fractions r and (1 − r)
ensure the probability density function gread integrates
to unity.

The background-only model is given by setting σe = 0
in Eq. 2: f(n; 0, λDC)=Poisson(n;λDC). We constrain
our fit range to avoid the tails of the charge distribu-
tion, which likely contain non-DC backgrounds and pix-
els with poor noise performance, which we cannot ade-
quately model. Fig. 2 shows the background fit curve in
navy for one example dataset, together with the fit pa-
rameters (the fit range includes ∼ 99.8% of surviving pix-
els). We note that the measured DC (λDC = 6.447 e−) is
comparable to the rates expected from DM-electron scat-
tering via an ultralight mediator in the open parameter
space for fχ near 0.4%, see Fig. 1.
We calculate χ2

fit and p-value for the background model
in each of the 30 datasets. The number of degrees of
freedom is 106. We find that not all are fit well by the
background model, likely due to an inadequate modeling
of all noise sources. We thus select the 14 datasets with
χ2
fit ≤ 121 (p-value> 0.15), for which the background

model does provide a good fit. We show the charge distri-
butions and the background fit for the other 13 datasets
in the SM.

We next use the profile likelihood ratio test to de-
rive constraint on σe for different mχ and fχ [111].
For a given mχ and fχ, we first obtain best-fit values
for (σe, h, λDC, σ1, σ2, r) that maximize the likelihood.
We then scan over different values of σe while treat-

ing (h, λDC, σ1, σ2, r) as nuisance parameters to get the
likelihood ratio with respect to the best-fit ones. We
consider the one-sided test statistics qµ to set the upper
limit on σe [111]. In Fig. 3, we show the 95% confi-
dence level (CL) constraints for fχ = 0.4% (left) and
fχ = 0.05% (right), together with bounds from terrestrial
direct-detection, accelerator-based searches, and cosmo-
logical bounds. The SM contains additional details about
the statistics and bounds for other values of fχ.
We see that the JWST NIRSpec data provide novel

and important bounds on strongly-interacting DM, dis-
favoring the allowed parameter region for fχ = 0.4% for
DM interacting with an ultralight dark photon. How-
ever, much viable parameter space remains for smaller
fχ, which can be probed by the proposed DarkNESS mis-
sion [74]. DarkNESS will use Skipper-CCDs, which have
significantly lower and more stable noise than the NIR-
Spec detectors, the ability to count individual charges,
and will have very little shielding, allowing for even larger
cross sections to be probed.
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