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Direct detection experiments are gaining in mass reach. Here we show that the inclusion of dark
Compton scattering, which has typically been neglected in absorption searches, has a substantial impact on
the reach and discovery potential of direct detection experiments at high bosonic cold dark matter masses.
We demonstrate this for relic dark photons and axionlike particles: we improve expected reach across
materials, and further use results from SuperCDMS, EDELWEISS, and GERDA to place enhanced limits
on dark matter parameter space. We outline the implications for detector design and analysis.
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Introduction.—The identity of dark matter (DM) is one
of the biggest mysteries of modern day physics, and is a
driving force for both theoretical and experimental activ-
ities in particle physics. A diverse suite of direct detection
experiments are currently hunting for DM [1-18], utilizing
both scattering and absorption processes to set limits on
dark matter parameter space. Many new ideas to probe dark
matter in the laboratory have been proposed in recent years
[19-56], adding to the wealth and strength of the DM direct
detection program. As experiments gain in mass reach, the
inclusion of additional interaction channels relevant to
these masses that have thus far been neglected becomes
an important task.

Here we focus on such interactions where a DM particle
enters and interacts with the detector, and does not scatter
out. Instead, it undergoes a Compton-like process, where
the incoming bosonic DM particle interacts with the
electrons in the detector and a photon is emitted in the
final state. We identify this process as important when
compared to high energy absorption of relic dark bosons, as
its inclusion in experimental data analysis can significantly
alter extracted limits, projected reach, and discovery
potential.

This Letter is organized as follows. We first compute the
rate for Compton-like processes that relic dark bosons can
undergo. We then discuss detector considerations and
present our results on dark matter parameter space,
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including the impact on zero-background projections
across materials and on existing limits. We end with a
discussion and outlook.

Dark Compton scattering rates.—We begin by calculat-
ing the rates of dark Compton scattering for dark bosons,
illustrated in Fig. 1. We compute the dark Compton
scattering for dark photons and axionlike particles
(ALPs) using the free-electron approximation (FEA).
Details of the rate calculations can be found in the
Supplemental Material [57]. The use of the FEA is justified
here since the rate of dark Compton scattering will only be
significant compared to the absorption rate of the dark
bosons when the mass of DM is large (mpy; 2 100 keV). In
this regime, the energy received by the electron in the event
is larger than most atomic binding energies and can thus be
treated as approximately free [59]. We defer calculation of
corrections due to core electron levels to future work.

Dark photon: Consider a dark photon, V, of mass my,
scattering with electrons and emitting a photon, e~ +V —
e~ +y (see Fig. 1). The energy of the emitted photon is
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FIG. 1. Tree-level Feynman diagrams illustrating the Compton-
like process where a dark matter boson is converted to a photon
via electron scattering.
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where  is the energy of the incoming dark photon, m, is
the mass of the electron, and @ is the angle of the emitted
photon.

The dark Compton rate for a slow-moving DM flux with
w =~ my is given by

_ N, Ppm e*e? (my +2m,)(m} + 2m my + 2m?2)
pr my 24zm; (my +m,)’

El
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where ¢ is the kinetic mixing strength of the dark photon,
pr is the target density, and n, is the number density of
electrons. Importantly, for @ = my, the electron recoil
energy is fixed to be T = w — o' = {m3,/[2(m, + my)|}.
The differential rate dR/dT is then a delta function—just as
is the case for an absorption process—however, the value of
the recoil energy is smaller than for the absorption case.

Axionlike particles: Next consider an ALP, a, of mass
m,, that couples to the electron with strength ¢, and
undergoes a dark Compton scattering. For a slow-moving
DM flux, the rate is given by

n.Ppm ezggeema(ma + zme)z
pr 16amg(m, +m,)*

R =
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The electron recoil spectrum is again a delta function
centered at the same value as for a dark photon, at
T = {mi/[2(m, + m,)]}.

Absorption: For comparison, the rates for absorption
of dark photons and ALPs are given by [60,61]
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with e, = € for my 2 20 eV [60] and

3g2,.m
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with opg being the photoelectric absorption cross section
[62] in the target material at the relevant energy.

Detector considerations.—The stage is now set to
include dark Compton scattering into what would typically
be considered dark absorption searches. As shown above,
the expected signal for dark Compton scattering is a delta
function in electron recoil energy at T = {my,/[2(m, +
mpy )]} with mpy; the mass of the dark boson, and is thus
expected at an energy that is lower than the expected dark
boson absorption signal at 74 = mpy. Both signals would
appear as a line, or as a peak if detector resolution effects
are taken into account, at energy 7. or T,, respectively.
Using the rates for dark Compton scattering, Eqs. (2) and
(3), and those for absorption, Eqgs. (4) and (5), exclusion
limits and reach into DM parameter space can be computed
for any target material of interest.

To demonstrate the individual contributions of each
process to the reach we assume zero backgrounds during
an exposure of 1 kg-year and neglect detector effects such
as signal efficiency, energy resolution, and thresholds. We
further assume a single interaction in an event within the
target material. The resulting projected reaches at 90% con-
fidence level (C.L.) are shown in Fig. 2 for some of the
most common target materials in direct DM searches.
Substantially enhanced reach into DM parameter space
is possible at high DM masses compared to previous
estimates when including the previously neglected dark
Compton scattering as additional DM interaction channel.
The crossover in reach at around 100 keV is, just like within

mg [keV]

FIG. 2. Projected 90% C.L. reach for relic dark photons (left) and axionlike particles (right) with a 1 kg-year exposure and no
background. The reach for absorption (dashed lines) and Compton-like processes (thin solid lines) is indicated along with the combined
reach (thick solid), showing substantially improved capabilities at high DM masses when dark Compton scattering is included. The

vertical dotted line indicates the mass of the electron.
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the standard model (SM), due to an increased probability
for Compton scattering over absorption at higher energies.
Overall the dark Compton scattering bounds are less
dependent on the target material than the respective dark
absorption bounds. The only target-dependent quantity
entering the rates Egs. (2) and (3) is the electron density,
which is very similar for typical direct DM search materi-
als. However, exceptions with a notable higher electron
density do exist, such as diamond.

When a dark boson undergoes dark Compton scattering,
resulting in an emitted SM photon, the above assumption of
a single interaction per event in the detector is often
inaccurate. Instead, secondary interactions of the emitted
SM photon may occur in the detector. A key parameter is
the ratio of the diameter or thickness d of the detector to the
photon attenuation length A, which impacts what happens
after the initial DM-detector interaction. Table I collects
relevant scales for various existing and proposed direct DM
detection and low background neutrino experiments with
sensitivity to dark boson masses mpy 2 100 keV, where
dark Compton scattering dominates.

Thin detector: In a thin detector, with d <« A, the
outgoing SM photon produced by dark Compton scattering
will leave the target material without further interaction.
The total energy deposited into the detector via the
recoiling electron is given by 7 which is smaller than
the mass of the incoming dark boson mpy;. For lower dark
boson masses, the probability to be absorbed is larger than
the probability to dark Compton scatter, but for higher
masses (typically mpy = 10-100 keV) the situation is
reversed. Accordingly, in a dark absorption plus
Compton search two peaks are expected to appear at
different recoil energies, T, and T, where the relative
height of the peaks scales with the respective difference in
cross sections at the incoming DM mass. This has three

TABLE I

notable consequences. First, the experiment is now sensi-
tive to DM masses for which the absorption peak would lie
beyond the dynamic range of the detector at high energies;
this holds true as long as the dark Compton peak still
resides within the dynamic range of the detector. Second, in
a search with discovery potential the observation of a single
peak can only result in a discovery claim at masses for
which no significant dark Compton peak is expected within
the dynamic range of the detector. Third, the look elsewhere
effect [73] is expected to be notably smaller in a discovery
search for masses with two expected, correlated peaks.
Thick detector:  If the detector is thick, with d > 4, the
outgoing SM photon produced by dark Compton scattering
will be fully reabsorbed by the detector. The total energy
deposited into the detector coming from the primary
electron recoil and the reabsorbed outgoing photon is equal
to T4 = mpy;, namely, the same as if the dark boson itself
was completely absorbed. Whether or not the individual
energy depositions can be resolved in time or in position
highly depends on the target material and detector
design. For a separation in time, a timing resolution of
O(10 psec — 1 nsec) is required. For a separation in space,
a sub-cm spatial resolution is required. If the multiple
interaction sites cannot be resolved, effectively one has a
“sum event” with a total electron recoil energy of mpy. The
spectral shape of the dark boson signal in an absorption
plus dark Compton search would thus be exactly the same
as in a pure absorption search, but with the crucial differ-
ence that the total expected signal rate would be the sum of
both the absorption and the dark Compton scattering rate,
thus strongly enhancing the detector reach in mass regions
in which the dark Compton scattering process dominates.
Intermediate detector: If a dark boson enters an inter-
mediate detector, with d = A, here too it is either directly
absorbed via dark absorption or undergoes dark Compton

Relevant details of current and upcoming experiments with sensitivity to dark bosons. The highest DM mass that can be

probed is referred to as mpy; cutoff. The respective maximum attenuation length, calculated at the corresponding outgoing photon
energy, is given by A,... H and @ refer to the height and diameter of the time-projection chamber (Xe) or crystal target (Si, Ge).

Experiment Material Dimensions (cm) Amax (cm) mpy cutoff (keV)
Past and current experiments
EDELWEISS 1II [63] Ge H:4, @7 22 500
SuperCDMS Soudan [64] Ge H:25, @:76 2.2 500
GERDA (HPGe) [65] Ge H:7-11, @: 6-8° 2.6 1000
GERDA (BEGe) [65] Ge H: 2.5-5, @: 6.5-8 2.6 1000
XENONIT [66] Xe H: 97, @: 96 0.88 200
PandaX-4T [67] Xe H: 130, @: 100 4.2 1000
Upcoming experiments
SuperCDMS SNOLAB [61,68] Si H:33, @: 10 2.1 100"
SuperCDMS SNOLAB [61,68] Ge H:3.3, @: 10 0.3 100?
LZ [69] Xe H: 150, @: 150 0.09 85
DARWIN [70,71] Xe H: 260, @: 260 4.2 1000

The cutoff for SuperCDMS SNOLAB is a conservative estimate based on the dynamic range demonstrated in Ref. [72].
"The GERDA HPGe detectors have a central, ~1 cm wide bore hole reducing the effective diameter accordingly.
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FIG. 3. Attenuation length A for the photon emitted by a dark
Compton-like process as a function of DM mass in various
materials [74]. For mpy 2 100 keV, where the Compton-like
process begins to dominate, 1 is typically of order O(few cm).

scattering. For the latter, there is a nonzero probability that
the outgoing SM photon leaves the detector before all of its
energy is lost via secondary interactions. Thus the total
energy deposited lies somewhere between 7+ and 74. An
accurate signal model then requires the exact knowledge of
the detector geometry and is best determined via simu-
lations. Without simulations, a conservative assumption
can be made based on the probability

P(x) = e™*/* (6)

of observing a photon, subjected to absorption and scatter-
ing processes, at depth x into the target material. Here 4 is
the material and energy dependent attenuation length,
shown for different materials in Fig. 3. Using Eq. (6)
and half of the smallest detector thickness d in any

dark Compton
(this Letter)

1()*][7

10711 B

dark Compton
(this Letter)

my [keV]

direction, we can calculate the minimal probability for
which the outgoing SM photon would be fully absorbed
within the detector. In other words, we can calculate the
reduction in the rate of full absorption of the energy from
the incoming dark boson, compared to, e.g., the case for a
thick detector. We only use one-half of the detector thick-
ness because the incoming dark boson can interact any-
where in the detector and on average it will, to a good
approximation, interact in the center of the detector. The
outgoing SM photon thus only sees, on average, half of the
detector. Using only the region around 7', as the region of
interest, a conservative limit can thus be placed in the same
fashion as for thick detectors but with a suppressed rate.

Finally we note that the above zero-background toy
experiments and the corresponding projected reach pre-
sented in Fig. 2 are independent of the detector thickness.
As long as the energies are within the dynamic range of the
detector, the exact total recoil energy of the signal events
matters only in the presence of backgrounds.

Impact on existing limits.—In typical direct DM search
experiments and in various low background neutrino
experiments, both dark absorption and dark Compton
events are expected to be observed as electron recoil
events. At the recoil energies of interest in this Letter,
O (keV —MeV), electron recoil searches are usually
dominated by radioactive and cosmogenic backgrounds
against which DM events cannot be discriminated on an
event-by-event basis [63,65,66,75-77]. Instead, a time
integrated electron recoil energy spectrum after a certain
exposure is analyzed on a statistical basis. Respective
exclusion limits resulting from direct DM absorption
searches are shown in Fig. 4, representing the current
landscape for dark photons and ALPs. These searches are
limited to dark boson masses up to twice the electron mass

dark Compton
(this Letter)

10710 E

10712 E ol Q0

dark Compton
(this Letter)

FIG. 4. Constraints at 90% C.L. on the kinetic mixing of dark photons (left) and the effective coupling of axionlike particles to
electrons (right). The limits recalculated in this Letter for SuperCDMS Soudan [75], EDELWEISS III [63], and GERDA [65] to include
dark Compton scattering (hatched) are compared to the original limits only considering dark absorption (unhatched). We also show
results from XENONIT [66], XMASS [76], and MAJORANA DEMONSTRATOR [77], as well as constraints on the kinetic mixing
parameter based on horizontal branch (HB) stars [78] and on the diffuse y-ray background that limits the decay rate of dark photons into
three photons (3y) [79]. All direct DM search results assume a local DM mass density of 0.3 GeV/cm?’.
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at ~1 MeV in order to maintain stability of the DM from
decays into electron-positron pairs.

Three experiments, SuperCDMS [75], EDELWEISS
[63], and GERDA [65], have demonstrated sensitivity to
dark boson masses notably above 100 keV and thus into the
mass region at which dark Compton processes are expected
to dominate. We therefore chose these three experiments to
recalculate the previously published results to include dark
Compton scattering in the expected signal event rate. All
three experiments are germanium based and qualify as
intermediate detectors as discussed above, given the target
dimensions summarized in Table I. To calculate the
attenuated dark Compton rate of fully absorbed outgoing
photons, we use half of the smallest dimension of each
detector. For SuperCDMS and EDELWEISS, an effective
target thickness of 1.25 and 2 cm, respectively, is assumed
in any direction. For GERDA, an effective target thickness
of 1.25 cm is assumed for the 30 BEGe detectors and of
2.5 cm for the 7 HPGe detectors, taking the 1 cm bore hole
in the HPGe detectors into account. The strongest attenu-
ation is expected for GERDA BEGe detectors with d =
1.25 cm and A, =2.6 cm at mpy = 1 MeV. Using
Eq. (6), we find the attenuated full-absorption Compton
rate in this example to be ~38% of the original dark
Compton rate. All other detectors (GERDA HPGe,
SuperCDMS, and EDELWEISS) and masses considered
have higher rate fractions up to 100% in GERDA HPGe
detectors at mpy; = 100 keV.

For the new limits we present, we consider only events in
which the incoming energy has been fully absorbed when
determining the expected DM event rate. This approach
artificially sets the DM signal efficiency for all other
events to zero, while the background efficiency remains
unchanged, yielding a conservative bound. The resulting
updated limits for SuperCDMS, EDELWEISS, and
GERDA are presented in Fig. 4. Above ~100 keV masses,
the reach of all three experiments increases with mass
compared to the previously published absorption-only
searches, due to the increasing probability for dark
Compton scattering over absorption. When including dark
Compton scattering, GERDA is able to cover previously
uncharted parameter space, improving its current reach at
1 MeV by a factor of ~3 for g,,. and ~6 for e. Further
improvement can be achieved with an accurate treatment of
the DM signal efficiency for nonfully absorbed events and
when the full detector geometry is taken into account,
rather than our treatment of the BEGe and HPGe detectors
as spheres with radii 1.25 cm and 2.5 cm, respectively.

Outlook.—In this Letter we have shown that direct
detection experiments searching for DM in the laboratory
are substantially more powerful at probing high-mass dark
relic bosons than previously thought. Dark Compton
scattering that can occur in the detector becomes prominent
at high masses above =100 keV and their inclusion in
the analysis for both limit-setting and discovery carries

significant impact. This is demonstrated by our estimate for
the improved projected reach in a zero-background setting,
as well as in the conservative recalculation of existing limits
from SuperCDMS, EDELWEISS, and GERDA results. Our
work advocates for the simulation of the detector geometry
to make use of the full target volume, to build a complete
dark Compton scattering signal model (including correc-
tions from atomic energy levels and any potential many-
body effects) over all accessible electron recoil energies,
and to maximize the respective signal efficiency. In doing
so, even stronger constraints and reach than presented in
this work are expected.
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