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Constraints on the indirect detection of dark matter are usually obtained from observations
of astrophysical objects—the Galactic Center, dwarf galaxies, M31, etc. Here we propose
instead to look for the annihilation or decay of dark matter particles taking place inside
detectors searching directly for dark matter or in large neutrino experiments. We show that
the data from XENON1T and Borexino set limits on the annihilation and decay rates of
dark matter particles with masses in the keV to few MeV range. All relevant final states are
considered: annihilation into γ γ and e−e+ and decays into γ γ , γ ν, and e−e+. The expected
sensitivities in XENONnT, DARWIN, JUNO, and THEIA are also computed. Though
weaker than current astrophysical bounds, the laboratory limits (and projections) obtained
are free from the usual astrophysical uncertainties associated with J-factors and unknown
backgrounds, and may thus offer a complementary probe of the dark matter properties. We
point out that current and future (astro)particle physics detectors might also be used to set
analogous limits for different decays and dark matter masses above a few MeV.
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1. Introduction
Constraints on dark matter (DM) properties can be obtained in different ways. The main meth-
ods are direct detection [1,2], in which the cross section of DM particles with nuclei or electrons
is measured, and indirect detection [3], in which the decay or annihilation rate of DM particles
into Standard Model (SM) particles is measured. An additional method is the production of
DM particles at colliders. In that case the signatures are events with missing energy, which is
attributed to DM particles being produced and escaping the detector [4].

Direct detection is subject to many sophisticated experiments, using different target nuclei
and measurement techniques. Looking for tiny recoils stemming from a DM nucleus or DM
electron scattering, the constrained parameters are the mass of the DM particle and its cross
section with the target particle. Indirect detection is typically performed in a parasitic way in
telescopes aiming to perform astrophysical measurements. In this case, the DM annihilation or
decay rate in any SM particle is constrained as a function of the DM mass, from looking directly
for those SM particles, photons being radiated off them, or their decay products. Inherent to
such measurements are astrophysical uncertainties such as the DM density along the line of
sight (called the J-factor), or SM processes in the observed complex objects that generate very
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similar signatures. Objects that are particularly popular in what regards observing them are the
Galactic Center, dwarf galaxies, or the Andromeda galaxy.

In this paper, we suggest searching for events where the DM decay or annihilation takes place
inside Earth-based detectors. The requirements for such a detector are: the ability to reconstruct
the energy deposited by particles (spectroscopy), a large target volume, and ideally a very low
background. Our study is focused on two-phase liquid xenon experiments and organic scintil-
lation detectors. These technologies provide extremely clean environments, as demonstrated by
world-leading direct detection results and background rates by XENON1T [5] and by the mea-
surements of all solar neutrino components in Borexino [6]. The energy depositions expected
in these detectors from DM interactions or solar neutrinos are in the keV or MeV regime, and
the experiments are optimized to look for such signals. Therefore, our constraints on DM an-
nihilation and decay will be in this mass range. While it is expected that such laboratory limits
on indirect detection rates will be much weaker than the ones from astrophysical observations
of whole galaxies, the approach proposed here has several advantages: i) the experimental con-
ditions are under control so the backgrounds are known; ii) the signal does not suffer from
astrophysical uncertainties such as the J-factor; and iii) significant improvements in the limits
can be foreseen from the upcoming generation of experiments.

We consider annihilation processes into e−e+ and γ γ and decays into e−e+, γ γ , and γ ν. We
shall analyze public XENON1T data [7,8] and extrapolate the limits to upcoming XENONnT
[9] and DARWIN [10] data, making different assumptions on the background rates in those
experiments. The sensitivity of the upcoming LZ experiment [11] should be very similar to that
of XENONnT. We also employ the public data from Borexino [12] to derive our results, and
make projections for JUNO [13] and THEIA [14] using their predicted background spectra.

This paper is organized as follows: first, in Sect. 2 we discuss the annihilation and decay
processes. In Sect. 3 we describe general features of signal production and the background
spectra used for the analysis. In Sect. 4 we derive limits on existing and expected future data for
the signatures under study, namely DM annihilation and DM decay. We describe these physics
processes in detail and explain the procedure of limit setting. A discussion of our results is
presented in Sect. 5.

2. Annihilation and decay processes
We consider DM annihilation and decay processes that may take place inside terrestrial detec-
tors. Their respective rates (number of events per unit volume and unit time) are given by

R = 〈σv〉
2

n2
DM = 〈σv〉

2m2
χ

ρ2
0,DM (Annihilation), (1)

R = �DM nDM = �DM

mχ

ρ0,DM (Decay), (2)

where 〈σv〉 and �DM are respectively the annihilation and decay rates into a given final state,
mχ is the mass of the DM particle, and ρ0,DM is the local DM density, which we take to be
0.3 GeV/cm3 [15]. Our goal is then to set limits on 〈σv〉 and �DM as a function of mχ for all
possible final states. Obviously, the smaller the DM mass, the larger is the rate and the stronger
the constraint. Given the relatively small volume of typical detectors, meaningful bounds can
be derived only for light DM particles (keV to MeV). Notice that, besides the particle physics
quantities we are interested in, the event rates depend only on the local DM density. Therefore,
they are insensitive to the usual large uncertainties associated with the distribution of DM
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inside astrophysical objects, typically encoded in the so-called J-factors [16]. Moreover, unlike
direct detection rates, Eqs. (1) and (2) do not depend on the DM velocity distribution.

The experiments considered in this work are sensitive to energy depositions between a few
keV and a few MeV. For DM annihilations and decays, the total energy deposition is of the
same order as mχ , which implies that the range of DM masses where bounds can be derived is
keV � mχ � MeV.

The possible final states from annihilation or decay are quite limited for DM masses below a
few MeV, as the only accessible SM particles are photons, neutrinos, and electrons/positrons.
In this analysis, we consider two DM annihilation reactions (into γ γ and e−e+) and three decay
modes (γ γ , γ ν, and e−e+). We remain agnostic about the nature of the DM particle, but note
that decays into a γ ν (γ γ ) final state resemble keV-scale sterile neutrino [17,18], axion [19],
or axion-like particle [20] signals. Our results apply to many of the countless DM candidates
proposed so far.

3. Detector response and background spectra
Charged particles deposit their energy in liquid xenon, thereby producing scintillation and ion-
ization. In dual-phase time-projection chambers, free electrons can be collected and ampli-
fied via proportional scintillation in the gas phase on top of the liquid target [21]. Therefore,
both scintillation photons and the ionization signals are read out using photo-sensors. These
two signals can be combined [8] to improve the energy resolution of the detector. In organic
liquid scintillators, charged particles deposit their energy similarly exciting the medium. In
the de-excitation process, emitted photons propagate towards the walls of the detector where
photo-sensors are located. While in liquid xenon detectors, the charge signal can be used to
identify multiple scatterings, in organic scintillators this is not possible. Interactions by mono-
energetic γ -particles appear in the latter as mono-energetic peaks resulting from their full ab-
sorption. In this work, we consider annihilation and decay reactions in which observable elec-
trons, positrons, and γ -rays are created. The γ -rays have to interact in the sensitive volume in
order to leave a measurable signal. For the energy range considered in this work, they interact
either via photo-absorption or via Compton scattering.

3.1 Energy resolution
The finite energy resolution of the detectors is taken into account when modeling the signals.
We parametrize the energy resolution of the corresponding signals via the equation

σ (E [keV])
E

= a√
E [keV]

+ b. (3)

In XENON1T, the parameters are determined to be a = 31.3 and b = 0.17 [8]. As our annihi-
lation and decay signatures involve γ -rays, we use for those a slightly different parametrization,
which takes into account the fact that above ∼350 keV γ -rays undergo multiple scatters. To ob-
tain this slightly different parametrization (with the parameters a = 31 and b = 0.19), we fit
the single scatter points below 350 keV and the multiple scatters above that energy (data from
Fig. 6 in Ref. [8]).

For the organic liquid scintillation detectors considered here (Borexino, JUNO, and THEIA),
we parametrize the energy resolution as in Eq. (3) setting b = 0. For the Borexino experiment, we
fit the mono-energetic peaks produced by γ calibration sources as shown in Fig. 17 of Ref. [22]
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Table 1. Summary of parameters for the experiments considered in this study. Note that for this analysis
the exposure given here has to be divided by the detector material’s density.

Experiment Energy resolution (at 1 MeV) Exposure Density

XENON1T 1.2% 0.65 t · yr 2.85 g · cm−3

XENONnT 1.2% 20 t · yr 2.85 g · cm−3

DARWIN 1.2% 200 t · yr 2.85 g · cm−3

Borexino 5.3% 252 t · yr 0.89 g · cm−3

JUNO 3% 100 kt · yr 0.86 g · cm−3

THEIA 7% 300 kt · yr 1.0 g · cm−3

with Gaussian functions. We extract the corresponding resolution σ (E) and obtain a fit value
for Eq. (3) of a = 169. For the upcoming/future detectors, we take the expected resolution values
as found in the literature corresponding to 3%/

√
E [MeV] and 7%/

√
E [MeV] for JUNO [13]

and THEIA [14], respectively. Table 1 summarizes the energy resolution for all experiments
considered here.

3.2 Efficiency and exposure
While for organic scintillators we assume a detector efficiency of 100%, for the xenon-based
detectors we take an energy-dependent efficiency to be consistent with the published data (Fig. 2
of Ref. [7]). The latter has an efficiency loss towards low energies (below ∼4 keV) and at high
energies is flat at the level of 90%.

Our analysis derives results based on the 0.65 t · yr data of the XENON1T experiment [7], and
gives expected sensitivities for its successor XENONnT [9] and the future DARWIN experiment
[10]. The signals in these detectors scale with the exposure, the product of the fiducial mass
(mass used for data analysis), and the measuring time. The considered exposures are 20 t · yr
and 200 t · yr for XENONnT and DARWIN, respectively. Note however that for DM annihila-
tion or decay inside these detectors, the volume (and not the mass) is relevant, and therefore we
divide the exposure by the xenon density (ρ = 2.85 g/cm3). To derive results for Borexino, we
take an exposure of 1291 d and 71.3 t corresponding to a total of 252 t · yr [12]. Note that for de-
posited energies above ∼3 MeV energies, the fiducial volume of these detectors can be enlarged
allowing for significantly larger exposures [23]. This is however not considered in our study.
For JUNO and THEIA, we assume 100 kt · yr and 300 kt · yr, respectively, in accordance with
the expected exposures mentioned in the corresponding publications [13,14]. While the den-
sity for THEIA is assumed to be 1 g/cm3, we take for Borexino 0.89 g/cm3 [24] and for JUNO
0.86 g/cm3, as reported in Ref. [13]. Table 1 summarizes the parameters employed for each
experiment.

3.3 Background spectra
In all considered cases, the signal is a mono-energetic peak appearing on top of the experimental
background. We use the published background spectrum from XENON1T: from Ref. [7] at
low energies and from Ref. [8] above 200 keV. The latter data (given in arbitrary units in the
publication) is scaled to fit the low energy rate. We take the single scattering data of Ref. [8]
below 350 keV and the spectrum of multiple interactions above this energy since the probability
of the γ -ray undergoing multiple scatters increases with energy. This is a conservative choice
since the background for multiple scatterings is higher than the single scatter one above 350 keV.
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Fig. 1. The XENON1T background (from Refs. [8,7] as described in the text) and some typical signals.
The left panel displays the background on a log-scale between 1 keV and 3 MeV, while the right panel
shows the same background on a linear scale and only between 400 keV and 3 MeV. Some representative
signals from a DM decay via χ → ν + γ are shown, on top of the background, for different DM masses.

Figure 1 (left) shows, as an example, the signals from the decay χ → ν + γ , for 100, 200, and
400 keV DM particles (blue, green, and red, respectively) on top of the background spectrum of
XENON1T (in gray). Examples for the same decay channel are shown in Fig. 1 (right) for DM
masses corresponding to 1.5, 3.3, and 5.0 MeV. The underlying DM decay rate for all examples
is � = 10−13 s−1. The sensitivity of the experiment depends on the specific DM mass due to the
features of the background spectrum and the expected signal rates (see Eqs. (1), (2)). Several
lines are visible in Fig. 1 originating from backgrounds in the detector, e.g., the 41 keV line
from 83mKr or the 1.17 MeV and 1.33 MeV lines from 60Co decays. For masses corresponding
to peaks in the background spectrum, the sensitivity can be up to an order of magnitude lower
than for masses in between.

To calculate the sensitivity of future DM detectors to DM annihilation and decay, we need
to make some assumptions on their background levels. For XENONnT, we take the back-
ground shape from XENON1T and assume a background suppression factor of 8. However,
we also study the effect of a pessimistic (factor 5) and more optimistic (factor 10) background
suppression. Similarly, we employ a factor of 80 as the suppression factor for the DARWIN
background compared to the background of XENON1T and test the effect of factors 50
and 100.

We also take the published background spectrum of Borexino from Ref. [12] to derive re-
sults. The left panel of Fig. 2 shows this spectrum together with some representative decay
lines (χ → ν + γ ) for DM masses of 1.5, 3.0, and 5.0 MeV (in blue, green, and red respec-
tively) and the decay rate is either 10−14 s−1 (blue, green) or 10−15 s−1 (red). The structure of
the spectrum is given by the sum of the various solar neutrino components (7Be and 8B for in-
stance) and some backgrounds from natural radioactivity in the detector materials. The sensi-
tivity for a signal depositing around ∼500 keV is significantly affected by the 210Po α-decay peak
at this energy. The energy threshold of Borexino is significantly higher than for the xenon-based
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Fig. 2. Left: Borexino background spectrum (from Ref. [12]) including some typical signals. The right
panel shows the comparison of the Borexino spectrum to the expected spectra of JUNO and THEIA
from Refs. [13] and [14], respectively.

experiments because the background from 14C present in the organic liquid becomes dominant
below ∼150 keV (see the rise of the rate in Fig. 2).

For JUNO, we use the published expected spectrum (top panel of Fig. 1.10 in Ref. [13]),
which starts close to the end-point of the 14C spectrum and covers up to 1.8 MeV where the
background from 11C dominates. In the case of THEIA, we take the expected background
spectrum for a 25 kt target from Fig. 8 in Ref. [14]. This spectrum starts at a slightly higher
energy and ranges up to 6 MeV. The peak at ∼4 MeV originates from 208Tl of the thorium
chain inside the scintillator including the 2.6 MeV γ -line and the energy deposition from the
associated beta decay. Below this energy, signals from 7Be neutrinos and 40K background decays
determine the shape of the spectrum. The used spectra for JUNO and THEIA are shown in
the right panel of Fig. 2.

Precise knowledge of the background is one of the main advantages of the laboratory
searches that we are proposing here. In astrophysical environments, it is essentially impossible
to measure the background. Thus, given a putative signal, it is extremely difficult to ascertain
that it is actually due to DM. The long-standing controversies regarding the Galactic Center ex-
cess (see, e.g., Refs. [25,26]) and the 3.5 keV line (see, e.g., Refs. [27,28]), for instance, are mostly
due to an uncertain background.

4. Results
In this section, we show the obtained limits for the annihilation cross section or the decay rate
for each of the final states considered, and the projected sensitivity of future experiments. A
χ2 method is employed to test the signal hypothesis. For this purpose, we take the background
spectrum as described in Sect. 3 and, for each DM mass, test the allowed signal strength (an-
nihilation cross section or decay rate) of the signal models discussed in Sect. 2. In all cases,
the signal is modeled as a Gaussian peak with a width given by the corresponding energy res-
olution. Details regarding the features of the DM annihilation and decay signals can be found

6/13

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2022/1/013F01/6409844 by guest on 10 April 2024



PTEP 2022, 013F01 T. Marrodán Undagoitia et al.

Fig. 3. Schematic of the annihilation reaction χ + χ → γ + γ , where one of the γ (bottom) undergoes
photo-absorption and the second (top) experiences Compton scattering before being absorbed. The elec-
trons created deposit their kinetic energy leading to the detected signals.

in Sects. 4.1 and 4.2. We employ a χ2 probability density function (pdf) with one degree of
freedom,

p (x) = 1√
2π

x−1/2 · e−x/2, (4)

to approximate the log-likelihood ratio test-statistics of a binned Poisson hypothesis test with
one free parameter in the signal model [29].

As a threshold for the upper limit, we take the 90% quantile of the χ2 pdf in Eq. (4). This
threshold is independent of the tested signal strength (Wilk’s theorem), which was verified for
the obtained limits. The threshold is compared to the computed χ2 of the signal hypothesis
under consideration,

χ2 =
Nbins∑

i=0

(Oi − Ei)2

Ei
, (5)

where Oi corresponds to the bin content when a signal is present and Ei corresponds to the bin
content without signal with 1 keV binning. This approximates a log-likelihood ratio scan of a
binned Poisson hypothesis test and takes into account the statistical uncertainty in each bin.
The intersection between the 90% quantile of the χ2 pdf and the scan through χ2 values per
mass point as computed in Eq. (5) denotes the upper limit that we set.

4.1 Dark matter annihilation
� χ + χ → γ + γ

The γ -rays produced in this annihilation reaction can only be observed indirectly once
they interact with electrons in the medium. We therefore observe the electrons produced
via the photo-effect or Compton effect. Figure 3 shows schematically a possible event
topology.

The mass of the DM particles corresponds to the energy of the γ -rays and therefore the
total energy deposited is:

Eχχ→γ γ

dep = 2 · mχ . (6)

For low energies, an electron is emitted mostly in the photo-effect process and deposits its
energy after traveling a short distance. With increasing energy, the probability of undergoing
multiple scatterings grows. Indeed, the XENON1T data shows (Fig. 6 in Ref. [8]) that the
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Fig. 4. Limits and prospects for χ + χ → γ + γ (left) and χ + χ → e− + e+ (right). The red line
(solid) shows the derived limit from XENON1T whereas the orange (dashed) and magenta (dotted)
lines correspond to the expected sensitivities of XENONnT and DARWIN respectively. The computed
limits for Borexino, THEIA, and JUNO are shown in aquamarine (solid), green (dash–dotted), and blue
(dashed) respectively. Notice that in the right panel the range of DM masses is smaller (because mχ > me)
and the scale is linear rather than logarithmic. For comparison, the lower panels show the corresponding
bounds from M31 [30] or the CMB [31].

background rate of multiple scatterings is higher for energies above 350 keV. Consequently,
for liquid xenon detectors, the single scattering spectrum is employed below 350 keV and
the multiple scattering spectrum above that energy, as explained in Sect. 3.

The results for this case are shown in the left panel of Fig. 4. The region above the solid
red line is excluded by the data from XENON1T. Instead, the dashed (orange) and dotted
(magenta) lines show the expected sensitivities of XENONnT and DARWIN, which are pre-
dicted to strengthen the XENON1T limit by factors of about 20 and 200 respectively over
the entire mass range. As expected from Eq. (1), the limits decrease quadratically with the
DM mass. On top of this general trend, the effect of the bumps present in the background
is clearly visible. The current limits of XENON1T on 〈σv〉, then, lie between 10−21 cm3 s−1

at a mass of 4 keV and 10−15 cm3 s−1 at a 2 MeV mass.
The limits derived from Borexino data, significantly more stringent, are shown by a

continuous aquamarine line in Fig. 4. Borexino constrains 〈σv〉 to be below between
10−19 cm3 s−1 at a DM mass of 1 MeV. The expected limits of JUNO and THEIA are shown
by blue and green dashed lines, respectively, and are expected to be one to two orders of mag-
nitude stronger, mainly due to their higher exposures. The shape of the limit curves for these
experiments can also be understood by the shape of the background spectra in Fig. 2 and
the dependence on 1/m2

χ of the annihilation rate. The larger volumes of Borexino, THEIA,
and JUNO (see Table 1) imply that the limits are stronger, but note that xenon-based experi-
ments can probe much smaller DM masses because of their much smaller energy threshold.
Liquid xenon experiments need a ∼ keV energy threshold in order to directly detect DM.
Above ∼100 keV and depending on the DM mass, the constraints from Borexino can be
three to five orders of magnitude better than XENON1T.
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Fig. 5. Schematic of the annihilation reaction χ + χ → e− + e+. The positron deposits its energy and
annihilates with an electron of the medium producing two 511 keV γ -rays. These interact promptly with
the medium, also depositing their energy.

� χ + χ → e− + e+

For the annihilation into electron and positron, the two charged leptons deposit their en-
ergy in the medium. In addition, once the e+ is slowed down, it annihilates with an electron
emitting two 511 keV γ -rays. Figure 5 shows a scheme of the annihilation reaction.

In this case, the minimum DM mass that can be tested is 511 keV as this is the mass
required to create an electron–positron pair. The total energy deposited also corresponds
to

Eχχ→e−e+
dep = 2 · mχ , (7)

because the energy required for the creation of the two leptons is returned when the positron
annihilates with an electron at rest. For the liquid xenon case, we employed a simplified
simulation to study the energy resolution resulting from the depositions of the e−e+ and
the γ . We found that the resolution can be modeled by taking the multiple scattering curve
for the total energy as described in Sect. 3. With this choice, we obtain conservative results
as the actual resolution is slightly better.

The right panel of Fig. 4 displays our results for this case. Notice that the mass range is
much smaller and that the scale is linear rather than logarithmic. Since there is a kinematic
threshold for the DM mass in this channel, Borexino, JUNO, and THEIA give better limits
than the xenon-based experiments for all masses. The fact that the limits turn out to be
essentially flat over the entire mass range is a consequence of the decreasing background;
see the right panel of Figs. 1 and 2. The limits and projections obtained are seen to be
comparable to those from the γ γ final state at the same masses.

4.2 Dark matter decay
We have seen in the previous subsection how the shape of the limit curves can be understood
from the shape of the background spectra, the volume of the experiments, and the 1/m2

χ mass
dependence of the rate. For decay, everything can be interpreted in analogy, with the exception
that the rate scales with 1/mχ . For DM decay, there is an unavoidable limit in terms of the
lifetime t0 of the Universe. Some of our limits will lie above this value and are hence unphysical.
This may be expected giving the comparably small volume of the terrestrial experiments. Our
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approach is to use existing and expected data to set limits, so we will nevertheless display the
results above this unavoidable value.

� χ → ν + γ

This is the most important decay mode for sterile neutrinos, the archetype DM candidate
at keV masses. In this decay mode, the neutrino escapes the detector and only the γ -ray
is detected. The energy deposited by the γ -ray corresponds in this case to half of the DM
mass:

Eχ→νγ

dep = mχ/2. (8)

Our results for this case are shown in the top-left panel of Fig. 6. The limits on �DM tend
to weaken linearly with the DM mass, according to Eq. (2) and up to background effects.
The actual limit on �DM from XENON1T varies from about 10−17 s−1 at a mass of a few
keV to 10−13 s−1 at a mass of a few MeV. In DARWIN, these limits may be improved by
about three orders of magnitude. Also here, as the xenon-based experiments have a lower
energy threshold, they can test much lower DM masses while Borexino, JUNO, and THEIA
provide in turn better limits for the higher energy range. For instance, Borexino gives a
limit of 10−19 s−1 at a mass of 1 MeV, which can be improved by an order of magnitude by
THEIA and JUNO.

� χ → γ + γ

The mass of the DM particle is transferred to the kinetic energy of the γ -rays. Therefore,
the total energy deposition of the γ corresponds to the DM mass:

Eχ→γ γ

dep = mχ . (9)

The top-right panel of Fig. 6 shows the current limit and future prospects for this decay.
The results compare to each other similarly to the results of the γ + ν decay channel.

� χ → e− + e+

This decay mode is similar to the annihilation into e−e+. The two leptons deposit their
kinetic energy and, once stopped, the positron annihilates with an electron producing two
511 keV γ -rays. The total energy deposition corresponds in this case to the DM mass:

Eχ→e−e+
dep = mχ . (10)

While the limit of XENON1T on �DM lies at the level of 10−13 s−1, for Borexino the limit
is significantly lower at the level of a few times 10−17 s−1. The future JUNO and THEIA
detectors would improve the Borexino results by an order of magnitude.

For all annihilation and decay channels described above, the effect of the background on the
results of the upcoming xenon experiments has been studied. We assume background suppres-
sion factors of 8 and 80 for XENONnT and DARWIN, respectively. This is also the background
level used for all results in the figures above. We test the effect of different background levels
on the results and find small changes in the obtained limits. For a pessimistic scenario (factors
5 and 50), the limits worsen by 12%, while for an optimistic scenario (factors 10 and 100), the
limits improve by 25% for both XENONnT and DARWIN.

5. Discussion and conclusion
Large dark matter and neutrino detectors have rich experimental programs beyond their main
scientific goals. Here we have reported a new possibility in which the decay or annihilation of

10/13

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2022/1/013F01/6409844 by guest on 10 April 2024



PTEP 2022, 013F01 T. Marrodán Undagoitia et al.

Fig. 6. Limits and prospects for χ → ν + γ (top left), χ → γ + γ (top right), and χ → e− + e+ (bottom).
The solid lines show the results from XENON1T (red) and Borexino (aquamarine). The projections for
XENONnT and DARWIN are shown by dashed (orange) and dotted (magenta) lines respectively, while
those for THEIA and JUNO are displayed as dash–dotted (green) and dashed (blue) lines. Notice that
in the bottom panel the range of DM masses is smaller (because mχ > 2me) and the scale is linear rather
than logarithmic. The horizontal dotted (gray) line corresponds to a lifetime equal to the age of the
Universe, t0. For comparison, the lower panels show the respective bounds from M31 [30] or the CMB
[32].

DM particles may take place inside Earth-based detectors. Focusing on XENON1T and Borex-
ino as well as the future XENONnT, JUNO, DARWIN, and THEIA, we have set current and
prospective future limits on annihilation/decay rates for DM masses in the keV to few MeV
range. The relevant final states thus involve electrons, positrons, and photons. Usually, cosmo-
logical considerations [31] or observations of astrophysical objects [30] are used to set such
limits, and they turn out to be more stringent, by several orders of magnitude, than the ones
that we have derived. Nevertheless, the limits obtained here under well controlled laboratory
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conditions offer the benefits of a well known background composition. Moreover, the signal
does not suffer from uncertainties associated with the DM distribution—the J- and D-factors.
While the astrophysical and cosmological limits are not expected to improve significantly, up-
coming direct detection and neutrino experiments will improve the laboratory limits and close
the gap considerably. Indeed, at low energies (below ∼100 keV), the upcoming XENONnT and
DARWIN experiments will improve the limit of XENON1T by at least an order of magni-
tude each. Similarly, above this energy, the larger detectors JUNO and THEIA will improve
the results of Borexino by an order of magnitude.

Similar studies could be performed in argon dark matter detectors like DarkSide and Argo
[33]. Moreover, Super-Kamiokande [34] and Hyper-Kamiokande [35] have much larger vol-
umes and could be employed for similar studies at MeV–GeV energies. DUNE [36] or large-
scale experiments looking for neutrinoless double beta decay such as KamLAND-Zen [37] are
other upcoming facilities with features that allow limits to be set along the lines proposed here.
The huge detectors at LHC, which are optimized for energies in the TeV range, could also
provide limits for some final states and DM masses. All such studies, however, lie beyond the
scope of the present paper. Our focus here was on final states involving photons, electrons, and
positrons. In principle, for larger DM masses, other particles could also be produced, for in-
stance μ− and μ+. While having a spectacular signature, energy deposition by muons (followed
by a delayed electron/positron signal from the two muon decays), the background and efficien-
cies need to be carefully evaluated before analyzing this further. The same holds for other final
states. Of course, with increasing DM mass the amount of particles in the detector volume
decreases.

In summary, we have suggested a new method to test DM candidates using direct detection
and neutrino experiments as indirect detection laboratory experiments. We obtained present
and future constraints on the decay and annihilation rates of DM particles.
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