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Abstract. We explore the potential of future cryogenic direct detection experiments to de-
termine the properties of the mediator that communicates the interactions between dark mat-
ter and nuclei. Due to their low thresholds and large exposures, experiments like CRESST-
III, SuperCDMS SNOLAB and EDELWEISS-III will have excellent capability to reconstruct
mediator masses in the MeV range for a large class of models. Combining the information
from several experiments further improves the parameter reconstruction, even when taking
into account additional nuisance parameters related to background uncertainties and the
dark matter velocity distribution. These observations may offer the intriguing possibility of
studying dark matter self-interactions with direct detection experiments.
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1 Introduction

Dark matter (DM) direct detection experiments are conventionally interpreted in terms of
effective operators, which parametrize the details of the underlying interactions of the DM
particle in terms of an effective suppression scale Λ [1–4]. This is a good approximation as long
as the particle mediating the interaction is heavy compared to the typical momentum transfer
in direct detection experiments, which is of order 1–100MeV. Nevertheless, it is perfectly
conceivable that the mediator mass is close to or below this scale, so that the effective operator
description is no longer valid [5–10]. This scenario has for example been considered in the
context of self-interacting DM [11, 12]. In these models the exchange of light mediators
induces large DM self-scattering rates [13–23], which can potentially resolve the tension
between the predictions of collisionless cold DM and observations on small astrophysical
scales [14–17, 24–26].

Current experimental limits e.g. from searches for rare decays [27–29] put strong con-
straints on the mediator coupling to Standard Model (SM) particles. Nevertheless, the small-
ness of the mediator mass leads to a huge enhancement of direct detection cross sections, so
that an observation of DM scattering may be possible in spite of the small couplings. In fact,
if the mediator has sizeable couplings to DM, direct detection experiments can probe regions
of parameter space inaccessible to other low-energy searches. As the recoil spectrum depends
sensitively on both the DM and mediator mass, given an observation of DM scattering via a
light mediator with sufficient statistics at a direct detection experiment, it may be possible
to reconstruct both masses.

Cryogenic direct detection experiments, such as SuperCDMS [30–32], CRESST [33–36]
and EDELWEISS [37–39], are particularly well-suited for this task due to their excellent
energy resolution and low threshold [40, 41]. In fact, a low energy threshold is even more
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important in the case of a light mediator than for a heavy one, because the recoil spectrum
falls even more steeply and therefore the sensitivity can be considerably improved by lowering
the threshold [42]. The excellent energy resolution, on the other hand, makes it possible to
extract the maximum amount of information on the particle physics properties of DM from
a successful discovery. In other words, cryogenic detectors are not only well-suited to explore
models with light DM particles (see e.g. [43]), but also to probe light mediators.

The projected progress for the low-threshold technology implies that parameter points
that are currently consistent with all experimental constraints may predict up to thousands
of events in near-future detectors. In this paper we study the amount of information that can
be extracted from such a signal, taking into account background uncertainties, astrophysical
uncertainties and degeneracies with other particle physics parameters. We demonstrate that
cryogenic experiments can probe the mediator mass precisely in the regions of parameter
space relevant for DM self-interactions, potentially enabling us to infer the behaviour of DM
on astrophysical scales with laboratory experiments.

Direct detection experiments in the context of self-interacting DM have been studied
previously [9, 23, 44, 45], most notably in ref. [46]. Our work differs from these earlier
studies in that we do not attempt to derive existing constraints but rather to explore the
potential of future low-threshold detectors to infer the properties of self-interacting DM.
For this purpose, we implement several present and future direct detection experiments in a
realistic and efficient manner, in order to perform parameter reconstruction with a number of
nuisance parameters. For similar studies in the context of effective operators see refs. [47–55].

This paper is structured as follows. In section 2 we discuss the phenomenology of direct
detection experiments in the presence of light mediators. We review current and proposed
low-threshold experiments and calculate their sensitivity to long-range interactions in com-
parison to conventional direct detection experiments. Section 3 focusses on the potential of
low-threshold experiments to determine the particle physics parameters of the DM particle
and its interactions. We discuss the impact of experimental, theoretical and astrophysical
uncertainties, introduce suitable nuisance parameters to represent them and assess their im-
pact on our results. Finally, in section 4 we connect our results to the idea of self-interacting
DM. Additional details are provided in appendices A and B.

2 Direct detection with light mediators

We consider a DM particle of mass mDM scattering off nuclei via the exchange of a mediator
with mass mmed. Throughout this paper we will focus on the case that the mediator has
spin-independent couplings to both nucleons and DM. The differential event rate with respect
to recoil energy ER for DM scattering off a given target isotope T with mass mT and mass
fraction ξT is then given by

dRT
dER

=
ρ0 ξT

2πmDM

g2 F 2
T (ER)

(

2mT ER +m2

med

)2
η(vmin(ER)) (2.1)

with ρ0 = 0.3GeV/cm3 being the local DM density.

As long as the assumption of spin-independent interactions holds, the functional form
of the differential event rate does not depend on the spin of the DM particle or the mediator
nor on whether or not the DM particle is its own anti-particle. The numerical pre-factors,
however, may differ for these different scenarios. We assume that these pre-factors have
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been absorbed into the definition of the effective low-energy coupling g, i.e. we take g to be
defined via eq. (2.1). The precise definition of g in terms of the fundamental parameters of
the specific models that we discuss will be provided below.

In eq. (2.1) the factor F 2
T (ER) denotes the nuclear response function, which depends

on the ratio of the mediator couplings to neutrons and protons, fn/fp. We parametrise
this ratio via θ ≡ arctan fn/fp, such that models with fn = 0 (such as a dark photon with
kinetic mixing [5, 14, 42]) have θ = 0, whereas models with fn = fp (such as a light scalar
mixing with the Higgs boson [9, 29, 56, 57]) have θ = π/4. In the limit of zero momentum
transfer the nuclear response function is then given by F 2

T (0) = (ZT cos θ+(AT −ZT ) sin θ)2,
where ZT and AT denote the charge and mass number of the target isotope T . For non-zero
momentum transfer, F 2

T (ER) decreases due to a loss of coherence, which we parametrise by
the standard Helm form factors [58].

The final factor in eq. (2.1) denotes the velocity integral, which is given by

η(vmin) =

∫

∞

vmin

d3vf(v)/v , (2.2)

where vmin =
√

mTER

2µ2
T

. Unless stated otherwise, we assume the velocity distribution f(v)

to be given by an isotropic Maxwell-Boltzmann distribution in the Galactic rest frame with
v0 = 220 km/s, cut off at the Galactic escape velocity vesc = 544 km/s and transformed into
the solar rest frame with vobs = 232 km/s.

For the purpose of this work, we will be most interested in the impact of the term
(

2mT ER +m2

med

)2
= (q2 + m2

med
)2 in the denominator, where q denotes the momentum

transfer in the scattering process. This momentum transfer is bounded by qmin < q < qmax,
where qmin ≡

√
2mTEth in terms of the low-energy threshold Eth and qmax ≡ 2µT (vesc + vobs)

with µT ≡ mDMmT /(mDM +mT ). If qmax is small compared to mmed, we recover the limit
of contact interactions conventionally considered in the effective operator approach. Con-
versely, if mmed is negligible compared to qmin, scattering with large momentum transfer
is suppressed by an additional factor of 1/q4, leading to very steeply falling recoil spectra.
In the intermediate regime we may hope to infer the properties of the mediator from the
detailed shape of the recoil spectra. These interesting mediator masses are typically in the
MeV range. For example, for mDM = 4GeV a germanium experiment (mT ≈ 68GeV) with
Eth = 100 eV has qmin ≈ 3.7MeV and qmax ≈ 20.7MeV.

In real direct detection experiments, the detected recoil energy ED may differ from the
true physical recoil energy ER due to the finite energy resolution of the detector. Assuming
this resolution to be described by a Gaussian distribution with energy-dependent standard
deviation σ(ER), we can calculate the probability for a scattering event with energy ER to
be observed in the interval E1 ≤ ED ≤ E2:

p(ER, E1, E2) =
1

2

[

erf

(

E2 − ER√
2σ(ER)

)

− erf

(

E1 − ER√
2σ(ER)

)]

, (2.3)

where erf denotes the error function. Given the total exposure of an experiment κ(ER),
which may again depend on the recoil energy, we can then calculate the total number of
events expected in the interval [E1, E2]:

N(E1, E2) =
∑

T

∫

pT (ER, E1, E2)κT (ER)
dRT
dER

dER , (2.4)
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where the sum is over all bins, and Rαi , B
α
i , and N

α
i denote the number of predicted signal

events, predicted background events and observed events, respectively. In addition to the
particle physics parameters x we have introduced a number of nuisance parameters y, which
represent for example astrophysical or experimental uncertainties and may affect both signal
and background predictions. These nuisance parameters may be constrained by an additional
likelihood function Ln. The total profile likelihood is then given by the product of the
individual likelihoods maximised with respect to the nuisance parameters:

L(x) = max
y

Ln(y)
∏

α

Lα(x,y) . (3.2)

For the purpose of parameter estimation, the next step is to determine the value of the
particle physics parameters x that maximise the profile likelihood, called x0. We can then
construct the likelihood ratio R(x) = L(x)/L(x0), which by definition is smaller than unity.
Under random fluctuations in the data, the quantity −2 logR(x) is expected to follow a χ2

distribution with number of degrees of freedom n equal to the number of parameters x. We
can therefore exclude a hypothetical set of parameters x at confidence level 1− p if

1− CDFχ2(n,−2 logR(x)) < p , (3.3)

where CDFχ2(n, x) denotes the cumulative distribution function for the χ2 distribution with
n degrees of freedom. For the case of two parameters, the 95% confidence level (CL) bound
is therefore given by −2 logR < 5.99.

In the following we will focus on mDM . 5GeV, where cryogenic detectors have better
sensitivity than liquid xenon experiments (see figure 2). We will first focus on one specific
benchmark case, namely mDM = 2GeV, mmed = 3MeV and θ = 0, and then discuss alter-
native benchmarks in section 3.4. The assumed value of g is chosen to be compatible with
existing direct detection constraints. Choosing g close to current exclusion limits will lead to
an optimistic scenario, in which thousands of events can be observed in future experiments,
whereas smaller values of g imply smaller statistics and less precise parameter reconstruction.
In the following, we will consider two alternative choices, namely g = 2 · 10−11 (referred to
as the low-statistics case) and g = 6 · 10−11 (the high-statistics case). For our benchmark
scenario, these choices correspond to around 900 and 8000 events across the set of future
experiments that we consider (with SuperCDMS SNOLAB predicted to observe about four
times as many events as CRESST-III).

We can now generate mock data for our benchmark scenario and the two possible cou-
pling choices and then determine which alternative choices of mDM and mmed are compatible
with this data. For the purpose of parameter reconstruction it is sufficient to consider mock
data sets without Poisson fluctuations. Although in this case the best-fit point will have a
very high likelihood, L ≈ 1, we nevertheless obtain reasonable estimates of the likelihood
ratio R(x) expected in a typical realization of the experiments. We will return to the issue
of Poisson fluctuations in the context of goodness-of-fit estimates in section 3.5.

Figure 3 shows the regions of parameter space compatible with the mock data generated
for our benchmark scenario. For the purpose of these plots we are not interested in recon-
structing the effective coupling g, i.e. we will simply treat it as a nuisance parameter and fix
it to the value that maximises the likelihood. Nevertheless, the assumed value of g does play
an important role as it determines the number of events that we expect to observe. The left
(right) panel corresponds to the low-statistics (high-statistics) case. Red and blue contours
correspond to the parameter reconstruction based only on data from SuperCDMS SNOLAB
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branch with scattering dominantly on tungsten now appears also in the high-statistics case.
In principle it may be possible to distinguish these two branches, because the light yield of
tungsten recoils in CRESST-III differs from the one for recoils on oxygen and calcium. In-
cluding this information (for example by constructing a two-dimensional likelihood in recoil
energy and light yield) may hence make it possible to remove the second branch and obtain
only one best-fit region. We leave this interesting possibility for future work.

In principle, given additional information on the different background contributions, it
would be straight-forward to extend our approach and introduce individual nuisance parame-
ters for each background source, such that not only the normalization of the background but
also its shape can be varied. However, such detailed information is not presently available for
the future projections that we consider. Nevertheless, we note in passing that the likelihood
function defined in eq. (3.1) has an interesting property: as long as we only introduce nui-
sance parameters that rescale the signal prediction or (parts of) the background prediction,
−2 logL is a convex function of these parameters, so that any local minimum is necessarily
a global one [61]. It is therefore numerically trivial to maximize the likelihood with respect
to these nuisance parameters.

3.2 Degeneracies with coupling ratios

So far we have made the assumption that only the mass of the mediator is unknown but its
coupling structure is fixed. However, even in the simplest models of light mediators there are
a number of different possible coupling structures [62]. In fact, it is well-motivated to assume
that the ratio of couplings to neutrons and protons is essentially a free parameter [62]. If the
effect of varying the mediator mass can be compensated by changing the coupling ratio, our
lack of knowledge concerning the coupling structure of the mediator may affect our ability to
determine its mass. In this section we discuss how the parameter reconstruction is affected
if we do not make any assumptions on θ.

For experiments consisting only of a single target element with charge number ZT and
mass number AT , the differential event rate is approximately proportional to2 (ZT cos θ +
(AT − ZT ) sin θ)

2. This rescaling factor takes different values for different elements, so that
varying θ will affect the combination of information from different experiments. In fact,
varying θ can even change the shape of the recoil spectrum in a single experiment that
consists of several different elements.

In contrast to the nuisance parameters introduced to parametrize the background un-
certainties, the parameter θ enters into the likelihood in a more complicated way. The reason
is that for θ < 0 there will be destructive interference between proton and neutron con-
tributions, which for a given experiment will be maximal if θ = arctan(−ZT /(AT − ZT )).
Consequently, there will generally be a number of different values of θ that maximize L(θ) lo-
cally. We therefore perform an explicit scan over the full range −π/2 < θ < π/2 to determine
the global maximum of L(θ).

If we consider SuperCDMS SNOLAB alone, the likelihood is essentially independent
of θ, because the recoil spectra for the different isotopes look so similar that a change in θ
can almost entirely be compensated by a change in the effective coupling g. Indeed, we will
see below that the allowed parameter regions for SuperCDMS SNOLAB remain essentially
unchanged when including θ as a nuisance parameter. For CRESST-III, on the other hand,

2Strictly speaking, this relation only holds exactly for zero momentum transfer, because at finite momentum
transfer there may be differences in the form factors for protons and neutrons [63], but taking these effects
into account is beyond the scope of this work.
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Figure 5. Best-fit values for the coupling ratio parameter θ as a function of the DM mass and
mediator mass obtained from a set of mock data with the CRESST-III experiment. The mock data
was generated under the assumption mDM = 2GeV, mmed = 3MeV and θ = 0 (black cross).

the situation is very different. Since the recoil spectrum for scattering of tungsten is typically
much steeper than the recoil spectrum for scattering of oxygen and calcium, the shape of the
recoil spectrum depends sensitively on θ. Figure 5 shows the best-fit value of θ depending on
the assumed values of mDM and mmed. We can make a number of interesting observations:

1. The best-fit value for θ typically differs significantly from the value assumed to generate
the mock data, covering almost the entire range −π/2 ≤ θ ≤ π/2.

2. If the assumed DM mass is large compared to the DM mass used to generate the mock
data, the predicted recoil spectrum will be too flat, so the best fit can be obtained if
scattering occurs exclusively on tungsten, i.e. for θ = −π/4.

3. If the assumed mediator mass is small compared to the mediator mass used to generate
the mock data, the predicted recoil spectrum will be too steep, so the best fit can be
obtained if scattering occurs exclusively on oxygen and calcium, i.e. for θ ∼ −0.59.

It should be clear from these observations that the ability of CRESST-III to reconstruct
the mediator mass and the DM mass is significantly reduced when allowing for arbitrary
values of θ. This is confirmed explicitly in figure 6. Clearly, in this case it is essential to
combine the information from CRESST-III with data from SuperCDMS SNOLAB to perform
a precise parameter reconstruction. In the absence of data from SuperCDMS SNOLAB it
could also be interesting to attempt a discrimination between the different target elements in
CRESST-III or to perform a combination of CRESST-III with the existing exclusion limits
from Xenon1T, which would disfavour solutions with heavy DM scattering on tungsten.

3.3 Astrophysical uncertainties

There are two kinds of astrophysical uncertainties that may affect the interpretation of direct
detection experiments: uncertainties in the local DM density ρ0 and uncertainties in the DM
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in section 4.

3.5 Goodness-of-fit estimates

So far we have focussed on the issue of parameter estimation, i.e. we have constructed like-
lihood ratios to determine the parameter regions compatible with a given set of mock data.
Another interesting topic that we can study in our framework are goodness-of-fit estimates,
i.e. the question whether a specific choice of parameters yields a good description of the data.
To answer this question we need to consider the absolute value of the likelihood rather than
a likelihood ratio. Clearly, it is then no longer possible to neglect Poisson fluctuations in
the data, because doing so would exaggerate the likelihood, i.e. would suggest unrealistically
good agreement between data and model. In this section we therefore briefly discuss the
effect of Poisson fluctuations and give a few examples for questions that can be answered
with goodness-of-fit estimates.

In the limit of large bin counts the likelihood function defined in eq. (3.1) approaches a
χ2 test statistic. We therefore expect that for the true parameters of nature x0 the likelihood
L(x0) follows a χ2-distribution with n = nb − ny degrees of freedom, where nb denotes the
total number of bins across all experiments and ny denotes the total number of nuisance
parameters that have been profiled out. For the two experiments that we consider nb = 29,
so if we profile out the effective coupling strength g and the normalization of the background
in both experiments, we expect to find n = 26. We confirm that this is indeed the case by
performing a Monte Carlo (MC) simulation, i.e. by considering a large ensemble of mock
data sets with Poisson fluctuations.

We can make use of this observation to study whether a given data set may enable us
to exclude specific hypotheses about the particle physics nature of DM. For example, any
DM signal observed in future direct detection experiments will first be interpreted under the
assumption of a heavy mediator, i.e. contact interactions between DM and nuclei. A question
of great interest would therefore be whether this hypothesis can be confidently excluded if
the mediator is in fact light. To answer this question, we can use an ensemble of mock data
sets generated under the assumption of a light mediator and calculate the likelihood under
the incorrect assumption of a heavy mediator. For this purpose, we treat both mDM and
θ as nuisance parameters, i.e. we fix them to the value that maximizes the likelihood, such
that n = 24.5 For any specific mock data set, the heavy-mediator assumption can then be
excluded at 95% CL if −2 logL > 36.4.

Considering the same benchmark scenario as before (mDM = 2GeV, mmed = 3MeV and
θ = 0) we find that in the low-statistics case it is typically not possible to exclude the heavy-
mediator hypothesis at 95% CL, whereas in the high-statistics case a 95%-CL exclusion is
possible for about 98% of the mock data sets. In the latter case it is also possible to exclude
the hypothesis of a very light mediator (with mmed ≪ qmin) at 95% CL for more than 99.9%
of the samples.

4 Connection to self-interacting dark matter

The analysis performed in section 3 applies to any model of DM interacting with nucleons
via a light mediator, provided that the couplings of the mediator are spin-independent. In

5Note that due to the degeneracy between the DM mass and the nuisance parameter z parametrizing
astrophysical uncertainties, including z as an additional nuisance parameter would not increase the likelihood
further and therefore does not reduce the relevant number of degrees of freedom.
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this section we apply these results to a particle physics model of particular interest, namely
the case of self-interacting DM.

It is well known that the presence of a light mediator can significantly enhance the rate
of DM self-scattering in astrophysical systems, not only because of the long-range nature
of the interactions but also because of additional non-perturbative effects due to multiple
mediator exchange [15, 17, 18, 72]. For a mediator with spin-independent interactions, these
effects can be calculated by solving the non-relativistic Schroedinger equation for a Yukawa
potential. The resulting scattering rate exhibits a characteristic velocity dependence such
that the largest effects are expected on small scales, just as required in order to resolve the
potential small-scale problems of collisionless cold DM [73, 74]. The quantity of interest for
astrophysical observables is the momentum transfer cross section σT, which should lie in the
range 0.1 cm2/g . σT/mDM . 10 cm2/g in order to induce sizeable effects consistent with
observations.

Out of the various possible particle physics realizations of this general scenario, the
most attractive model consists of a fermionic DM particle ψ (here assumed to be a Dirac
fermion) and a scalar mediator φ [9, 56]. For this model, DM self-annihilation is suppressed
at small velocities due to CP conservation, evading the strong constraints from the Cosmic
Microwave Background on many DM models with light mediators [22]. The effective coupling
g is then given by g ≈ 1.6 × 10−3 yψ ySM, where yψ denotes the DM-mediator coupling and
ySM denotes the rescaled Yukawa coupling of the mediator to Standard Model (SM) fermions
(i.e. the mixing of the scalar mediator with the SM Higgs boson).

A recent analysis of this model [23] concluded that for DM masses in the GeV region
and mediator masses in the MeV region it is possible to reproduce the observed DM relic
abundance and at the same time obtain large DM self-interactions if yψ ∼ 0.1. Bounds
from direct detection experiments then require ySM . 10−6 so that constraints from Higgs
measurements and flavour physics are easily satisfied.6 This mass range is precisely the
parameter region that we have identified above to be the most interesting for cryogenic direct
detection experiments. In fact, these experiments already place the strongest bounds on the
SM-mediator coupling in this scenario. For the purpose of this section, we will therefore
focus on scalar mediators and set θ = π/4 as expected from Higgs mixing [9, 56], both for
the generation of mock data and for the subsequent parameter reconstruction.

While the DM momentum transfer cross section depends only on the DM-mediator cou-
pling yψ, the DM-nucleon scattering cross section depends also on the mediator-SM coupling
ySM, which arises for example from mixing of φ with the SM Higgs boson. The effective cou-
pling g relevant for direct detection experiments can therefore be treated as an independent
parameter in the same way as we have done above. Thus, if we can use direct detection
experiments to infer the mediator mass and the DM mass, we can effectively determine the
DM momentum transfer cross section (under the assumption that DM is a thermal relic [57]).
This is illustrated in figure 10. In the left panel we show a plot very similar to the ones shown
in section 3, except that we also indicate the combinations of DM mass and mediator mass
that lead to a momentum transfer cross section in the desired range [23]. In the right panel,

6We note however that for such small values of ySM the lifetime of the mediator will be so large that it only
decays after the onset of primordial nucleosynthesis. Nevertheless, the mass of the mediator is so small that
it can only decay electromagnetically and with an energy small compared to typical nuclear binding energies.
The dominant constraint is therefore expected to come from the entropy injected by the mediator decays,
which modify the effective relativistic degrees of freedom Neff. The magnitude of this effect depends however
on additional aspects of the model, which are not relevant for the direct detection phenomenology. A detailed
analysis of constraints from primordial nucleosynthesis is challenging and will be discussed elsewhere [75].
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including all of these uncertainties, low-threshold direct detection experiments maintain a
remarkable potential to reconstruct the properties of the mediator.

For mediator masses in the range 1–10 MeV, the possibility to reconstruct mediator
masses is mostly limited by statistics. Given sufficient exposure, it should be possible to
reconstruct the mediator mass to better than a factor of 2. If the mediator is either lighter
than about 1 MeV (and hence indistinguishable from truly long-range interactions) or heav-
ier than about 10 MeV (and hence indistinguishable from contact interactions), a precise
reconstruction of its mass is typically not possible. Nevertheless, with enough statistics one
can clearly rule out the hypothesis of contact interactions for a very light mediator (and vice
versa) using goodness-of-fit estimates.

The ability to reconstruct mediator masses relies strongly on the combination of different
target materials. We have focussed on the combination of experiments based on CaWO4 and
germanium targets, but we have checked that a similarly good reconstruction can be obtained
by combining data from a germanium experiment with results based on silicon detectors,
which are being developed by the SuperCDMS collaboration. Another interesting, albeit
challenging, possibility would be to exploit the differences in light yield for the different
target elements in CRESST-III to statistically distinguish between models with dominant
scattering on tungsten and those with dominant scattering on oxygen and calcium.

Throughout this work we have focussed on mediators with spin-independent interac-
tions. Spin-dependent interactions are more challenging, since neither oxygen nor calcium
nuclei carry spin and therefore the sensitivity of CRESST-III is significantly suppressed. It
may be possible to gain complementary information with bubble chamber experiments like
PICO-500 [76], but these lack the excellent energy resolution of cryogenic detectors. The
most promising avenue appears to be the combination of germanium and silicon detectors,
both of which possess at least some sensitivity to spin-dependent interactions. A detailed
investigation of a wider range of interactions and a broader set of experimental technologies
is left for future work.

Finally, we have pointed out that the range of mediator and DM masses that can be
studied with cryogenic experiments coincides with parameter regions that have been con-
sidered in the context of self-interacting DM. This observation implies that, within specific
model assumptions, one can translate between signals in direct detection experiments and
astrophysical observables, such as core sizes in dwarf galaxies. By correlating these very
different signatures, we can therefore hope to ultimately obtain a coherent picture of both
the microscopic and macroscopic properties of DM.
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A Implementation of present and future experiments

In this appendix we describe the experimental information and the assumptions that we make
to construct the likelihood functions for the various experiments.
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CRESST-II

The latest CRESST results [33] are based on 52.2 kg days using the Lise detector module.
We smear the physical recoil spectrum assuming a Gaussian energy resolution function with
σ = 62 eV [33], considering only fluctuations up to 3σ in order to avoid unphysical results far
below threshold. The cut survival probabilities as a function of the detected recoil energy are
taken from the recent data release [35]. We then group the events observed in the acceptance
region into 47 equidistant bins between 0.3 and 5.0 keV. For the calculation of the upper
limits we conservatively set the number of expected background events to zero, which gives
results similar to the optimum interval method [77] employed in ref. [33].

CRESST-III

Our implementation of the future CRESST detector is based on the projections for the
final state of CRESST-III presented in ref. [34]. The expected exposure is 1000 kg days
with an energy threshold of 100 eV. We group the events in the energy range between 0.1
and 2 keV into 19 bins of width 0.1 keV. Furthermore, we assume a background level of
3.5 · 10−2 keV−1 kg−1 day−1, corresponding to 3.5 events in each of the bins. The expected
number of signal events is calculated assuming an efficiency of unity down to threshold, and
using a Gaussian energy resolution of 20 eV. We take into account only recoils with a true
energy above 60 eV in order to avoid unphysical upward fluctuations from very small recoil
energies.

CDMSLite

CDMSLite has analysed data from an exposure of 70.14 kg days [30, 31]. We take the energy-
dependent signal efficiency from [30] and follow the procedure outlined there to convert
nuclear recoil energies (eVnr) into electron equivalent energies (eVee), using k = 0.157.
We perform a fit to the width of various electron-capture peaks to determine the energy-
dependent detector resolution. We then consider the energy range [60 eVee, 500 eVee], which
we divide into 10 bins of increasing size, such that the number of observed events in each
bin is greater than one. Following the analysis in ref. [30], we do not assume a background
model, such that all observed events can potentially be DM signals. This procedure allows us
to calculate a likelihood function that yields a bound very similar to the one obtained from
the optimum interval method.

SuperCDMS SNOLAB

We estimate the sensitivity of SuperCDMS SNOLAB following ref. [32], focussing on the
high-voltage germanium detectors. Although the SuperCDMS collaboration expects that a
threshold as low as 40 eV (nuclear recoil energy) can be achieved, we consider a low-energy
threshold of 100 eV, so that it is a good approximation to assume the signal efficiency to
be constant (at 85%) and the background level to be flat (at 10 keV−1 kg−1 year−1) [32].
We also limit ourselves to recoil energies below 300 eV in order to avoid backgrounds from
electron capture lines. This restriction will reduce the sensitivity of SuperCDMS SNOLAB
to heavy DM but has no effect in the low-mass region that we are interested in. We divide
the search window into 10 equally-spaced bins and include an energy resolution of 10 keV.
SuperCDMS expects to achieve a total exposure of 1.6 · 104 kg days over the course of five
years of data taking. To compare CRESST-III and SuperCDMS on similar time-scales,
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however, we consider the sensitivity that can be achieved with a single year of data taking,
corresponding to an exposure of approximately 3200 kg days.7

Xenon1T

The first results of Xenon1T are based upon an exposure of 35636 kg days [59]. To calculate
the acceptance function, we simulate fluctuations in the S1 and S2 signal making use of the
scintillation and ionization yields from ref. [78] and taking into account the anti-correlation
between the two signals. Rather than attempting to model the detector response, we deter-
mine the light collection efficiency and the electron extraction probability by fitting to the
nuclear recoil band shown in ref. [59]. We then consider events with S1 ≥ 3 phe and require
the S2 signal to lie below the mean of the nuclear recoil band. For low recoil energies, this
procedure essentially reproduces the acceptance function shown in ref. [59], where no cut on
the S2 signal is applied, whereas for large recoil energies we obtain an acceptance that is
approximately a factor of 2 smaller. This result is in agreement with the expectation that
the nuclear recoil cut has almost 100% signal acceptance close to the threshold, where the
signal results exclusively from upward fluctuations in the S1 signal, and around 50% signal
acceptance away from the threshold. The total number of expected background events below
the mean of the nuclear recoil band is 0.36, and no events have been observed. We therefore
set a Poisson upper bound on the signal contribution of 1.94 events at 90% CL, noting that
this procedure leads to a slightly weaker bound than the asymptotic limit assumed in ref. [59].

LZ

Our implementation of LZ is based upon the LZ conceptual design report [60]. Specifically, we
assume a total exposure of 5.6·106 kg days and consider the search region 3 phe ≤ S1 ≤ 30 phe.
We calculate the energy-dependent acceptance by considering Poisson fluctuations in the
S1 signal based on the effective scintillation yield for liquid xenon taken from the LUX
analysis [78] and assuming a light collection efficiency of 7.5%. We multiply this acceptance
function by an overall factor of 1/2 to account for the requirement that the S2 signal must
lie below the mean of the nuclear recoil band. Finally, we calculate the expected sensitivity
by assuming that the number of observed events is equal to the expected background (2.37
events).

B Astrophysical uncertainties for low-mass dark matter

In the Galactic rest frame the standard Maxwell-Boltzmann velocity distribution is given by

f(v, v0, vesc) =
1

N

[

exp

(

−v
2

v2
0

)

− exp

(

− v2

v2esc

)]

, (B.1)

where N is an appropriate normalization constant. In the laboratory frame we need to
account for the velocity of the Earth vE relative to the Galactic rest frame. Neglecting
the motion of the Earth relative to the Sun, we take this velocity to be time-independent,

7Incidentally, this is also the exposure for which backgrounds become non-negligible (we expect about 2
events per bin), so increasing the exposure by a factor of 5 will improve the sensitivity by significantly less
than a factor of 5.
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vE = vobs. We then obtain

f(v, θv, v0, vesc, vobs) =
1

N

[

exp

(

−v
2 + 2 v vobs cos θv + v2

obs

v2
0

)

− exp

(

−v
2 + 2 v vobs cos θv + v2

obs

v2esc

)]

, (B.2)

where θv denotes the angle between vobs and the velocity vector v.

Let us now consider two different velocity distributions of the Maxwell-Boltzmann form,
f(v) and f̃(v), which are related by

ṽ0 = v0/z , ṽesc = vesc/z , ṽobs = vobs/z , (B.3)

where z is an arbitrary rescaling factor.8 It then follows immediately from eq. (B.2) that the
two velocity distributions satisfy the relation

f̃(v) = z3f(zv) , (B.4)

where the pre-factor ensures that f̃(v) is normalized,
∫

f(v) d3v =
∫

f̃(v) d3v = 1. The
velocity integral η̃(vmin) corresponding to f̃(v) is then given by

η̃(vmin) =

∫

∞

vmin

f̃(v)

v
d3v =

∫

∞

vmin

z3
f(zv)

v
d3v =

∫

∞

ṽmin

α
f(ṽ)

ṽ
d3ṽ = zη(ṽmin) , (B.5)

where ṽmin = zvmin.

The differential event rate resulting from the rescaled velocity distribution therefore
becomes

dR̃T
dER

=
ρ0 ξT

2πmDM

g2 F 2
T (ER)

(

2mT ER +m2

med

)2
zη(ṽmin(ER,mDM)) (B.6)

The crucial observation is now that for mDM ≪ mT the minimum velocity is given by

vmin(ER,mDM) = 1

mDM

√

mT ER

2
and hence ṽmin(ER,mDM) = vmin(ER, m̃DM) with m̃DM =

mDM/z. In terms of this rescaled mass, the differential event rate becomes

dR̃T
dER

=
ρ0 ξT

2π m̃DM

g2 F 2
T (ER)

(

2mT ER +m2

med

)2
η(vmin(ER, m̃DM)) , (B.7)

which is identical to eq. (2.1) with mDM replaced by m̃DM. In other words, as long as
mDM ≪ mT , the effect of an overall rescaling in the velocity distribution is equivalent to a
rescaling in the DM mass.

8We note that for an isothermal halo the velocity dispersion and the circular velocity are directly pro-
portional to each other and it is therefore well-motivated to rescale v0 and vobs simultaneously. The escape
velocity is introduced by hand and is therefore in principle an independent parameter. Since our results do
not depend sensitively on vesc we use the same rescaling factor for simplicity.
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