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Abstract: The search for dark matter weakly interacting massive particles with noble
liquids has probed masses down and below a GeV/c2 . The ultimate limit is represented
by the experimental threshold on the energy transfer to the nuclear recoil. Currently, the
experimental sensitivity has reached a threshold equivalent to a few ionization electrons.
In these conditions, the contribution of a Bremsstrahlung photon or a so-called Migdal
electron due to the sudden acceleration of a nucleus after a collision might be sizable. In
the present work, we use a Bayesian approach to study how these effects can be exploited
in experiments based on liquid argon detectors. In particular, taking inspiration from the
DarkSide-50 public spectra, we develop a simulated experiment to show how the Migdal
electron and the Bremsstrahlung photon allow to push the experimental sensitivity down
to masses of 0.1 GeV/c2 , extending the search region for dark matter particles of previous
results. For these masses we estimate the effect of the Earth shielding that, for strongly
interacting dark matter, makes any detector blind. Finally, we show how the sensitivity
scales for higher exposure.
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1

Introduction

Although astronomical and cosmological observations strongly support the existence of dark
matter (DM) [1–4], its nature — its mass and interactions with the Standard Model (SM)
— has not yet been revealed. In the past decades, a huge experimental effort has been developed to detect DM. This program has focused primarily on DM masses mχ & 1 GeV/c2 ,
motivated by the explanation of the current abundance as a thermal relic in the form of
weakly-interacting massive particles (WIMPs). Direct detection experiments [5–12], searching for dark matter induced nuclear recoils in underground detectors [13], are among the
numerous experiments that have been built to detect these interactions. The DAMA/NaI
and DAMA/LIBRA experiments have results [14–18] that are interpreted by the DAMA
collaboration as a strong evidence for the presence of DM particles in the galactic halo. However, the failure of observing incontrovertible evidences of a DM signal may be interpreted
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1 Introduction

2

Migdal effect and photon Bremsstrahlung

We start this section describing our notation and our assumptions for the elastic DM-nucleus
scattering rates, and continue presenting the computation of the differential rates for the
Migdal effect and the photon Bremsstrahlung process.
The elastic DM-nucleus differential rate with respect to the nuclear recoil energy ER ,
per unit detector mass, is
Z
ρχ
dRN R
dσSI
= NT
vf (~v )d3 v,
(2.1)
dER
mχ v>vmin dER
here NT is the number of target nuclei per unit detector mass, ER isqthe recoil energy
given by an incoming dark matter particle with velocity v > vmin = (mN ER )/(2µ2N ),
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as in tension with the WIMP paradigm. These results stimulated the effort of examining
alternative signals to nuclear recoil, including dark matter scattering on electrons [19–32]
or secondary signals [33–36], and motivated the interest in sub-GeV/c2 DM [29, 37–40].
Direct detection experiments generically are insensitive to nuclear recoils with energy
below the keV, corresponding to sub-GeV/c2 dark matter scattering. This relies on the assumption that the electron cloud around the nucleus follows instantaneously the nucleus itself, keeping the atom neutral. However, the sudden acceleration of a nucleus after a collision
may lead to excitation and ionization of atomic electrons. This is an old idea from neutronnucleus scattering experiments [41–46]. Furthermore, the electron will get accelerated in
order to follow the nuclear recoil trajectory, resulting in a finite probability that a photon
will be emitted via Bremsstrahlung. Therefore, this new process may lead to energetic photons and ionization electrons produced from the primary interaction. The first process is the
Bremsstrahlung photon emission from a nucleus [33], the latter is the Migdal effect [34–36],
and they both have been already exploited by experimental collaborations [39, 47–49].
In the present work we examine both the Migdal effect and photon Bremsstrahlung from
the nucleus in experiments exploiting LAr detectors, and we estimate the effect of the Earth
atmosphere and crust that makes experiments blind to large cross sections. Previous DM
searches of this kind include DarkSide-50 [9] and DEAP-3600 [12], and have mainly focused
on masses greater than 10 GeV/c2 . DarkSide-50 has published a low-mass analysis [29],
exploiting the ionization-only signal, sensitive down to masses of 1.8 GeV/c2 . In this article,
we show how this analysis could be extended down to masses of 0.1 GeV/c2 including signals
from the Migdal effect and the photon Bremsstrahlung.
The rest of the paper proceeds as follows. In section 2 we review the Migdal effect
and photon Bremsstrahlung process, show their differential rates in the LAr detector, and
describe the effect of the Earth attenuation. Section 3 reviews the analysis with LAr.
We describe the probabilistic inference and all the details of our simplified treatment of
systematic effects. In section 4, we show the expected sensitivity and the projections for
higher exposure. Finally we conclude in section 5. In addition, we provide the numerical
codes used to evaluate the Migdal and Bremsstrahlung rates [50], and to perform the
statistical analysis [51].

mχ and mN are the DM and nucleus mass, respectively, while µi = mi mχ /(mi + mχ ) is
the reduced mass of the nucleus or nucleon-DM system (with i = N, p). The rate depends
on our assumptions on the local dark matter density, ρχ , and the dark matter velocity
distribution f (~v ). In this work, we use the value1 ρχ = 0.3 GeV/c2 /cm3 , and the Standard
Halo Model [56] with a Maxwell-Boltzmann velocity distribution with dispersion velocity
v0 = 220 km/s and escape velocity cut off of vesc = 544 km/s.
The differential elastic DM-nucleus cross section depends on the recoil energy and the
DM velocity and is given by
(2.2)

where σp is the DM-proton cross section (assumed equal to the DM-neutron cross section).
The nuclear form factor F (ER ) ∼ 1 for small momentum transfers, while A is the atomic
mass, leading to the coherent enhancement of the cross section.
2.1

Migdal effect

The rate of ionization due to the Migdal effect for a nuclear recoil energy ER accompanied
by a ionization electron with energy Ee is given by the standard DM-nucleus differential
recoil rate in eq. (2.1) multiplied by the ionization rate [34]
d2 R
d 2 RN R
=
|Zion (ER )|2 ,
dER dv
dER dv

(2.3)

where the ionization rate is given by
Z
dpcqe (n` → Ee )
1 X
|Zion (ER )| =
dEe
.
2π
dEe
2

(2.4)

n,`

p
Here, n and ` are the initial quantum numbers of the emitted electron, qe = me 2ER /mN
is the electron momentum in the nucleus rest frame immediately after the DM collision, me
is the electron mass, mN is the nucleus mass, and pcqe (n` → Ee ) is the probability to emit
an electron with final energy Ee . An approximate estimate of the total energy deposited
in the detector is given by Ed = Ee + En` , where En` is taken to be the binding energy of
the (n, `) state. This takes into account the fact that the emitted electron may come from
an inner orbital and the remaining excited state will release further energy in the form of
photons or additional electrons in order to return to the ground state.
The differential probability rates were computed in ref. [34] without taking into account
the shifts in electronic energy levels because atoms are actually in a liquid (such as in argon
or xenon targets) or crystal state (such as in germanium, silicon or sodium iodide detectors).
This effect should decrease the ionization energy, and thus, if neglected, should lead to
a conservative ionization yield estimate [57]. Figure 1 shows the differential ionization
probabilities as a function of the detected energy Ed = Ee + En` for isolated argon atoms.
We use the probabilities computed in ref. [34].
1

New determinations of the local dark matter density give results that fall in the range ∼ (0.3–0.4)
GeV/c2 /cm3 , see [52–55].
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σp mN 2
dσSI
=
A |F (ER )|2 ,
dER
2 µ2p v 2
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Figure 1. Differential ionization probabilities and related uncertainties as a function of the detected
energy Ed for isolated argon and different principal quantum number n. We show also the 4 and 7
electron thresholds for DarkSide-50.

The accuracy of the differential ionization probabilities relies on the fact that the computed wave functions can reproduce the binding energies for the different levels with an
accuracy of ∼ O(20%) and it should provide a correct estimate of the expected signal rate
for inner-shell electrons. On the other hand, the prediction for the valence electron shells
should be taken as an order of magnitude estimate.2 However, a new relation between the
Migdal process and photo-absorption [58] gives results comparable with the one obtained
by [34] including also the valence shell.
The different curves of figure 1 show the contributions for different principal quantum
number n, where the contributions for different orbital angular momenta in the initial state
` and all possible final states are summed, and qe = 1 eV/c. This figure shows that given
the thresholds of 4 or 7 electrons of a hypothetical LAr experiment, the contribution of
the valence electrons can maximize the sensitivity to nuclear scattering. This is in contrast
with the reported results presented for xenon [39, 49] and germanium detectors [47, 48],
where the detector thresholds are higher than the one needed to see a dominant signal from
outer shells. As a consequence, it would be crucial to have a reliable computation of the
transition probabilities in the case of LAr.
We stress that the same considerations discussed here are applicable to neutron scattering and should be taken into account by the experimental collaborations when estimating
the radiogenic background contributions. In fact, the original idea was applied to neutron
nucleus scattering [41–45].
2

Private communication with M. Ibe.
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2 π dEd

[keV-1 ]

10

n=1

In principle, the Migdal effect results can also be compared to DM-electron scattering
bounds [35, 59, 60], in scenarios where the DM couples with equal strength to protons
and electrons, as in models with interactions mediated by a dark photon with kinetic
mixing [61, 62]. Such a connection would need some model dependent assumptions that
will impact the generality of our results. In addition, making this connection is beyond the
scope of this work and as such requires a dedicated study.
2.2

Photon Bremsstrahlung

where ER is the nuclear recoil energy, ω is the photon energy, α is the fine structure constant,
and mN is the mass of the target nuclei. The atomic scattering factors f (ω) = f1 (ω)+if2 (ω)
are tabulated in the NIST Standard Reference Database [63]. Notice that for large energies
f1 → Z  f2 (at 4 keV f1 ∼ Z). We can then derive the Bremsstrahlung rate as
d3 R
d2 RN R 4α|f (ω)|2 ER
=
.
dER dωdv
dER dv
3πω mN
2.3

(2.6)

Rates in argon detectors

We can now show the rates associated with the Migdal effect and photon Bremsstrahlung for
dark matter-nucleus scattering in argon detectors. The rates can be obtained by integrating
eq. (2.3) and (2.6) over those combinations of ER , Ee (or ω) and v that satisfy momentum
and energy conservation. In the limit of low momentum transfer both the Migdal effect
and the photon Bremsstrahlung process share the same kinematics of inelastic dark matter
models [64], where the DM mass splitting δm is replaced by the total electronic energy Ed
or photon energy ω. In particular, we have that
s
mN ER
δ
vmin =
+√
,
(2.7)
2
2µN
2mN ER
where δ correspond to Ed or ω for the Migdal or Bremsstrahlung processes, respectively.
The maximum nuclear and electronic recoil energy for a given DM mass are
ER,max =

2
2µ2N vmax
,
mN

δmax =

2
µN vmax
.
2

(2.8)

This shows that δmax > ER,max for mχ  mN due to the suppression factor µN /mN .
Indeed, for vmax ∼ 800 km/s ∼ 2.7 · 10−3 c, mN ' 40 GeV/c2 (the approximate argon mass)
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The displacement of the charges of the nucleus and of the electron after the DM-argon
scattering leads to photon emission from the polarised argon atom. Therefore, the elastic
nuclear recoil χ + N → χ + N (ER ) is accompanied by the inelastic process χ + N →
0
0 ) + γ(ω), where E ( ) is the nuclear recoil energy, while ω is the photon energy.
χ + N (ER
R
This process can provide a detectable signal for dark matter masses that produce elastic
nuclear recoils below the detector threshold.
The Bremsstrahlung cross section can be written in terms of the factorised elastic 2 → 2
cross section [33]


d2 σSI
4α|f (ω)|2 ER dσSI
=
,
(2.5)
dER dω
3πω mN dER (2→2)

10
DM spectra mχ = 1 GeV/c 2
Background
ME, n = 1, 2 - 10-35 cm2

1

ME, n = 1, 2, 3 - 10-35 cm2

DarkSide-50 data
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NeFigure 2. Number of events per kg per day for the Migdal effect signal for mχ = 1 GeV/c2
and σSI = 10−35 cm2 , for n = 1, 2, 3 (red dashed) and n = 1, 2 (solid red). The green curve
shows the number of events for the photon Bremsstrahlung signal for a DM mass of 1 GeV/c2 and
σSI = 10−33 cm2 . The histograms show the DarkSide-50 spectrum (black) and background (blue)
for an exposure E = 6786 kg d [29].

and a DM mass of 0.5 GeV/c2 , we find ER,max ∼ 0.09 keV, while δmax ∼ 1.8 keV. As a
result, there is a range of DM masses for which it is easier to detect the electronic energy
originating from the Migdal or the photon Bremsstrahlung processes rather than nuclear
recoils, as a consequence of the fact that more energy can be carried off by light or massless
particles for a given momentum transfer.
In particular, eq. (2.8) shows that experiments exploiting argon detectors (such as
DarkSide-50) lose sensitivity for DM masses below 1.8 GeV/c2 , where ER,max . 1 keV. On
the other hand, when considering the Migdal effect or the photon Bremsstrahlung process,
the DarkSide-50 experiment is sensitive down to mχ ∼ 0.02 GeV/c2 or mχ ∼ 0.04 GeV/c2
for electron thresholds of Ne− = 4 or Ne− = 7, respectively.3
In figure 2 we show the Migdal and Bremsstrahlung rates as a function of the number of detected electrons, induced by a DM particle scattering on argon with a cross
section σSI = 10−35 cm2 (σSI = 10−33 cm2 for the Bremsstrahlung process) and mass
mχ = 1 GeV/c2 . In order to compute the rates as a function of the number of detected
electrons in a LAr detector, we need to transform eq. (2.3) and (2.6) with dEe /dNe− . We
find this information using the calibration curve used by the DarkSide-50 collaboration to
3

Without taking into account the stopping effect of the Earth’s atmosphere, mantle and core [65–67],
which will be described in section 2.4.
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Events [(Ne- kg d)-1 ]

Brem - 10-33 cm2

convert electron recoil spectrum to an average ionization spectrum (figure 2 of ref. [68]).4
In this context we neglect the fluctuations associated to the detector response which are
discussed in section 3.2.2. In addition, in the same plot we show the total background
(blue histogram) and the measured spectrum (black histogram) from the DarkSide-50 experiment, taken from figure 7 of ref. [29]. The figure shows also that the Migdal effect
dominates over the Bremsstrahlung rate across all energies.
The python code we used for the evaluation of the nuclear recoil, Migdal and Bremsstrahlung rates is publicly available on GitHub [50].
Effects of the Earth attenuation

Direct detection experiments generally lose sensitivity to strongly interacting DM5 because
the same interactions that happen in the detector occur also in the Earth atmosphere and
crust [69–73]. As a consequence, DM particles are slowed down and deflected, reducing the
flux of DM particles that arrives at the underground detector. Therefore, there is a critical
value of the cross section for which the effect of the Earth attenuation is large enough to
make any detector blind to DM interactions. The average energy loss for a DM particle
traversing the atmosphere or the Earth crust due to elastic scattering is given by [69, 72]
X
dhEχ i
=−
ni (r)
dx

max
ER

Z

dER ER
0

i

dσ
,
dER

(2.9)

where x is the distance traveled, i denotes the different nuclei species encountered and ni (r)
is the corresponding number density at position r. Given that Eχ = mχ v 2 /2, a change in the
DM energy influences the DM velocity distribution at the target. In particular, assuming
that all the DM particles move on a straight line from the atmosphere to the detector,
the particle flux must be conserved and one can write the DM velocity distribution at the
detector as
fdet (vχfin ) = e2κd f (eκd vχfin ),
(2.10)
where d is the depth of the underground detector and
σp
κ=−
mχ µ2p

X
i

µ 4 A2
ni (r) i i
mi

!
(2.11)

where µi is the reduced mass for the nuclei species i, Ai its atomic mass and mi its nuclear
mass. In this equation we have neglected the effect of the form factor F (ER ) ∼ 1 for
light DM.
In order to give an estimate of the Earth’s attenuation effect, we compute the DM velocity after the interaction with the Earth’s atmosphere and crust using the VERNE code [74, 75].
We also assume that the DM travel in a straight line from the surface to the detector (minimizing the path through the Earth), in the Laboratori Nazionali del Gran Sasso (LNGS),
4

We assume that a photon produced directly from Bremsstrahlung converts all of its energy into ionization of valence electrons [33] and that on average an energy of O(10) eV is needed to produce an ionized
electron in argon.
5
Here we refer to the dark matter-nucleon interaction and not to the DM self-interaction.

–7–

JHEP11(2020)034

2.4

Italy. For simplicity, we take the maximal DM velocity in the laboratory reference frame,
disregarding the daily and annual modulation.6 More specifically, we compute the maximal
DM velocity at the detector depth and set an upper limit on the detector sensitivity on the
cross section solving numerically the following equation for mχ and σ
s
2 δmax
vmax (mχ , σ) =
.
(2.12)
µN

3

Sensitivity calculation and LAr simulated experiment

In this work, we adopt a Bayesian approach to infer the upper bound and to estimate the
expected experimental sensitivities to the interaction of DM candidates with LAr. Similar
approaches for the analysis of DM experimental data have already been deployed [76–84],
although they are not frequent among analyses carried out by the experimental collaborations, as for example [29, 40, 47–49, 68].
Within this approach we can compute, at least in principle, the probability of any
specific proposition given some state of information. Theoretical models, parameters of
interests, and results of experiments before they are carried out are intended as uncertain
propositions connected by the rules of probability. Exploiting the Bayes theorem we can
update the initial probability for a model or a parameter after new information is available
in the form of experimental observations. The experimental information is fully contained
in the so-called likelihood function. This term refers to the conditional probability for the
data given the model when it is regarded as a function of the model’s parameters while
keeping the data fixed to the experimental observations.
We use the following notations:
– D = {xi } represents the data, possibly organised in different classes i;
– E is the experimental exposure given in terms of the duration time T of the data-taking
period and the fiducial mass Mdet of the detector.
– Hr represents a specific hypothesis: H0 is the background-only hypothesis according to
which the known physics processes (backgrounds) are enough to explain the observations;
HrS is the background-plus-signal hypothesis for which some DM signal with rate rS is
required to explain the data. We note that the two hypotheses H0 and HrS are nested
since H0 can be obtained for HrS by setting rS = 0. For what concerns our inferential
problem of constraining rS , we will always work within the hypothesis HrS , assuming
its validity.
6

The value of vmax varies of . 20% due to the daily and annual modulation (the smaller the cross section,
the smaller the effect). This impacts the estimated upper limit of the cross section by a factor of a few,
depending on the DM mass (the lower the DM mass, the larger the factor).
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Here the energy δmax is set by the threshold of the experiment. Notice that in this way we
overestimate the sensitivity of the experiment to large cross section, but it works as a order
of magnitude estimate. We show the results in section 4.

– rS indicates the expected rate of DM interaction for a given σSI per unit mass and
time expressed in evt/kg/day. It is also a function of the mass mχ of the DM candidate through the cross section. We take as reference cross section the following values: σSI (ref.) = 10−41 , 10−37 , 10−34 cm2 for the nuclear recoil, Migdal electron, photon
Bremsstrahlung analyses respectively.
– rB indicates the rate of the total background events expressed in evt/kg/day;

– L(r; D), or simply L(r) is the likelihood for the generic parameter r of the hypothesis
Hr , and coincides with p(D | r, Hr );
– p(r | D) is the posterior p.d.f. for the generic parameter r given the data D;
– θ = (rB , . . . ) is the list of parameters necessary to describe the experimental conditions
or theoretical assumptions which are not exactly known but can vary according to they
prior p.d.f. π(θ), these are the so-called nuisance parameters as we are not explicitly
interested in inferring their posterior values;
– Ω is the nuisance parameters space.
We recall that the posterior p.d.f for the parameters of the model can be computed by
means of the Bayes theorem as:
p({xi } | rS , θ, HrS )π(rS , θ | HrS )
p(rS , θ | {xi }, HrS ) = R R ∞
,
Ω 0 p({xi } | rS , θ, H1 )π(rS , θ|H1 )drS dθ

(3.1)

L(rs , θ) ≡ p({xi } | rS , θ, HrS ).

(3.2)

with
The marginal p.d.f. of the parameter of interest rS is given by:
Z
p(rS | {xi }, HrS ) =
p(rS , θ | {xi }, HrS )dθ,

(3.3)

Ω

and similarly for any other parameter of the model.
3.1
3.1.1

Upper bounds and experimental sensitivity
90% Credible Interval upper bound

We compute the upper bound for the DM signal as the 90% Credible Interval (C.I.). This
is defined as the value of σSI (mχ ) corresponding to the 90% quantile of the posterior p.d.f.
for rS :
Z rS (90% C.I.)
rS (90% C.I.) :
p(rS | {xi }, HrS ) drS = 0.9.
(3.4)
0

In the Bayesian approach the upper bound is a statement on the true value of the parameter
of interest. The quantity rS (90% C.I.) has to be interpreted as the value below which we
believe at 90% probability level the true value of rS lies, given the present experimental
information.
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– π(r) is the prior probability density function (p.d.f.) for the generic parameter r and
encapsulates all the available knowledge on the parameter r before the experiment is
carried out;

3.1.2

Prior choice

In our case, rS depends on mχ and on σSI . For mχ we chose a flat prior. For σSI , to
explore the sensitivity of the upper bound to the prior choice, we studied its behaviour for
a Migdal-only signal at mχ = 1 GeV/c2 and with n = 1, 2. We generated a pseudo-dataset
from the background template and performed a fit using different priors. We tested, in two
possible domain ranges, namely D1 = [10−40 , 10−37 ] cm2 and D2 = [10−44 , 10−37 ] cm2 , four
different prior choices: a uniform prior, a wider gamma prior with a shape k = 1 and a scale
θ = 10−37 cm2 , a narrower gamma prior with a shape k = 1 and a scale θ = 10−38 cm2 and a
uniform prior in log(σSI /cm2 ) (we will call this prior “loguniform”). In principle, there is no
need to restrict the domain to a finite interval, but both the uniform and the loguniform distributions are not normalizable otherwise. In addition, there could be physical motivations
that define a reasonable interval. In our opinion, for our problem, from above the natural constraints come from upper bounds imposed by previous experiments as for example
Xenon1T [49] or CRESST-III [40], which for the chosen configuration exclude at 90% C.L.
cross sections of the order 10−38 cm2 . From below we can use two arguments: the first is
that below 10−44 cm2 the rate would be dominated by neutrino coherent scattering [85] (the
so-called ‘neutrino floor’), the second is that the experimental sensitivity does not extend
below 10−40 cm2 , and will be discussed in section 3.1.3. Therefore the choice of the domain
D1 is driven by physical considerations about a LAr experiment with features similar to
DarkSide-50 while the choice of the domain D2 extents up to the maximum experimental
sensitivity that an experiment of this kind can reach before hitting the neutrino floor.
The results, in terms of posterior p.d.f. for rS and σSI are reported in figure 3: here
we show, as an example, all p.d.f. in the D1 domain (however the posterior p.d.f. using the
domain D2 are very similar to the one showed in figure 3 and the differences in terms of the
90% C.I. upper bounds are reported in table 1). There is no much difference between the
uniform and the wider gamma cases, and that is because, as one can see from the left part
of figure 3, these priors are quite flat in the region where the likelihood (the red line in the
plot) is mostly informative; on the other side, for the loguniform and the narrower gamma,
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It is evident from eq. (3.1) that the posterior p.d.f. depends on the priors on all parameters.
However, we have to distinguish the effect due to the priors on nuisance parameters from the
one due to the prior on the parameter of interest. The former has the effect of averaging
the posterior over the nuisance parameters space, that is an elegant way of propagating
systematic effects on the parameter of interest. In addition, the prior of nuisance parameters
is often a parametrization of calibration measurements. The latter, although indispensable
to invert the probability and get the posterior, has a degree of ‘subjectivity’ with potentially
a significant impact on the posterior. The prior π(rS ) represents the knowledge on rS before
the experiment is carried out, and gets updated by a factor proportional to the likelihood of
the observed data. It is a critical term in many respects, and it should reflect the researcher
state of knowledge. Especially for searches where the sought quantity is unknown and the
search is pushed to the limit of the experimental sensitivity, the input from π(rS ) might
have sizable effect on the posterior. The prior has thus to be well justified and the posterior
sensitivity to different prior choices needs to be explored.

Prior p.d.f.

Uniform

Gamma [w]

Gamma [n]

Loguniform

σSI (90%C.I.) [10−38 cm2 ] @ D1

1.36

1.32

0.96

0.54

1.36

1.30

0.95

0.17

σSI (90%C.I.)

[10−38 cm2 ]

@ D2

Table 1. σSI (90%C.I.) for each of the prior choices. The [w] index states for “wider” and the [n]
index stands for “narrower”.

this is not true in the range where the experiment sensitivity is lost (below 10−39 cm2 ),
and this is reflected both in the posterior p.d.f. and the 90% C.I. upper bound, as reported
in table 1. We can therefore quantify the dependence of the bound from the prior choice in
a factor as big as 10, and this confirms the importance of choosing the prior in a reasonable
and coherent way. For simplicity and for reason that would be clear in the section 3.1.3 in
the rest of the paper we will report upper bounds obtained using a flat prior.
3.1.3

Experimental sensitivity and Bayes factor

A meaningful way to report the experimental sensitivity to the sought phenomenon which
is as much as possible independent form the priors is given by the Bayes factor.
The posterior p.d.f. for a signal rate of rS given a background rate of rB , and x observed
events can be normalized to the posterior for rS = 0, obtaining:
p(rS | x, rB )
L(rS | rB )
π(rS )
=
·
p(rS = 0 | x, rB )
L(rS = 0 | rB ) π(rS = 0)

(3.5)

where the first factor on the right hand side is called Bayes factor. It is independent on
priors and it is simply given by the likelihood ratio of the two hypotheses:
R(rS | x, rB ) =

L(rS | rB )
.
L(rS = 0 | rB )

– 11 –

(3.6)

JHEP11(2020)034

Figure 3. Left: possible prior choices for the parameter σSI . Right: resulting posterior p.d.f. after
a fit over a pseudo-dataset generated from the background template.

The properties of the R function have been discussed in great detail for a similar case study
in ref. [86]. Here we only mention that R has the probabilistic interpretation of hypotheses
belief updating ratio. It is equal to 1 in the limit rS → 0, in this limit the experimental
sensitivity is lost and thus the experiment does not change the relative belief. While R → 0
for large rS , where the posterior density for rS vanishes no matter how strong it was before.
In addition, the quantity R is used as test statistic in the frequentist approach to limit
settings, for details see ref. [87] (section 39-Statistics) and refs. [88, 89].
In the simple case of a Poisson process of intensity (rS +rB )E, where E is the exposure,
and observed counts x the likelihood is proportional to e−(rS +rB )E [(rS + rB )E]x , thus:
R(rS | x, E, rB ) = e

−rS E



rS
1+
rB

x

(3.7)

We evaluated the R function for the same configuration used in the previous section. To
explore how R changes when data differ from the expectation (or pseudo-data in this case)
due to statistical fluctuations, we consider two additional pseudo-dataset obtained from
the previous one by letting pseudo-data fluctuate by ± 1 (Poisson) standard deviation.
The results are reported in the left side of figure 4 (black lines), where the green lines
represent the corresponding results for a greater value of the exposure (i.e. 20 ton yr which
is roughly 103 times the current exposure E = 6786 kg d). From this figure we see that
with the current exposure the informative region where the experiment has sensitivity and
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Figure 4. Left: Bayes factor for a Migdal-only signal at mχ = 1 GeV/c2 and n = 1, 2 obtained
using pseudo-datasets generated from the background-only likelihood with the current DarkSide-50
exposure E = 6786 kg d (black lines) and an exposure E = 20 ton y (green lines), which is ∼ 103
times the current exposure. The dashed lines and the dashed-dotted lines represent the Bayes
factor computed varying the expected rate by ± σ and ±3 σ, respectively. Right: histograms of
rS (90% C.I.) for a Migdal-only signal at mχ = 1 GeV/c2 and n = 1, 2 obtained using pseudodatasets generated from the background-only likelihood with an exposure E = 6786 kg d.

log 10 (σSI (90%C.I.)/cm2 )
E0 = 6786 kg d

rB0 = 3.64 (Ne− kg d)−1

Using

Using rS (90%C.I.)

R(rS ) = 0.1

defined by eq. (3.4)

rB = rB 0

−37.68 ± 0.19

−37.73 ± 0.12

E = 20E0

rB = rB 0

−38.37 ± 0.18

−38.15 ± 0.09

E = 100E0

rB = rB 0

−38.71 ± 0.19

−38.50 ± 0.09

E = 1076E0

rB = rB 0

−39.20 ± 0.19

−39.15 ± 0.11

E = E0

rB = rB0 /10

−38.18 ± 0.19

−38.21 ± 0.14

E = E0

/102

−38.63 ± 0.20

−38.66 ± 0.15

rB = rB 0

Table 2. Upper bound results in two different methods for a Migdal-only signal at mχ = 1 GeV/c2
and n = 1, 2 using pseudo-datasets generated from the background-only likelihood.

R → 0 is starting from rS ∼ 10−39 cm2 . Any conventional value of rS in this region would
be representative of the experimental sensitivity. The statistical uncertainty associated to
this value is computed using pseudo-data generated varying the expected rate by ±σ. A
possible value of rS representative of this region could be such as that R(rS ) = 0.10, which
corresponds to a probability update ratio of 10% with respect to the null hypothesis.
As well described in ref. [86], in order to extract any probabilistic statement on rS from
R one has to add the information about the prior. We would like to stress that there’s a
conceptual difference in using the 90% C.I. upper bound or taking the rS such that R = 0.1:
the former is the cumulative of the posterior p.d.f. and then it takes into account all the
possible values of rS from 0 to rS (90% C.I.) as well as the prior choice; the latter is the
likelihood ratio and it is a punctual comparison, namely it takes into account only one
single possible value of rS (the one which solves R(rS ) = 0.1), and it is prior independent.
In table 2 we show how the two methods gives very similar results. For the rS (90% C.I.)
method, the results reported in this table are obtained using the procedures described in
the next subsection. We also show the results of the projection for different background
√
rates and to higher exposures, reproducing the expected 1/ RE scaling, with RE = E/E0
and E0 = 6786 kg d.
3.1.4

Expected sensitivity

The expected sensitivity can be quantified either with the upper bound or with the R
function using pseudo-data generated with the likelihood under the background-only hypothesis. In the following of this work we quote only upper bounds at 90% C.I. obtained
with a flat prior on rS . This choice is motivated by the pragmatic argument that a bayesian
limit is easily comparable with results obtained with different statistical strategies. This
approach allows also a straightforward procedure to fold in different priors. Pseudo-data
allow to explore the sensitivity to a given signal rate for a specific exposure. For the same
exposure, we can generate pseudo-data including also the statistical fluctuation of the observed number of events allowing to study the dependence of the sensitivity to the expected
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E = E0

statistical fluctuation if no signal were present. In principle with the same technique we
could also explore the impact of systematic effects.
To compute the expected sensitivity and produce the results reported in the right
column of table 2, we generated 1024 pseudo-experiments each of which consisting of a
set of D = {xi } pseudo-data simulated from the likelihood under the background-only
hypothesis. We then compute the posterior p.d.f. and the upper bound rS (90% C.I.). As
central value for rS (90% C.I.) we take the sample mean, and as uncertainty the sample
standard deviation. An example of the histogram of rS (90% C.I.) is given in the right side
of figure 4.
The tea-lab simulated LAr experiment

In this work we are interested in studying the impact of the Migdal electron and photon
Bremsstrahlung to the sensitivity of LAr experiments to light DM. We expect sizable effects
for DM masses below ∼ 2 GeV, where the sensitivity of current experiments is lost.
We develop a toy simulation of a LAr experiment that we call tea-lab (Toy Experiment
Analysis of Liquid Argon Behaviour) loosely inspired by DarkSide-50. DarkSide-50 is a
Liquid Argon Time Projection Chamber (LAr TPC) [90] operated in the LNGS in Italy.
The LAr TPC is red-out by Photomultipliers (PMTs) sensitive to the scintillation light
produced by the ionizing events in the active LAr target, the so-called ‘S1’ signal. The
ionization electrons produced at this stage, and surviving the recombination process, are
drifted by the TPC electric field to the liquid surface, where they are extracted into an
argon gas layer. The electric field in the gas is large enough to accelerate the electrons
which excite the argon such to generate a secondary scintillation signal, ‘S2’. The lowest
threshold is achieved by exploiting the high gain of the S2 signal and corresponds to a
number of primary ionization electrons Ne− = 4. This result has been achieved by the
DarkSide collaboration thanks to a detailed understanding and calibration of the detector
response [9, 29, 91–94]. The DarkSide-50 spectra, as given in figure 7 of ref. [29], refer to
S2-only events and correspond to a 6786.0 kg d exposure (corrected for the fiducialization
cut). For a detected energy Ed > 0.05 keVee , well below the analysis threshold, the LAr
TPC is fully efficient [68], thus no efficiency correction is needed.
tea-lab assumes the DarkSide-50 total background spectra and includes some relevant
experimental effects as described below.
3.2.1

The likelihood function

The likelihood function represents the connection between the parameter of the model, both
theoretical and experimental, with the observed data D. The experimental observable is
the number of nuclear recoils xi that occur producing i primary ionization electrons. We
factorise the likelihood7 in three terms:
L = LC × L B × L S
7

(3.8)

This implies to assume there is no effect that connects the background and signal yields. This is quite
a strong assumption, however we believe it is appropriate for our simulated experiment. The likelihood can
be generalised adding a nuisance parameter common to LS and LB with an appropriate prior.
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3.2

with the following meaning:
– LC : describes the probability that in each observation bin i the number of counts is xi .
This is assumed Poisson distributed given the expected number of counts λi . The counts
in different bins are taken as independent. Under these assumptions:
LC (rS , rB , θ; {xi }) ≡ p({xi } | rS , rB , θ, H) =

N
bin
Y
i=1

λxi i −λi
e ,
xi !

(3.9)

with:
(3.10)

where E = T Mdet is the experimental exposure. The quantities Si , Bi , and LowN ei
are associated respectively to the DM signal, to the total background, and to a possible
background source at low Ne− to account for the excess of events, assumed to be due
to some not completely understood experimental effect [29, 68], visible in the published
spectrum below Ne− = 7.
– LB : describes how the background template is affected by systematic uncertainties. We
don’t have the information about how to include the different systematic effects, and a
thorough implementation goes beyond the scope of this paper. However, we decided to
include bin dependent Gaussian uncertainties with a standard deviation in the range of
3–6% for Ne− ≥ 10 to account for the statistical fluctuation of the background model as
given in figure 7 ref. [29]. We don’t account for any systematic effect on the background
spectra. For the LowN e background we proceeded differently. We parametrized its contribution in the range 4 ≤ Ne− ≤ 7 with a 2-parameter function, and use the parameters
to control its contribution ranging from no contribution at all to something similar to
what is visible in the DarkSide-50 spectra. This likelihood term is given by
LB =

bin
Y NY

N (µ = bkgdi , σ = σbkgdi )

(3.11)

{bkgd} i=1

with bkgd = {B, LowN e(p0 , p1 )}. For the LowN e we introduced explicitly here the
dependence on the two parameters used to model it. Here, these parameters are assumed
as given, in the next section we discuss how we deal with their uncertainties.
– LS : this factor depends on the systematic uncertainties on the signal template Si . We are
considering 2 effects: one that parametrises the uncertainty in the emission probabilities
as discussed in section 3.2.2, and the other that describes the experimental efficiency to
convert the energy of the Migdal electron in primary ionization electrons. LS is given by
LS = δ[Si − Si (f , Nemax
− , )]

(3.12)

where Si (f , Nemax
− , ) represents the probability of the signal to give rise to an event.
It depends on the maximum number of ionization electrons that can be in principle
produced Nemax
and on the efficiency  of the production mechanism and detection as it
−
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λi = E [rS Si + rB (Bi + LowN ei )]

is explained in section 3.2.2. Finally, the parameter f = (f, fval ) controls the contribution
of the emission probability due to the inner (f ) and valence (fval ) shell and are used to
parametrise the systematic uncertainties associated to their calculation. The central
value of the calculation is obtained for (f, fval ) = (1, 1). Independently of Ne− and , the
contribution of the different shells can be expressed as:
Si (f ) = f si (n = 1, 2) + fval si (n = 3)

(3.13)

where n indicates the electron shell(s) considered.
Simplified treatment of systematic effects

The likelihood function described above is quite general and can be used to parametrise
several systematic effects. However, any complete description of such effects requires a
detailed knowledge of the detector which is beyond the scope of this work. For this reason,
we leave the description of the systematic effects to the experimental collaboration except
for a simplistic treatment of the following few relevant effects.
– Background rate normalization. The total background rate is controlled by the nuisance
parameter rB . Although it can be predicted by an accurate simulation, we leave it float
with a uniform prior and then constrain it to few percent (see figure 7) in the fit with
high Ne− spectrum.
– Low Ne− excess. The most conservative way to deal with this not completely understood
effect is to remove from our fit the region where effect emerges. By setting a threshold
Ne− = 7, this region is removed. By lowering the threshold to Ne− = 4, the LowN e
contribution becomes important. For this configuration we explored 2 options. The
first, and more conservative option, is to let the fit account for the excess with a signal
contribution, and thus weaken the limit. The second is to model this effect with a 2parameter function and assign it to an unknown background contribution. We decided
to report results also with this configuration as it gives the level of sensitivity one may
reach if the excess were understood. In this case we assign normal probabilities π(p0 ) and
π(p1 ) to the parameters as given by the fit and then we marginalise these parameters in
the limit computation.
– Contribution of the electron shells. The contribution of the outermost electron shell to
the Migdal effect in LAr is affected by large theoretical uncertainties, and the result given
in [34] can safely be taken as an order of magnitude estimate (see section 2.1). For this
reason we decided to explore its impact by setting fval = 0, 2 in eq. (3.13). These values
correspond to a variation of ±100% around the estimated contribution of the valence
electron give by fval = 1. The additional configuration explored, is to consider fval as
a nuisance parameter with a flat prior π(fval ) in the range [0,2] and marginalize this
parameter in the limit evaluation. For the inner shells (n = 1, 2) we included a gaussian
prior πf = G(mean = 1, std = 0.2) to account for the O(20%) theoretical uncertainty in
their calculation [34].
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3.2.2

P (Ne− , Ee ) = B(Ne− | p = , n = Nemax
− ).

(3.14)

As a reference the width for Ne− = 10(30) is σ = 1.2(3.8). This probability depends on
the energy Ee , and thus it is convoluted with the energy spectrum of the Migdal electron
emission.
3.3

Analysis model implementation

The computation of the posterior p.d.f., even for models relatively simple as those described
in the previous section, is often only possible by Monte Carlo integration. The most common way to solve problems of this kind is by sampling the not normalised posterior distribution by a Markov Chain Monte Carlo (MCMC). For our study we used the general
analysis framework R [98] and the MCMC algorithm called Gibbs Sampler as implemented
in JAGS [99] and interfaced with R in the package rjags [100]. The details of the implementation and the source code for the analysis are publicly available on GitHub [51]. The
Monte Carlo simulation gives the unnormalised posterior p.d.f. of the parameters of interest
sampled using the Gibbs algorithm. The results reported in this work are obtained with a
single Markov chain with 105 steps, which is enough to guarantee the chain thermalization.

4

Sensitivity to Migdal electron and photon Bremsstrahlung

Having computed the rates for the Migdal effect and the photon Bremsstrahlung process,
and described the tea-lab simulation, we are able to study the expected sensitivity to
low mass dark matter using tea-lab as a case study. We assume no isospin violation (the
neutron and proton cross sections are equal). The nuclear recoil contribution was ignored
in the Migdal and Bremsstrahlung signal models because it is small if compared with the
electron recoils, for masses below 1.8 GeV/c2 . For our simulated tea-lab experiment we
generated, as already explained in section 3.1 and 3.2, a dataset from the background-only
template, including this time the LowN e excess. We take always as a reference exposure
E = 6786 kg d.
8

We don’t introduce explicitly any detector resolution effect. This has a small effect on the sensitivity
studies we are carrying out since, as it is shown in section 4, also the binomial fluctuations don’t affect our
conclusions. We also checked that doubling the resolution the limit doesn’t change significantly since it is
fairly insensitive to the signal shape. Clearly, for any experimental analysis the detector resolution is an
important ingredient.
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– Fluctuation induced by the detector response. The conversion of the Migdal electron
energy (Ee ) into a number of ionization electrons (Ne− ) is a stochastic process which
depends on the details of the liquid Ar ionization and excitation processes and on the
detector response.8 To model these fluctuations we proceed with a very crude approximation of what is done in refs. [29, 68, 95]. The average number of ionization electron
hNe− i per keV is taken from figure 2 of ref. [68], while the maximum number of ionization electron can be estimated as Nemax
= Ee /W , where W ' 19.5 eV [92, 96, 97] is
−
the effective LAr ionization work function required to produce an electron-ion pair. The
final efficiency can be estimated as  = hNe− i/Nemax
− . Thus the probability of having a
certain number Ne− of ionization electrons to produce the detected signal is given by the
binomial distribution:

In order to validate our analysis, we compute the bounds for the nuclear recoil for a
DM mass in the range 1.8–15 GeV/c2 and compare with the published results of the DarkSide collaboration [29]. We compute the bounds with our bayesian approach reporting the
(90% C.I.) lower bound for both thresholds at Ne− = 4 and Ne− = 7 electrons. The result
is shown in figure 5 and 6 (brown dashed line), together with the DarkSide-50 constraint
(solid red line). Here we also validate our simplistic binomial model (brown dotted line)
for the experimental response fluctuation. Our result is in good agreement with the experimental bounds, considering also the fact that the latter are calculated using the frequentist
approach known as CLs [88].
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Figure 5. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 6786 kg d, and simulating a pseudo-dataset
with the background-only template, including the LowN e excess (see section 3.2, 3.1). The tealab bounds are computed for a threshold Ne− = 4. Different Migdal electron signal uncertainties
are considered (see section 3.2.2): fval = 0 corresponding to no valence shell contribution (blue
dashed line), fval = 1 (blue line), fval = 2 (dashed-dotted line), and fval treated as a nuisance
parameter with a uniform prior p.d.f. in [0, 2]. The tea-lab bound for the photon Bremsstrahlung
signal is reported (orange line). The estimate of the Earth shielding effect for tea-lab is also
reported (black dashed curve). The gray shaded area, has to be intended as the region where tealab has the sensitivity to exclude a DM signal exploiting the Migdal electron. For mχ < 0.04 GeV
we completely loose sensitivity because the signal template is always under threshold. The upper
limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are reported. As a cross check of
the tea-lab simulation we report also our calculation for the DarkSide-50 bounds on the NR signal
with binomial fluctuation (brown dotted line) and without (brown dashed line).

Figure 5 and 6 show the impact of the Migdal effect and the photon Bremsstrahlung
for tea-lab in extending the sensitivity region of LAr experiments from mχ ∼ 2 GeV/c2
to mχ ∼ 0.05–0.08 GeV/c2 . For mχ ∼ 1 GeV/c2 the sensitivity based on the Migdal
effect is σSI ∼ 10−37 cm2 ; for mχ . 0.11 GeV/c2 the sensitivity is comparable with the
Xenon1T exclusion limits [49] and extends up to mχ ∼ 0.05–0.08 GeV/c2 . For the photon
Bremsstrahlung the sensitivity spans in the range mχ ∼ 0.12–2 GeV/c2 , exploring a region
inaccessible to Xenon1T.
In addition, we estimate the effect of the Earth attenuation, as discussed in section 2.4.
We assume for the tea-lab estimate a shielding due to the Earth crust compatible with the
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Figure 6. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 6786 kg d, and simulating a pseudo-dataset
with the background-only template, including the LowN e excess (see section 3.2, 3.1). The tealab bounds are computed for a threshold Ne− = 7. Different Migdal electron signal uncertainties
are considered (see section 3.2.2): fval = 0 corresponding to no valence shell contribution (blue
dashed line), fval = 1 (blue line), fval = 2 (dashed-dotted line), and fval treated as a nuisance
parameter with a uniform prior p.d.f. in [0, 2]. The tea-lab bound for the photon Bremsstrahlung
signal is reported (orange line). The estimate of the Earth shielding effect for tea-lab is also
reported (black dashed curve). The gray shaded area, has to be intended as the region where tealab has the sensitivity to exclude a DM signal exploiting the Migdal electron. For mχ < 0.06 GeV
we completely loose sensitivity because the signal template is always under threshold. The upper
limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are reported. As a cross check of
the tea-lab simulation we report also our calculation for the DarkSide-50 bounds on the NR signal
with binomial fluctuation (brown dotted line) and without (brown dashed line).

4.1

Impact of theoretical uncertainties

As a first step of our study, we focused on the determination of the impact of the theoretical uncertainties on the outermost shell contribution to the Migdal cross section. As
already explained in section 3.2.2, since these are O(1) uncertainties, we decided to compute the limit in four possible scenarios: assuming fval = 0, 1, 2, or considering fval as a
nuisance parameter with a flat prior in the range [0, 2]. In order to isolate this effect, we
produced a tea-lab simulated dataset based on the background-only template, without
the LowN e excess.
To make sure that the introduction of additional nuisance parameters does not create
instabilities in the fit, we studied the global posterior p.d.f. which is represented in figure 7.
This figure, for a mass mχ = 130 MeV/c2 , shows the marginal p.d.f. for each variable as
well as a joint p.d.f. for each pair of variables. The posterior p.d.f. looks as expected with
the background normalization rB centered on it’s expected value with a normal p.d.f., the
parameter of interest rS has an exponential p.d.f. compatible with a no-signal observation,
nuisance parameter f doesn’t show any pulls from the input values, while fval is as expected
strongly (anti)correlated with rS with a correlation coefficient ρ(fval , rS ) = −0.535.
The sensitivity results are reported in figure 8 and 9 where we considered spectra
starting from Ne− = 4 and Ne− = 7, respectively. With respect to sensitivity with Ne− = 4
threshold, for mχ . 200 MeV/c2 the effect of the valence shell is most clear: if fval  1
the sensitivity is lost due to the fact that for small masses the greatest contribution to
the Migdal signal comes from the outer shell, as depicted in figure 10, where we show the
Migdal signal for a mass of 130 MeV/c2 with respect to the Migdal signal for a mass of
1 GeV/c2 . As fval increases, the contribution of the third shell becomes more important,
and therefore the bound becomes much stronger, even of an order of magnitude. For
mχ & 200 MeV/c2 this is no more true because the contribution of the inner shells are now
of the same intensity of the contribution of the outer shell. Then, for mχ & 200 MeV/c2 ,
we can assert that our limit is solid against systematic uncertainties on the contribution
coming from the valence shell to Migdal signals in LAr. For the same reasons, if we consider
9

We point out that, since the Earth attenuation lower bound is an estimate based on kinematics consideration, the meaning of the lower and upper bound is different, and thus no clear probability interpretation
can be attributed to the sensitivity region depicted in gray.

– 20 –

JHEP11(2020)034

LNGS underground cavern. Our upper limit estimate corresponds to the largest cross section that can be probed by tea-lab using only kinematics assumptions. This implies that
after a thorough accounting of background contributions, experimental effects, and signal
time modulation, the corresponding upper bound might result below the one quoted here.
In particular, we computed the bound for the two thresholds under consideration, shown as
a black dashed curve in figures 5–9, 11 and 13. In these figures the gray shaded area, defined
from below by the Migdal 90% C.I. upper bound, and from above by the Earth attenuation
lower bound, has to be intended as the region where a generic LAr experiment as simulated
in tea-lab has the sensitivity to exclude a DM signal exploiting the Migdal signal.9
In the next subsections we discuss in details our results exploring the impact of the
various systematic effects.

spectra starting from Ne− = 7 the contribution of the outer shell is almost completely cut
off, and the dependence on fval is weakened, leading to a departure of the sensitivity in the
various cases from mχ . 100 MeV/c2 . With respect to the photon Bremsstrahlung signal,
the comparison between the two figures shows that lowering the threshold does not produce
a significant change in the sensitivity.
The same considerations hold for figure 5, 6 in which the overall sensitivity is reduced,
due to the presence of the LowN e excess, by a factor as big as ∼ 3.
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Figure 7. Posterior p.d.f. for the relevant parameters of the likelihood using a Migdal-only signal
with mχ = 130 MeV/c2 and a simulated dataset based on the background-only template, without
the LowN e excess. The 4 plots on the diagonal of the figure are the uni-dimensional p.d.f. of
each single parameter obtained by marginalising on all the others. The 6 bi-dimensional p.d.f.
in the bottom-left corner of the figure give the joint p.d.f. of each pair of parameters obtained by
marginalising on the others. The plots show also the credible regions at 68%, 95%, 99.7% probability
as solid contour lines. The correlation coefficients are given in the upper-right corner of the figure.

4.2

Impact of the experimental effects

As we have seen in the previous paragraph a threshold Ne− = 4 allows to get an expected
sensitivity to masses down of 0.06 GeV/c2 which is much stronger that the one obtained
with a higher threshold. To study the impact of LowN e excess in more specific way, as
detailed in section 3.2.2, we used two strategies. The most conservative is to let the fit
account for the excess with a DM signal in the limit calculation procedure. This results in
a lower bound on DM and corresponds to the blue lines in figure 5. We produce results
also in the case where the excess would be understood and modeled as a background. To
emulate this circumstance we fit the excess as described in section 3.2.2 and assign it to the
background component. The new bounds are plotted in figure 11 as a solid blue line (for
fval = 1, i.e. including the contribution of the valence shell) and yellow line (for fval = 0).
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Figure 8. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 6786 kg d, and simulating a pseudo-dataset
with the background-only template, not including the LowN e excess (see section 3.2, 3.1). The
tea-lab bounds are computed for a threshold Ne− = 4. Different Migdal electron signal uncertainties are considered (see section 3.2.2): fval = 0 corresponding to no valence shell contribution
(blue dashed line), fval = 1 (blue line), fval = 2 (dashed-dotted line), and fval treated as a nuisance
parameter with a uniform prior p.d.f. in [0, 2] (dotted blue line). The tea-lab bound for the photon Bremsstrahlung signal is reported (orange line). The estimate of the Earth shielding effect for
tea-lab is also reported (black dashed curve). The gray shaded area, has to be intended as the
region where tea-lab has the sensitivity to exclude a DM signal exploiting the Migdal electron.
For mχ < 0.04 GeV we completely loose sensitivity because the signal template is always under
threshold. The upper limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are reported.

For comparison the dashed lines give the limit in the default scenario where the excess is not
accounted for as a background. We notice that, if the contribution of the valence electrons
is neglected, there is no difference between the two approaches. This is because the inner
shells do not give any signal in the region where the excess is present (see figure 10). On
the contrary, since the valence shell contribute significantly to the region where the excess
appears, accounting for it with an additional background contribution leads to a stronger
bound, roughly independent of the mass. In figure 11 we also show how the sensitivity
bounds would improve extending our analysis to Ne− ≥ 3 and Ne− ≥ 2, always assigning
the LowN e excess to the background component. Finally, as for section 4.1, for a threshold
Ne− = 7 the dependence on fval is weakened.
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Figure 9. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 6786 kg d, and simulating a pseudo-dataset
with the background-only template, not including the LowN e excess (see section 3.2, 3.1). The
tea-lab bounds are computed for a threshold Ne− = 7. Different Migdal electron signal uncertainties are considered (see section 3.2.2): fval = 0 corresponding to no valence shell contribution
(blue dashed line), fval = 1 (blue line), fval = 2 (dashed-dotted line), and fval treated as a nuisance
parameter with a uniform prior p.d.f. in [0, 2] (dotted blue line). The tea-lab bound for the photon Bremsstrahlung signal is reported (orange line). The estimate of the Earth shielding effect for
tea-lab is also reported (black dashed curve). The gray shaded area, has to be intended as the
region where tea-lab has the sensitivity to exclude a DM signal exploiting the Migdal electron.
For mχ < 0.06 GeV we completely loose sensitivity because the signal template is always under
threshold. The upper limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are reported.

Figure 12 shows also the impact on the signal spectra due to the binomial fluctuation of
the detector response. For a NR signal at mχ = 1.8 GeV/c2 , it is clearly visible how these
fluctuations let some of the events spill above the Ne− = 4 threshold. This effect is not
present for the Migdal electron spectra since they extend well above the analysis threshold
independently of the fluctuations model. We checked that including the binomial model
does not change the results for the Migdal electron and photon Bremsstrahlung.
In conclusion, we point out that to exploit at the best the contribution of the Migdal
effect and the photon Bremsstrahlung, it is crucial to have a precise description of the
backgrounds in the low Ne− region.
4.3

Projected sensitivity for future experiments

To illustrate how the sensitivity to DM particles enhanced by the Migdal electron and
the photon Bremsstrahlung scales with the experimental exposure, we show in figure 13
the tea-lab 90% C.I. bounds for an exposure E = 5 ton yr. This exposure corresponds
roughly to an increase of a factor RE = 270 with respect to the results presented in figure 8
for the exposure E = 6786 kg d. As expected, the improving factor in the sensitivity is
√
about 1/ RE ' 16, which corresponds to the square root of the increased exposure. For
√
this projection we also scaled the uncertainties by a factor of 1/ RE in order not to be
dominated by systematic effects. We point out that the best achievable improvement with
the exposure is attainable only if the bounds are limited by the sample size. When the
statistical uncertainty becomes comparable with the systematic uncertainty, the limit stops
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Figure 10. Migdal effect signal for mχ = 1 GeV/c2 (blue lines) and mχ = 130 MeV/c2 (orange
lines) and σ = 10−37 cm2 , with n = 1, 2 (continuous lines) and n = 3 (dashed lines).

improving with an augmented data sample. This effect is particularly relevant for the
background subtraction. In fact, already with an exposure factor RE & 10, the limits
become dominated by systematic effects due to the large contribution of the backgrounds
and their limited knowledge. This effect can be canceled up to a certain RE by having a
more precise knowledge of the background contamination; however, already at RE = 270,
the background uncertainty has to be smaller than 1‰. This clearly imposes the necessity
to define strategies to reduce the background contamination to push the limit down with
large exposures. Figure 13 shows also the neutrino floor for a liquid argon experiment as
given in ref. [29]. For mχ ∼ 6 GeV/c2 the projected sensitivity for the nuclear recoil spin
independent signal starts to approach the neutrino floor. For the Migdal effect this is not
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Figure 11. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 6786 kg d, and simulating a pseudo-dataset
with the background-only template, including the LowN e excess (see section 3.2, 3.1). The tealab bounds are computed for a threshold Ne− = 4. The solid lines are obtained assigning the
LowN e excess to the background as explained in section 3.2.2, while the dashed lines give the
limit in the default scenario where the excess is not accounted for as background. The impact of
this effect is given for 2 different Migdal electron signal uncertainties (see section 3.2.2): fval = 0
corresponding to no valence shell contribution (yellow lines) and fval = 1 (blue lines). For fval = 1
we also show the result of considering Ne− ≥ 2 (magenta solid line) and Ne− ≥ 3 (magenta dotted
line), with the excess accounted for as background. The estimate of the Earth shielding effect for
tea-lab is also reported (black dashed curve). The gray shaded area, has to be intended as the
region where tea-lab has the sensitivity to exclude a DM signal exploiting the Migdal electron.
For mχ < 0.04 GeV we completely loose sensitivity because the signal template is always under
threshold. The upper limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are reported.

the case as we are few order of magnitude above. However, we point out that it will become
important to have a reliable estimate of the neutrino floor in liquid argon experiments for
masses below mχ . 0.5 GeV/c2 .
Bearing these considerations in mind, it appears clear that any reasonable extrapolation
of our result to higher exposure as for example DS20k [101], which is foreseen reaching values
as big as E = 3000 ton yr with a completely redesigned detector, can only be done by the
experimental collaboration after a thorough assessment of the relevant systematic effects.

5

Conclusions

We considered both the Migdal effect and photon Bremsstrahlung from the nucleus hit by a
DM candidate in experiments based on LAr detectors. Previous DM searches exploiting LAr
detectors include DarkSide-50 [9] and DEAP-3600 [12], and have mainly focused on masses
greater than 10 GeV/c2 by considering only the nuclear recoil signal. We decided to develop
the tea-lab simulated experiment taking inspiration from the DarkSide-50 experiment, for
which there is a published low-mass analysis [29] sensitive down to masses of 1.8 GeV/c2 .
Since at low masses relative large DM cross sections are probed, we estimated the effect of
the Earth attenuation, which results in a lower limit on σSI above which the experiment
becomes blind.
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Figure 12. Migdal electron signal for mχ = 1 GeV/c2 (blue lines) and mχ = 1 GeV/c2 folded with
the binomial model for the detector response (orange lines), both evaluated for σ = 10−37 cm2 ,
considering only n = 1, 2. The dashed lines represent the same signals including also n = 3. NR
for mχ = 1.8 GeV/c2 and σ = 10−41 cm2 with the binomial model for the detector response (green
line), without (brown line).

In order to study the sensitivity to low masses exploiting the Migdal effect and photon
Bremsstrahlung, we built a simplified likelihood describing the experimental response of
tea-lab. In particular we payed attention to background components, to the description
of the low Ne− excess, and to the detector response including the fluctuation in the number
of ionization electrons. We also considered the systematic uncertainties on the theoretical
computation of the Migdal spectra, among which the contribution of the valence shell of
argon plays a critical role, being estimated with an uncertainty of O(1). We therefore used
this likelihood in the context of a Bayesian approach to compute the expected sensitivity,
the exclusion limits at the 90% C.I., and the projections at higher exposure. We show that
the limits are mildly dependent on reasonable prior choices describing the present state of
knowledge on the sought signals.
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Figure 13. 90% C.I. upper bounds on the σSI exploiting the Migdal electron and photon
Bremsstrahlung signals for the tea-lab simulated experiment loosely inspired by DarkSide-50.
These results are obtained using and exposure E = 5 ton yr, and simulating a pseudo-dataset with
the background-only template, not including the LowN e excess (see section 3.2, 3.1). The tealab bounds are computed for a threshold Ne− = 4. The estimate of the Earth shielding effect
for tea-lab is also reported (black dashed curve). The gray shaded area, has to be intended as
the region where tea-lab has the sensitivity to exclude a DM signal exploiting the Migdal electron. For mχ < 0.04 GeV we completely loose sensitivity because the signal template is always
under threshold. The upper limits of the Xenon1T [49], CRESST [40], and DarkSide-50 [29] are
reported. We report also our calculation for the DarkSide-50 bounds on NR signal extrapolated
at E = 5 ton yr (brown dashed line). The neutrino floor for LAr experiments [29] is reported as a
dark-gray shaded area.
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As a preliminary cross check, we computed the limit for the nuclear recoil signal using
the DarkSide-50 measured spectrum obtaining a result compatible with the expected one.
We then studied the tea-lab expected sensitivity at the DarkSide-50 exposure and
show the impact of the systematic effects on the final result. The sensitivity spans masses
in the range 0.1–2 GeV/c2 . For mχ & 0.2 GeV/c2 , the results are stable and insensitive to
significant theoretical uncertainties on the argon valence shell contribution to the Migdal
effect. For mχ . 0.2 GeV/c2 instead these effects can substantially modify the limit, even
by two orders of magnitude for the lowest masses (see figure 8).
We studied the interplay between the poorly understood LowN e excess and the Migdal
effect showing that the bounds change only if the contribution of the valence shell is considered. In this case, a better understanding of the excess results in a stronger limit. For
mχ ∼ 0.11 GeV/c2 the limit is comparable with that of the Xenon1T experiment obtained
with a much larger exposure, and it reaches mχ ∼ 0.06 GeV/c2 extending the sensitivity of
noble liquids to lower masses.
Finally we projected the sensitivity analysis up to an exposure E = 5 ton yr, finding
that the current knowledge of the background systematic uncertainties prevents the limit
to scale with the statistics for exposure larger than ∼ 0.2 ton yr. This shows how any
reasonable extrapolation of our results can only be done by the experimental collaboration
after a thorough assessment of the relevant systematic effects of the foreseen experiment.
We emphasize that the large uncertainty on the contribution of the valence shell for the
computation of the Migdal effect already plays a crucial role in setting a bound from argon
detectors for DM masses below 0.2 GeV/c2 . As a consequence, a dedicated theoretical effort
to compute the transition probabilities with higher precision is needed.
We conclude by stressing that the contribution of a Bremsstrahlung photon and a
Migdal electron is sizable also for LAr experiments, and it is a powerful tool to explore
mass regions below the GeV/c2 scale, inaccessible by modeling the signal only with the
traditional nuclear recoil interaction. We look forward to an update of low masses analyses
in LAr experiments that includes such effects.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] J.H. Oort, The force exerted by the stellar system in the direction perpendicular to the
galactic plane and some related problems, Bull. Astron. Inst. Netherlands 6 (1932) 249.

[3] V.C. Rubin, N. Thonnard and J. Ford, W. K., Rotational properties of 21 SC galaxies with
a large range of luminosities and radii, from NGC 4605 (R = 4 kpc) to UGC 2885
(R = 122 kpc), Astrophys. J. 238 (1980) 471 [INSPIRE].
[4] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, Astron.
Astrophys. 641 (2020) A6 [arXiv:1807.06209] [INSPIRE].
[5] LUX collaboration, Results from a search for dark matter in the complete LUX exposure,
Phys. Rev. Lett. 118 (2017) 021303 [arXiv:1608.07648] [INSPIRE].
[6] XENON collaboration, Dark Matter Search Results from a One Ton-Year Exposure of
XENON1T, Phys. Rev. Lett. 121 (2018) 111302 [arXiv:1805.12562] [INSPIRE].
[7] SuperCDMS collaboration, First Dark Matter Constraints from a SuperCDMS
Single-Charge Sensitive Detector, Phys. Rev. Lett. 121 (2018) 051301 [Erratum ibid. 122
(2019) 069901] [arXiv:1804.10697] [INSPIRE].
[8] PandaX-II collaboration, Constraining Dark Matter Models with a Light Mediator at the
PandaX-II Experiment, Phys. Rev. Lett. 121 (2018) 021304 [arXiv:1802.06912] [INSPIRE].
[9] DarkSide collaboration, DarkSide-50 532-day Dark Matter Search with Low-Radioactivity
Argon, Phys. Rev. D 98 (2018) 102006 [arXiv:1802.07198] [INSPIRE].
[10] XENON collaboration, Light Dark Matter Search with Ionization Signals in XENON1T,
Phys. Rev. Lett. 123 (2019) 251801 [arXiv:1907.11485] [INSPIRE].
[11] PICO collaboration, Dark Matter Search Results from the Complete Exposure of the
PICO-60 C3 F8 Bubble Chamber, Phys. Rev. D 100 (2019) 022001 [arXiv:1902.04031]
[INSPIRE].
[12] DEAP collaboration, Search for dark matter with a 231-day exposure of liquid argon using
DEAP-3600 at SNOLAB, Phys. Rev. D 100 (2019) 022004 [arXiv:1902.04048] [INSPIRE].
[13] M.W. Goodman and E. Witten, Detectability of Certain Dark Matter Candidates, Phys.
Rev. D 31 (1985) 3059 [INSPIRE].
[14] R. Bernabei et al., Dark matter search, Riv. Nuovo Cim. 26N1 (2003) 1
[astro-ph/0307403] [INSPIRE].
[15] R. Bernabei et al., Dark matter particles in the Galactic halo: Results and implications
from DAMA/NaI, Int. J. Mod. Phys. D 13 (2004) 2127 [astro-ph/0501412] [INSPIRE].
[16] DAMA collaboration, First results from DAMA/LIBRA and the combined results with
DAMA/NaI, Eur. Phys. J. C 56 (2008) 333 [arXiv:0804.2741] [INSPIRE].

– 29 –

JHEP11(2020)034

[2] F. Zwicky, On the Masses of Nebulae and of Clusters of Nebulae, Astrophys. J. 86 (1937)
217 [INSPIRE].

[17] R. Bernabei et al., Final model independent result of DAMA/LIBRA-phase1, Eur. Phys. J.
C 73 (2013) 2648 [arXiv:1308.5109] [INSPIRE].
[18] R. Bernabei et al., First model independent results from DAMA/LIBRA-phase2, Nucl.
Phys. Atom. Energy 19 (2018) 307 [arXiv:1805.10486] [INSPIRE].
[19] R. Essig, J. Mardon and T. Volansky, Direct Detection of Sub-GeV Dark Matter, Phys. Rev.
D 85 (2012) 076007 [arXiv:1108.5383] [INSPIRE].
[20] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen and T. Volansky, First Direct Detection
Limits on sub-GeV Dark Matter from XENON10, Phys. Rev. Lett. 109 (2012) 021301
[arXiv:1206.2644] [INSPIRE].

[22] S.K. Lee, M. Lisanti, S. Mishra-Sharma and B.R. Safdi, Modulation Effects in Dark
Matter-Electron Scattering Experiments, Phys. Rev. D 92 (2015) 083517
[arXiv:1508.07361] [INSPIRE].
[23] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto, T. Volansky and T.-T. Yu, Direct
Detection of sub-GeV Dark Matter with Semiconductor Targets, JHEP 05 (2016) 046
[arXiv:1509.01598] [INSPIRE].
[24] B.M. Roberts, V.A. Dzuba, V.V. Flambaum, M. Pospelov and Y.V. Stadnik, Dark matter
scattering on electrons: Accurate calculations of atomic excitations and implications for the
DAMA signal, Phys. Rev. D 93 (2016) 115037 [arXiv:1604.04559] [INSPIRE].
[25] T. Emken, C. Kouvaris and I.M. Shoemaker, Terrestrial Effects on Dark Matter-Electron
Scattering Experiments, Phys. Rev. D 96 (2017) 015018 [arXiv:1702.07750] [INSPIRE].
[26] R. Essig, T. Volansky and T.-T. Yu, New Constraints and Prospects for sub-GeV Dark
Matter Scattering off Electrons in Xenon, Phys. Rev. D 96 (2017) 043017
[arXiv:1703.00910] [INSPIRE].
[27] G. Cavoto, F. Luchetta and A.D. Polosa, Sub-GeV Dark Matter Detection with Electron
Recoils in Carbon Nanotubes, Phys. Lett. B 776 (2018) 338 [arXiv:1706.02487] [INSPIRE].
[28] E. Bertuzzo, C.J. Caniu Barros and G. Grilli di Cortona, MeV Dark Matter: Model
Independent Bounds, JHEP 09 (2017) 116 [arXiv:1707.00725] [INSPIRE].
[29] DarkSide collaboration, Low-Mass Dark Matter Search with the DarkSide-50 Experiment,
Phys. Rev. Lett. 121 (2018) 081307 [arXiv:1802.06994] [INSPIRE].
[30] SENSEI collaboration, SENSEI: Direct-Detection Constraints on Sub-GeV Dark Matter
from a Shallow Underground Run Using a Prototype Skipper-CCD, Phys. Rev. Lett. 122
(2019) 161801 [arXiv:1901.10478] [INSPIRE].
[31] R. Catena, T. Emken, N.A. Spaldin and W. Tarantino, Atomic responses to general dark
matter-electron interactions, Phys. Rev. Res. 2 (2020) 033195 [arXiv:1912.08204]
[INSPIRE].
[32] A. Hryczuk, E. Karukes, L. Roszkowski and M. Talia, Impact of uncertainties in the halo
velocity profile on direct detection of sub-GeV dark matter, arXiv:2001.09156 [INSPIRE].
[33] C. Kouvaris and J. Pradler, Probing sub-GeV Dark Matter with conventional detectors,
Phys. Rev. Lett. 118 (2017) 031803 [arXiv:1607.01789] [INSPIRE].

– 30 –

JHEP11(2020)034

[21] Y. Hochberg, Y. Zhao and K.M. Zurek, Superconducting Detectors for Superlight Dark
Matter, Phys. Rev. Lett. 116 (2016) 011301 [arXiv:1504.07237] [INSPIRE].

[34] M. Ibe, W. Nakano, Y. Shoji and K. Suzuki, Migdal Effect in Dark Matter Direct Detection
Experiments, JHEP 03 (2018) 194 [arXiv:1707.07258] [INSPIRE].
[35] M.J. Dolan, F. Kahlhoefer and C. McCabe, Directly detecting sub-GeV dark matter with
electrons from nuclear scattering, Phys. Rev. Lett. 121 (2018) 101801 [arXiv:1711.09906]
[INSPIRE].
[36] N.F. Bell, J.B. Dent, J.L. Newstead, S. Sabharwal and T.J. Weiler, Migdal effect and
photon bremsstrahlung in effective field theories of dark matter direct detection and coherent
elastic neutrino-nucleus scattering, Phys. Rev. D 101 (2020) 015012 [arXiv:1905.00046]
[INSPIRE].

[38] DAMIC collaboration, Search for low-mass WIMPs in a 0.6 kg day exposure of the DAMIC
experiment at SNOLAB, Phys. Rev. D 94 (2016) 082006 [arXiv:1607.07410] [INSPIRE].
[39] LUX collaboration, Results of a Search for Sub-GeV Dark Matter Using 2013 LUX Data,
Phys. Rev. Lett. 122 (2019) 131301 [arXiv:1811.11241] [INSPIRE].
[40] CRESST collaboration, First results from the CRESST-III low-mass dark matter program,
Phys. Rev. D 100 (2019) 102002 [arXiv:1904.00498] [INSPIRE].
[41] A. Migdal, Ionization of atoms accompanying α- and β-decay, J. Phys. USSR 4 (1941) 449.
[42] R. Landau and E.M. Lifshits, Quantum mechanics: Non-Relativistic Theory Vol. 3,
Butterworth-Heinemann, Oxford (1991).
[43] T. Ruijgrok, B. Nijboer and M. Hoare, Recoil-induced excitation of atoms by neutron
scattering, Physica A 120 (1983) 537.
[44] L. Vegh, Multiple ionisation effects due to recoil in atomic collisions, J. Phys. B 16 (1983)
4175.
[45] G. Baur, F. Rosel and D. Trautmann, Ionisation induced by neutrons, J. Phys. B 16 (1983)
L419.
[46] P. Sharma, Role of nuclear charge change and nuclear recoil on shaking processes and their
possible implication on physical processes, Nucl. Phys. A 968 (2017) 326 [INSPIRE].
[47] EDELWEISS collaboration, Searching for low-mass dark matter particles with a massive
Ge bolometer operated above-ground, Phys. Rev. D 99 (2019) 082003 [arXiv:1901.03588]
[INSPIRE].
[48] CDEX collaboration, Constraints on Spin-Independent Nucleus Scattering with sub-GeV
Weakly Interacting Massive Particle Dark Matter from the CDEX-1B Experiment at the
China Jinping Underground Laboratory, Phys. Rev. Lett. 123 (2019) 161301
[arXiv:1905.00354] [INSPIRE].
[49] XENON collaboration, Search for Light Dark Matter Interactions Enhanced by the Migdal
Effect or Bremsstrahlung in XENON1T, Phys. Rev. Lett. 123 (2019) 241803
[arXiv:1907.12771] [INSPIRE].
[50] G. Grilli di Cortona, DDrates, code available at https://github.com/ggrillidc/DDrates.
[51] S. Piacentini, LAr-MigdalLimit, code available at
https://github.com/piacent/LAr-MigdalLimits.

– 31 –

JHEP11(2020)034

[37] SuperCDMS collaboration, Search for Low-Mass Dark Matter with CDMSlite Using a
Profile Likelihood Fit, Phys. Rev. D 99 (2019) 062001 [arXiv:1808.09098] [INSPIRE].

[52] A.-C. Eilers, D.W. Hogg, H.-W. Rix and M.K. Ness, The circular velocity curve of the milky
way from 5 to 25 kpc, Astrophys. J. 871 (2019) 120.
[53] E.V. Karukes, M. Benito, F. Iocco, R. Trotta and A. Geringer-Sameth, Bayesian
reconstruction of the Milky Way dark matter distribution, JCAP 09 (2019) 046
[arXiv:1901.02463] [INSPIRE].
[54] P.F. de Salas, K. Malhan, K. Freese, K. Hattori and M. Valluri, On the estimation of the
Local Dark Matter Density using the rotation curve of the Milky Way, JCAP 10 (2019) 037
[arXiv:1906.06133] [INSPIRE].

[56] A.K. Drukier, K. Freese and D.N. Spergel, Detecting Cold Dark Matter Candidates, Phys.
Rev. D 33 (1986) 3495 [INSPIRE].
[57] S. Kubota et al., Evidence of the existence of exciton states in liquid argon and
exciton-enhanced ionization from xenon doping, Phys. Rev. B 13 (1976) 1649 [INSPIRE].
[58] C.-P. Liu, C.-P. Wu, H.-C. Chi and J.-W. Chen, Model-independent determination of the
Migdal effect via photoabsorption, arXiv:2007.10965 [INSPIRE].
[59] D. Baxter, Y. Kahn and G. Krnjaic, Electron Ionization via Dark Matter-Electron Scattering
and the Migdal Effect, Phys. Rev. D 101 (2020) 076014 [arXiv:1908.00012] [INSPIRE].
[60] R. Essig, J. Pradler, M. Sholapurkar and T.-T. Yu, Relation between the Migdal Effect and
Dark Matter-Electron Scattering in Isolated Atoms and Semiconductors, Phys. Rev. Lett.
124 (2020) 021801 [arXiv:1908.10881] [INSPIRE].
[61] R. Foot, Mirror matter-type dark matter, Int. J. Mod. Phys. D 13 (2004) 2161
[astro-ph/0407623] [INSPIRE].
[62] J.L. Feng, M. Kaplinghat, H. Tu and H.-B. Yu, Hidden Charged Dark Matter, JCAP 07
(2009) 004 [arXiv:0905.3039] [INSPIRE].
[63] C.T. Chantler, Theoretical form factor, attenuation, and scattering tabulation for z = 1–92
from e = 1–10 eV to e = 0.4–1.0 MeV, J. Phys. Chem. Ref. Data 24 (1995) 71.
[64] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys. Rev. D 64 (2001) 043502
[hep-ph/0101138] [INSPIRE].
[65] T. Emken and C. Kouvaris, DaMaSCUS: The Impact of Underground Scatterings on Direct
Detection of Light Dark Matter, JCAP 10 (2017) 031 [arXiv:1706.02249] [INSPIRE].
[66] M.S. Mahdawi and G.R. Farrar, Energy loss during Dark Matter propagation in an
overburden, arXiv:1712.01170 [INSPIRE].
[67] T. Emken and C. Kouvaris, How blind are underground and surface detectors to strongly
interacting Dark Matter?, Phys. Rev. D 97 (2018) 115047 [arXiv:1802.04764] [INSPIRE].
[68] DarkSide collaboration, Constraints on Sub-GeV Dark-Matter-Electron Scattering from
the DarkSide-50 Experiment, Phys. Rev. Lett. 121 (2018) 111303 [arXiv:1802.06998]
[INSPIRE].
[69] G.D. Starkman, A. Gould, R. Esmailzadeh and S. Dimopoulos, Opening the Window on
Strongly Interacting Dark Matter, Phys. Rev. D 41 (1990) 3594 [INSPIRE].
[70] J.I. Collar and F.T. Avignone, Diurnal modulation effects in cold dark matter experiments,
Phys. Lett. B 275 (1992) 181 [INSPIRE].

– 32 –

JHEP11(2020)034

[55] M. Cautun et al., The Milky Way total mass profile as inferred from Gaia DR2, Mon. Not.
Roy. Astron. Soc. 494 (2020) 4291 [arXiv:1911.04557] [INSPIRE].

[71] J.I. Collar and I. Avignone, F. T., The Effect of elastic scattering in the Earth on cold dark
matter experiments, Phys. Rev. D 47 (1993) 5238 [INSPIRE].
[72] C. Kouvaris and I.M. Shoemaker, Daily modulation as a smoking gun of dark matter with
significant stopping rate, Phys. Rev. D 90 (2014) 095011 [arXiv:1405.1729] [INSPIRE].
[73] B.J. Kavanagh, R. Catena and C. Kouvaris, Signatures of Earth-scattering in the direct
detection of Dark Matter, JCAP 01 (2017) 012 [arXiv:1611.05453] [INSPIRE].
[74] B.J. Kavanagh, Earth scattering of superheavy dark matter: Updated constraints from
detectors old and new, Phys. Rev. D 97 (2018) 123013 [arXiv:1712.04901] [INSPIRE].

[76] R. Trotta, R. Ruiz de Austri and L. Roszkowski, Prospects for direct dark matter detection
in the Constrained MSSM, New Astron. Rev. 51 (2007) 316 [astro-ph/0609126] [INSPIRE].
[77] L. Roszkowski, R. Ruiz de Austri, J. Silk and R. Trotta, On prospects for dark matter
indirect detection in the Constrained MSSM, Phys. Lett. B 671 (2009) 10
[arXiv:0707.0622] [INSPIRE].
[78] C. Strege, R. Trotta, G. Bertone, A.H.G. Peter and P. Scott, Fundamental statistical
limitations of future dark matter direct detection experiments, Phys. Rev. D 86 (2012)
023507 [arXiv:1201.3631] [INSPIRE].
[79] C. Arina, Bayesian analysis of multiple direct detection experiments, Phys. Dark Univ. 5-6
(2014) 1 [arXiv:1310.5718] [INSPIRE].
[80] GAMBIT Dark Matter Workgroup collaboration, DarkBit: A GAMBIT module for
computing dark matter observables and likelihoods, Eur. Phys. J. C 77 (2017) 831
[arXiv:1705.07920] [INSPIRE].
[81] S. Liem et al., Effective field theory of dark matter: a global analysis, JHEP 09 (2016) 077
[arXiv:1603.05994] [INSPIRE].
[82] A. Messina, M. Nardecchia and S. Piacentini, Annual modulations from secular variations:
not relaxing DAMA?, JCAP 04 (2020) 037 [arXiv:2003.03340] [INSPIRE].
[83] A. Krishak, A. Dantuluri and S. Desai, Robust model comparison tests of DAMA/LIBRA
annual modulation, JCAP 02 (2020) 007 [arXiv:1906.05726] [INSPIRE].
[84] A. Krishak and S. Desai, An independent assessment of significance of annual modulation
in COSINE-100 data, Open J. Astrophys. 2 (2019) [arXiv:1907.07199] [INSPIRE].
[85] F. Ruppin, J. Billard, E. Figueroa-Feliciano and L. Strigari, Complementarity of dark
matter detectors in light of the neutrino background, Phys. Rev. D 90 (2014) 083510
[arXiv:1408.3581] [INSPIRE].
[86] P. Astone and G. D’Agostini, Inferring the intensity of Poisson processes at the limit of the
detector sensitivity (with a case study on gravitational wave burst search), hep-ex/9909047
[INSPIRE].
[87] Particle Data Group collaboration, Review of Particle Physics, Phys. Rev. D 98 (2018)
030001 [INSPIRE].
[88] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based
tests of new physics, Eur. Phys. J. C 71 (2011) 1554 [Erratum ibid. 73 (2013) 2501]
[arXiv:1007.1727] [INSPIRE].

– 33 –

JHEP11(2020)034

[75] B.J. Kavanagh, bradkav/verne: Release, December 2017,
https://doi.org/10.5281/zenodo.1116305.

[89] S. Algeri, J. Aalbers, K. Dundas Morå and J. Conrad, Searching for new phenomena with
profile likelihood ratio tests, Nature Rev. Phys. 2 (2020) 245.
[90] DarkSide collaboration, First Results from the DarkSide-50 Dark Matter Experiment at
Laboratori Nazionali del Gran Sasso, Phys. Lett. B 743 (2015) 456 [arXiv:1410.0653]
[INSPIRE].
[91] DarkSide collaboration, CALIS — A CALibration Insertion System for the DarkSide-50
dark matter search experiment, 2017 JINST 12 T12004 [arXiv:1611.02750] [INSPIRE].
[92] DarkSide collaboration, Simulation of argon response and light detection in the
DarkSide-50 dual phase TPC, 2017 JINST 12 P10015 [arXiv:1707.05630] [INSPIRE].

[94] SCENE collaboration, Measurement of Scintillation and Ionization Yield and Scintillation
Pulse Shape from Nuclear Recoils in Liquid Argon, Phys. Rev. D 91 (2015) 092007
[arXiv:1406.4825] [INSPIRE].
[95] P. Agnes et al., Measurement of the liquid argon energy response to nuclear and electronic
recoils, Phys. Rev. D 97 (2018) 112005 [arXiv:1801.06653] [INSPIRE].
[96] T. Doke, A. Hitachi, J. Kikuchi, K. Masuda, H. Okada and E. Shibamura, Absolute
Scintillation Yields in Liquid Argon and Xenon for Various Particles, Jap. J. Appl. Phys.
41 (2002) 1538.
[97] M. Kimura, M. Tanaka, T. Washimi and K. Yorita, Measurement of liquid argon
scintillation and ionization response on nuclear recoils under electric fields up to 3 kV/cm,
2020 JINST 15 C03042 [INSPIRE].
[98] R Core Team, R: A Language and Environment for Statistical Computing, R Foundation
for Statistical Computing, Vienna, Austria (2013).
[99] M. Plummer, Jags: A program for analysis of bayesian graphical models using gibbs
sampling, http://mcmc-jags.sourceforge.net/ (2003).
[100] M. Plummer, R package version 4-10,
https://cran.r-project.org/web/packages/rjags/index.html.
[101] C.E. Aalseth et al., DarkSide-20k: A 20 tonne two-phase LAr TPC for direct dark matter
detection at LNGS, Eur. Phys. J. Plus 133 (2018) 131 [arXiv:1707.08145] [INSPIRE].

– 34 –

JHEP11(2020)034

[93] SCENE collaboration, Observation of the Dependence on Drift Field of Scintillation from
Nuclear Recoils in Liquid Argon, Phys. Rev. D 88 (2013) 092006 [arXiv:1306.5675]
[INSPIRE].

