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1 Introduction

The existence of dark matter in galaxies, clusters of galaxies and the Universe at large scale is
by now established by their gravitational effects on ordinary matter (for reviews, see e.g. [1–4]).
If the dark matter is constituted by new particles, it is plausible that they could interact with
the ordinary matter through other interactions aside from gravity. A promising avenue to
probe these putative interactions consists in the search for nuclear or electron recoils induced
by dark matter particles entering a dedicated detector at the Earth [5, 6] (for reviews, see
e.g. [7–9]). This search strategy, denominated direct detection, has seen an impressive increase
in sensitivity since it was first proposed more than three decades ago. Yet, no conclusive dark
matter signal has been found to date.

Assuming that the dark matter scatters elastically with the nucleus, current direct
detection experiments restrict the spin-independent interaction cross-section to be smaller
than ∼ 1 zeptobarn in the mass range ∼ 10GeV – 1TeV [10]. These stringent constraints
put pressure on several well motivated dark matter scenarios, especially those for which the
dark matter particle couples at tree level with the valence quarks in models addressing the
electroweak hierarchy problem [1]. On the other hand, there are many other dark matter
scenarios, arguably also well motivated theoretically, which are largely unconstrained by
current searches.

In this paper we will focus on scenarios where the dark matter cannot scatter elastically
with a nucleus (or an electron), so that the stringent limits on the elastic scattering cross-
section do not necessarily hold. This seemingly strong assumption naturally arises in some
models. For instance, the elastic scattering mediated by vector current is forbidden for
Majorana dark matter χ, due to the Majorana nature of fermion: χ̄γµχ = 0 [11]. However,
Majorana dark matter particles may leave an imprint in direct search experiments if they
could scatter inelastically producing a heavier Majorana fermion χ′ in the final state, since
there is an off-diagonal fermion current χ̄′γµχ 6= 0. This scenario is approximately realized
in the Minimal Supersymmetric Standard Model, when the lightest supersymmetric particle
is almost a pure Higgsino state, and the other supersymmetric particles are very heavy.
In this case, the elastic scattering of the Higgsino dark matter is suppressed by the large
sfermion and gaugino masses, while it has a large inelastic scattering cross section by the
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electroweak gauge interactions [12]. Scenarios of inelastic dark matter have also been motivated
phenomenologically, e.g. in [12–23].

The kinematics of the inelastic scattering differs from the one in the elastic scenario. In
order to allow the production of a heavier neutral particle in the final state, the velocity of
the incoming dark matter particle must be larger than a certain threshold. Therefore, as
the mass difference between the initial and final neutral particles increases, faster and faster
dark matter particles are necessary in order to open kinematically the inelastic process. For
dark matter particles bound to our galaxy, and which have speeds smaller than the escape
velocity from the Milky Way, vesc = 544 km/s [24, 25], the inelastic scattering off a nucleus
is kinematically allowed when the mass difference between the two states is δm < 1/2µv2

esc,
with µ the reduced mass of the DM-nucleus system; for the scattering off an electron, the
inelastic channel is open when δm < 1/2µev2

esc − |Enl|, where µe is the reduced mass of the
DM-electron system, and |Enl| is the binding energy of an electron in the (n, l) shell of the
target nucleus. In practice, experiments can only detect recoiling nuclei/ionized electrons
within a given energy range, therefore the mass difference that can be probed in direct searches
is smaller than this value.

Most analyses of direct dark matter detection implicitly assume that the Milky Way is
an isolated galaxy. Instead, the Milky Way is one among the various members of the Local
Group, which include M31, M33 and several dwarf galaxies. It has been argued that the Local
Group contains a diffuse dark matter component, which is not bound to any individual galaxy,
and which is distributed roughly homogeneously over the Local Group [26–28]. Notably, a
non-negligible fraction of the dark matter particles in the Solar System is expected to be
associated to this non-galactic diffuse component, rather than to the Milky Way halo, and
could have velocities larger than the escape velocity from the Milky Way. Likewise, the
Local Group is one among the many groups of galaxies embedded in the Virgo Supercluster,
which could also contain a diffuse component [29]. Although the fraction of dark matter
particles in the Solar System associated to the Virgo Supercluster is fairly small, they have
very large velocities. As a result, the actual dark matter velocity distribution at the Solar
System is qualitatively different to the one expected from the Standard Halo Model. In [30]
it was shown that the non-galactic diffuse component enhances the prospect for detection of
scenarios where the dark matter scatters elastically with nuclei or with electrons.

In this work we will extend that analysis to scenarios of inelastic dark matter, and we
will show that the mass splittings that can be probed in direct search experiments is larger
than the one previously considered in the literature.

The paper is organized as follows. In section 2, we present the non-galactic dark matter
flux at Earth. In section 3, we derive constraints on inelastic dark matter from nuclear recoil
searches, and in section 4, we derive constraints from electron recoil searches. Finally, in
section 5, we present our conclusions.

2 Dark matter flux at Earth

A correct description of the dark matter flux at Earth is crucial for assessing the prospects for
detection of a given dark matter model. The largest contribution to the flux is expected to arise
from dark matter particles in the Milky Way halo. The local density of dark matter particles
and their velocity distribution is unknown. However, it is common in the literature to adopt
the Standard Halo Model (SHM), characterized by a local density ρloc

SHM = 0.3 GeV/cm3 and
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an isotropic velocity distribution described by a Maxwell-Boltzmann distribution truncated
at the escape velocity of the Milky Way [31, 32].1

In the galactic frame, the velocity distribution reads:

fSHM(~v) = 1
(2πσ2

v)3/2Nesc
exp

[
− v2

2σ2
v

]
for v ≤ vesc , (2.1)

where v = |~v|, σv ≈ 156 km/s is the velocity dispersion [32, 44], and vesc = 544 km/s is the
escape velocity from our Galaxy [24, 25]. Further, Nesc is a normalization constant, given by:

Nesc = erf
(
vesc√
2σv

)
−
√

2
π

vesc
σv

exp
(
−v

2
esc

2σ2
v

)
. (2.2)

For our chosen parameters, Nesc ' 0.993. The contribution to the local dark matter flux from
the Milky Way halo then reads:

FSHM(~v) = ρloc
SHM
mDM

vfSHM(~v) . (2.3)

It is also plausible that the dark matter flux at Earth also contains a contribution from
dark matter particles not bound to the Milky Way. Astronomical observations indicate the
presence of diffuse dark matter components homogeneously distributed between clusters and
Superclusters of galaxies [45]. Since these dark matter particles are not gravitationally bound
to the Milky Way, they carry larger velocities than the escape velocity of the Milky Way. In
this work, we consider the contribution to the dark matter flux from the Local Group and
from the Virgo Supercluster. The dark matter particles from the Local Group contribute at
the Solar System with a local density of ρLG ∼ 10−2 GeV/cm3, and are expected to move
isotropically with a narrow velocity distribution, σv.LG ∼ 20 km/s, and with mean velocity
vLG ∼ 600 km/s [46]. The contribution from the Local Group to the dark matter flux at the
location of the Solar System then reads:

FLG(~v) = ρloc
LG

mDM

δ(v − vLG)
4πv . (2.4)

Dark matter particles bound to the Virgo Supercluster give a small contribution to
the local dark matter density. Observations indicate that the average density in the diffuse
component of the Virgo Supercluster is close to the cosmological value ∼ 10−6 GeV/cm3 [29].
However, the gravitational focusing due to the Local Group leads to an increase in the density
at the location of the Sun by a factor ∼ 1 + v2

esc/v
2
σVS , where vσVS is the velocity dispersion of

the dark matter particles from the Virgo Supercluster [46]. This value is highly uncertain,
but it is expected to be comparable to that of the observable members of the Supercluster,
which ranges from vσVS ∼ 50 km/s to vσVS ∼ 500 km/s [29, 47]. We consider for concreteness
an enhancement on the local density of dark matter particles from the Virgo Supercluster of
∼ 10, consistent with the value of the velocity dispersion of the observable members of the
Supercluster, which leads to ρloc

VG ∼ 10−5 GeV/cm3. Current knowledge on the dark matter
1Simulations and various observations suggest the existence of dark matter substructures bound to the

Milky Way that may induce deviations from the Maxwell-Boltzmann form at the location of the Solar System;
their impact in direct detection experiments has been discussed e.g [33–43]. In order to compare our results
with the published results from experiments, we will simply adopt the SHM.
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velocity distribution in the Virgo Supercluster is much poorer. Following [46], we assume that
the dark matter particles have the typical velocities of the members of the Virgo Supercluster,
corresponding to (at least) vVS ∼ 1000 km/s. The contribution to the dark matter flux at the
location of the Solar System from the Virgo Supercluster can then be written as:

FVS(~v) = ρloc
VS

mDM

δ(v − vVS)
4πv . (2.5)

The total (galactic plus non-galactic) dark matter flux at the Solar System is therefore
approximately given by:

F (~v) = FSHM(~v) + FLG(~v) + FVS(~v). (2.6)

Following [30, 46], we adopt values for the local density of each component such that the
total sum yields the canonical value of the local density used by direct detection experiments
ρloc = 0.3GeV/cm3, namely ρloc

SHM = 0.26GeV/cm3 (∼ 88%), ρloc
LG = 0.037GeV/cm3 (∼ 12%),

and ρloc
VS = 10−5 GeV/cm3 (∼ 0.003%).

3 Impact on nuclear recoils

The differential rate of nuclear recoils induced by inelastic up-scatterings of dark matter
particles traversing a detector at the Earth is given by:

dR

dER
=
∑
i

ξi
mAi

∫
v≥vi

min(ER)
d3vF (~v + ~v�) dσi

dER
(v,ER) . (3.1)

Here, ~v is the dark matter velocity in the rest frame of the detector, F (~v + ~v�) is the dark
matter flux in the detector frame, and ~v� is the velocity of the Sun with respect to the
Galactic frame with |~v�| ≈ 232 km/s [48]. For the inelastic scattering with mass splitting
between two dark matter states, δDM, the minimum velocity necessary to induce a recoil with
energy ER of the nucleus i with mass mAi and mass fraction ξi in the detector reads

vimin(ER) = 1√
2ERmAi

(
ERmAi

µAi

+ δDM

)
. (3.2)

Further, for spin-independent interactions, the differential dark matter-nucleus cross section
reads,

dσSI
i

dER
(v,ER) = mAi

2µ2
Ai
v2σ

SI
0,iF

2
i (ER) . (3.3)

Here mAi is mass of the nucleus i, µAi is the reduced mass of the dark matter-nucleus i system
and F 2

i (ER) is the nuclear form-factor, for which we adopt the Helm prescription. Besides,
σSI

0,i is the spin-independent dark matter-nucleus scattering cross section at zero momentum
transfer, which depends on the details of the dark matter model and the target nucleus. From
the differential rate, one can calculate the total recoil rate using:

R =
∫ ∞

0
dER εi(ER) dR

dER
, (3.4)
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where εi(ER) is the efficiency of that experiment. Finally, the total number of expected recoil
events is N = R · E , with E the exposure (i.e. mass multiplied by live-time).

In our analysis, we will consider two scenarios for the coupling of dark matter to nucleons.
First, we will consider a Majorana dark matter candidate. In this case

σSI
0,i =

4µ2
Ai

π

[
Zif

p
S + (Ai − Zi)fnS

]2
, (3.5)

where fpS and fnS parametrize the strength of the scalar interactions to the proton and the
neutron (see e.g. [7, 49]). It is common to write eq. (3.5) as

σSI
0,i =

µ2
Ai

µ2
p

[
Zi + (Ai − Zi)

fnS
fpS

]2

σDM,p , (3.6)

with µp the reduced mass of the DM-proton system and σDM,p an effective DM-proton
interaction cross-section. Within the Majorana dark matter scenario, we will consider in
particular the widely adopted benchmark case where the interaction is “isoscalar”, i.e. when
the dark matter couples with equal strength to protons and neutrons, for which

σSI
0,i =

µ2
Ai

µ2
p

A2
iσDM,p . (3.7)

We will also consider a scenario where the dark matter has hypercharge Y , and interacts
with the quarks via the exchange of a Z boson. In this case, σSI

0,i has the same form as
eq. (3.5), replacing the scalar couplings by the corresponding vector couplings, fp,nS → fp,nV .
For interactions with the Z boson, fpV and fnV are explicitly given by:

fpV = GF ζY

2
√

2
(1− 4 sin2 θW ) ,

fnV = −GF ζY
2
√

2
, (3.8)

with ζ = 1 (ζ = 2) for fermionic (bosonic) dark matter [5, 19, 50]. In this scenario, the dark
matter-nucleus cross section can be related to the dark matter-proton cross-section through:

σSI
0,i =

µ2
Ai

µ2
p

[
Zi −

(Ai − Zi)
(1− 4 sin2 θW )

]2
σDM,p , (3.9)

which is independent of the dark matter hypercharge and spin.
To assess the impact of the non-galactic diffuse components for direct detection experi-

ments, we plot in figure. 1 the differential rate of inelastic scatterings in the LUX-ZEPLIN
experiment for the “isoscalar” scenario, assuming mDM = 1TeV and σDM,p = 10−38 cm2, for
δDM = 100 keV (light blue) and 200 keV (dark blue), including in the flux only the contribution
from dark matter bound to the Milky Way (dotted lines), as commonly assumed in the
literature, and including the contribution from the non-galactic diffuse component (solid lines).
The impact of the non-galactic component in the differential rate is apparent from the figure,
and increases the number of events at all recoil energies, especially in the region with low
ER which is not kinematically accessible to the galactic dark matter. The non-galactic dark
matter, therefore, has implications not only for enhancing the sensitivity of the experiment,
but also for the interpretation of a putative dark matter signal.
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Figure 1. Differential rate for the inelastic scattering of a Majorana dark matter candidate in the
“isoscalar” scenario with mass mDM = 1TeV, for δDM = 100 keV (light blue) and 200 keV (dark blue),
for a dark matter flux at Earth as modelled by the Standard Halo Model (dotted line) or including
also the contribution from the non-galactic diffuse dark matter component (solid line). For the plots it
was assumed σDM,p = 10−38 cm2.

Current direct search experiments have not observed a significant excess of nuclear
recoils, which allows to derive upper limits on the dark matter nucleon cross section for
given combinations of the dark matter mass and mass splitting between the dark matter
particle and the neutral particle in the final state. In figure 2, we show upper limits on
the dark matter-proton spin-independent scattering cross section versus mass splitting for
mDM = 1TeV from LUX-ZEPLIN (blue) [10], PICO60 (green) [51], CRESST-II (red) [52],
and from a radiopurity measurement in a CaWO4 crystal (orange) [53, 54]. The dotted lines
represent the limits obtained considering the galactic dark matter (described by the SHM) as
the only contribution to the dark matter flux, while the solid lines were obtained including
also the contributions to the flux from the non-galactic diffuse component in the Solar System.
In the upper left plot, we show the limits for a Majorana dark matter candidate in the
“isoscalar” scenario, and in the upper right plot, the most conservative limit for the Majorana
dark matter, without making assumptions on the coupling strengths, derived following the
approach of [55]. Lastly, in the lower plot we show the limits for a scenario where the dark
matter interacts with the nucleus via the exchange of a Z-boson. In the latter plot we also
show the dark matter-proton scattering cross-section for scenarios of a fermionic dark matter,
and Y = 1/2 (corresponding to the well motivated scenario of the Higgsino dark matter in the
limit of high scale supersymmetry [12]), Y = 1 and Y = 3/2 (which correspond to different
scenarios of minimal dark matter [50]), for a xenon target. For other targets, the expected
cross section for mDM = 1TeV scales as ∼ Ai/Zi, being indistinguishable in the figure.

As seen in the plots, for all the scenarios the non-galactic diffuse component enhances
the sensitivity of experiments to inelastic dark matter, allowing to probe larger mass splittings.
For instance, for our representative dark matter mass of 1TeV, the LUX-ZEPLIN experiment
is insensitive to dark matter particles of the Milky Way scattering inelastically if the mass
difference with the neutral particle in the final state is δDM & 300 keV. However, the presence
of dark matter in the Solar System from the envelope of the Local Group extends the reach
up to δDM ' 330 keV and allows to probe uncharted parameter space for large mass splittings.
Concretely, the LUX-ZEPLIN experiment sets for the isoscalar scenario the limit σSI

DM−p .
10−44 cm2 for δDM = 250 keV, which is about three orders of magnitude stronger than the limit
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Figure 2. 90% C.L upper limits on the spin-independent dark matter-proton inelastic cross section
for a dark matter mass of 1TeV as a function of the mass splitting, from LUX-ZEPLIN (blue), PICO60
(green), CRESST-II (red and orange) and from a CaWO4 detector radiopurity measurement (orange).
We show the limits for three different scenarios: Majorana dark matter with isoscalar interactions
fp = fn (upper left plot), arbitrary fp and fn (upper right plot), and dark matter interacting via the
Z-boson (lower plot). In the lower plot, we also show for reference the predicted value of the cross-
section with a xenon target for scenarios of fermionic dark matter with hypercharge Y = 1/2, 1, 3/2.

obtained assuming that all dark matter is bound to the Milky Way, and only a factor of 100
weaker than the limit on the elastic scattering cross-section i.e. for δDM = 0. For the interaction
mediated by the Z-boson the upper limit is σSI

DM−p . 10−44 cm2, and the most conservative
limit without making assumptions on the form of the interaction is σSI

DM−p . 10−40 cm2,
obviously much weaker than for concrete scenarios. The dark matter particles from the Virgo
Supercluster extend the reach to even larger mass differences, up to δDM ' 450 keV and
sets for the isoscalar scenario the limit σSI

DM−p . 5 × 10−40 cm2 for δDM = 450 keV; for the
interaction mediated by the Z-boson the upper limit is σSI

DM−p . 10−41 cm2, while the model
independent limit is σSI

DM−p . 5 × 10−36 cm2. Similar conclusions apply for the PICO and
CRESST experiments, and from the radiopurity measurements on a CaWO4 target.

It is interesting to note the complementarity of the different experiments in probing
the parameter space of inelastic dark matter scenarios. Both in the scenario of a Majorana
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Figure 3. Upper limits on the mass splitting for electroweakly charged (pseudo-)dirac dark matter as
a function of the dark matter mass, for different choices of the hypercharge, and including in the flux
only the Standard Halo Model component (dotted lines) or also the non-galactic diffuse components
(solid lines).

dark matter with fn = fp and for the scenario with Z-boson mediation, LUX-ZEPLIN is
the most sensitive probe for small δDM, whereas the radiopurity measurements on a CaWO4
is the most sensitive probe for large δDM. PICO-60 is relevant for intermediate values of
δDM, and is in fact the most sensitive current probe of some well motivated dark matter
scenarios, as suggested by the gray lines in the figure, which correspond to the expected
cross-section for different scenarios of electroweakly interacting fermionic dark matter. The
complementarity of experiments in probing these scenarios is investigated in figure 3. The
dotted lines show the upper limit on the mass splitting as a function of the dark matter
mass assuming the Standard Halo Model. Under this common assumption, LUX-ZEPLIN
is the most constraining experiment over the whole parameter space considered. However,
when including the non-galactic components, different experiments contribute to set the
upper limit, as reflected by the breaks in the solid lines in the figure: LUX-ZEPLIN remains
as the most sensitive experiment for small dark matter masses, while PICO-60 is the best
experiment for larger masses. Further, the dark matter mass at which PICO-60 becomes
the leading experiment becomes larger and larger as the dark matter hypercharge increases.
As seen in the figure, for this class of scenarios the non-galactic components in the dark
matter flux enhance the sensitivity of experiments to the mass splitting by a factor ∼ 2
for mDM = 100GeV – 1TeV.

It is noteworthy the pivotal role of the radiopurity measurements on a CaWO4 target to
probe large mass splittings in inelastic dark matter scenarios. This can be understood from
the expression for the minimum DM velocity required to induced a recoil with energy ER,
eq. (3.2). Let us consider a velocity distribution where the maximum speed is v∗. Then, for
an experiment capable of detecting a recoil of a nucleus Ai with energy ER, the maximum
mass splitting that can be probed is:

δDM ≤
√

2ERmAiv∗ −
ERmAi

µAi

≤ 1
2µAiv

2
∗ , (3.10)

where the absolute maximum is reached when ER = µ2
Ai
v2
∗/(2mAi). This is shown in figure 4

for a 184W target, and for v∗ = 764 km/s, v∗ = 820 km/s, v∗ = 1220 km/s (solid lines),
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Figure 4. Values of the mass splitting δDM that can produce a recoil energy in a 184W target for
mDM = 100GeV (left plot) andmDM = 1TeV (right plot) when the maximal velocity of the dark matter
particles at Earth is v∗ = 764 km/s (dotted lines), v∗ = 820 km/s (dashed lines) and v∗ = 1220 km/s
(solid lines), corresponding respectively to dark matter bound to the Milky Way (described by the
Standard Halo Model), bound to the Local Group and bound to the Virgo Supercluster. For comparison,
we also show the range of recoil energies that can be detected by the CRESST-II experiment (red
band) and by the CaWO4 radiopurity measurement (yellow band).

corresponding respectively to the maximal velocity at the Earth of dark matter particles
bound to the Milky Way (described by the Standard Halo Model), from the Local Group
envelope and from the Virgo Supercluster. The plot also shows the range of recoil energies
that can be detected by the CRESST-II experiment and by the radiopurity measurements in
CaWO4 crystals. As seen in the plot, while CRESST-II can only probe up to δDM ∼ 700 keV,
the radiopurity measurements allow to probe up to δDM ∼ 1200 keV, when including the flux
component from the dark matter bound to the Virgo Supercluster (however with a lower
sensitivity due to the smaller exposure). From this plot it follows that the CRESST experiment
would have an enhanced sensitivity to inelastic dark matter scenarios if the window of recoil
energies used in the analysis were extended to larger values. Let us note that for low dark
matter masses, extending the search window of a given experiment to higher recoil energies
would not always help in probing larger values of the mass splitting. This is illustrated in the
figure for mDM = 100GeV, from where it is apparent that in order to increase the reach in
mass splittings it is necessary to extend the search of the radiopurity CaWO4 measurement
to lower recoil energies.

Finally, we show in figure 5 the isocontours with the 90% C.L. upper limits on the
cross-section for different dark matter masses and mass splittings, from LUX-ZEPLIN (top
panels), PICO60 (middle panels) and from radiopurity measurements on a CaWO4 target
(bottom panels), considering that all dark matter in the Solar System is bound to the Milky
Way, as commonly assumed (left panels), and including the non-galactic components (right
panels). The enhancement in sensitivity is clear from the plots. Further, one can appreciate
in the figures a series of “breaks”, that correspond to those regions in parameter space where
the contribution to the scattering from the Local Group component starts to dominate over
the SHM contribution, and to the regions where the contribution from the Virgo Supercluster
component starts to dominate over the Local Group contribution. More concretely, if the
mass difference is small, the SHM component generates the largest component to the signal
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rate. However, as the mass difference increases, dark matter particles bound to the Milky
Way cannot induce a visible scattering, whereas dark matter particles bound to the Local
Group can, thus allowing to probe larger cross-sections (thus resulting in the “breaks” in the
isocontours in the figure for certain values of the dark matter mass). The same behaviour
occurs for larger mass splittings, when dark matter particles from the Local Group cannot
induce detectable recoils, while dark matter particles from the Virgo Supercluster can. Since
the fraction of dark matter particles bound to the Virgo Supercluster is rather small, only
∼ 0.003%, the impact of this component is modest, except around the threshold.

4 Impact on electron recoils

The differential ionization rate induced by dark matter-electron inelastic scattering in liquid
xenon, with mass splitting between the two dark matter states given by δDM, reads:

dRion
dlnEer

= NT

∑
n,l

∫
v≥vnl

min(Eer)
d3vF (~v + ~v�) dσnlion

dlnEer
(v,Eer) , (4.1)

where NT is the number of target nuclei and

vnlmin(Eer) =
√

2
mDM

(Eer + |Enl|+ δDM) (4.2)

is the minimum dark matter velocity necessary to ionize a bound electron in the (n, l) shell of
a xenon atom (with energy Enl), giving a free electron with energy Eer. Further, dσnlion/dlnEer
is the differential ionization cross section, given by:

dσnlion
dlnEer

(v,Eer) = σ̄DM−e
8µ2

DM,ev
2

∫ qnl
max

qnl
min

dqq
∣∣∣fnlion(k′, q)

∣∣∣2 |FDM(q)|2 . (4.3)

Here, µDM,e is the reduced mass of the dark matter-electron system, σ̄DM−e is the dark matter-
free electron scattering cross section at fixed momentum transfer q = αme,

∣∣∣fnlion(k′, q)
∣∣∣2 is the

ionization form factor of an electron in the (n, l) shell with final momentum k′ =
√

2meEer
and momentum transfer q, and FDM(q) is a form factor that encodes the q-dependence of
the squared matrix element for dark matter-electron scattering and depends on the mediator
under consideration. The maximum and minimum values of the momentum transfer needed
to ionize a bound electron in the (n, l) shell recoil with energy Eer from the interaction of a
dark matter particle with speed v are:

qnlmax
min

(Eer) = mDMv

1±

√√√√1−
(
vnlmin(Eer)

v

)2
 , (4.4)

with vnlmin(Eer) defined in eq. (4.2). Finally, the total number of expected ionization events
reads N = Rion · E , with Rion the total ionization rate, calculated from integrating eq. (4.1)
over the experimentally measured recoil energies, and E the exposure (i.e. mass multiplied by
live-time) of the experiment.
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Figure 5. Isocontours of the 90% C.L. upper limits on the spin-independent dark matter-proton
inelastic cross-section for the isoscalar scenario (fp = fn) in the parameter space spanned by the
dark matter mass and mass splitting, from LUX-ZEPLIN (top panels), PICO60 (middle panels) and
radiopurity measurements in a CaWO4 target (lower panels), assuming that all dark matter in the
Solar System is bound to the Milky Way (left panels) or including the non-galactic diffuse component
(right panels).
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In semiconductor detectors, the electron excitation rate induced by dark matter-electron
inelastic scatterings, with a mass splitting δDM, reads [56, 57]

R = 1
ρT

σ̄DM−e
µ2

DM,e

π

α

∫
d3v

F (~v + ~v�)
v

∫
d3q

(2π)3 q
2 |FDM(q)|2

∫
dω

2π
1

1− e−βω Im
[ −1
ε(ω, ~q)

]
δ

(
ω + δDM + q2

2mχ
− ~q · ~v

)
, (4.5)

where w is the energy deposited in the material, ~q is the momentum transfer of the process, and
ρT is the target density. The rate involves an integration of the Electronic Loss Function (ELF)
of the target material, which we calculate with DarkELF [57]. For the dielectric function
ε(ω,q), we use the Lindhard method, which treats the target as a non-interacting Fermi
liquid. Finally, the total number of events reads N = R · E , with E the exposure (i.e. mass
multiplied by live-time) of the experiment.

The non-observation of a significant excess of electron recoils in a given experiment allows
to set upper limits on the dark matter-electron scattering cross section, for a given dark matter
mass and a given mass splitting between the dark matter particle and the heavier neutral state.
We show in figure 6, upper limits on the inelastic dark matter-electron cross section versus
mass splitting for a fixed dark matter mass of mDM = 1GeV from XENON1T [58](blue lines),
and from the semiconductor experiment SENSEI [59](purple lines), both when considering
the SHM flux only (solid lines), and when including the non-galactic components to the dark
matter flux (dotted lines). In the upper plots, we take the form factor FDM = α2m2

e/q
2,

corresponding to an ultralight or massless mediator. In the middle plots, we take the form
factor FDM = αme/q, corresponding to an electric dipole interaction, and in the lower plots
we take the form factor FDM = 1, corresponding to a heavy mediator [60, 61].

As can be seen in the figure, the non-galactic components enhance the sensitivity to
the mass splitting of both XENON1T and SENSEI by a factor of ∼ 2, compared to the
sensitivity estimated from considering just the galactic component. This conclusion holds
independently of the choice of the dark matter form factor. Further, the reach in cross-section
is enhanced due to the non-galactic components, especially at low mass splittings, being the
effect stronger for XENON1T than for SENSEI. For comparison, we also show as a grey band
the cross section for which the observed dark matter abundance is reproduced via freeze-in in
the case of an ultralight mediator [62], or via freeze-out in the case of a heavy mediator [63].
Clearly, the non-galactic dark matter components allow to probe larger values of the mass
splitting. Finally, we also show in figure 7 the isocontours with the 90% C.L. upper limits on
the dark matter-electron scattering cross-section for different dark matter masses and mass
splittings, from SENSEI (upper panels) and XENON1T (lower panels), considering that all
dark matter in the Solar System is bound to the Milky Way (left panels), and including the
non-galactic components (right panels). The non-galactic components enhances the reach in
mass splittings by a factor or ∼ 1.5 for SENSEI and ∼ 2.5 for XENON1T, allowing to probe
lower dark matter masses and cross sections in both cases.

5 Conclusions

We have investigated the impact of a non-galactic diffuse dark matter component inside the
Solar System for the detection of the inelastic scattering of a dark matter particle in direct
search experiments. Concretely, we have considered the contribution to the dark matter flux
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Figure 6. 90% C.L upper limits on the spin-independent dark matter-electron inelastic cross section
for a dark matter mass of 1GeV, as a function of the mass splitting, from XENON1T (blue) and
SENSEI (purple), when the dark matter-electron interaction is mediated by an ultralight dark photon
(upper left plot), by a dipole operator (upper right plot), or by a heavy mediator (lower plot).

from dark matter particles in the envelope of the Local Group and from the Virgo Supercluster.
Their speeds in the galactic frame are ∼ 600 km/s and ∼ 1000 km/s, respectively, which are
larger than the maximal speed of dark matter particles bound to the Milky Way, ∼ 540 km/s.
As a result, the region of parameter space that can be probed with current experiments is
larger than reported in previous works, that implicitly assumed that the Milky Way is an
isolated galaxy in the Universe.

For nuclear recoils, the non-galactic component expands the reach in mass splitting
at the LUX-ZEPLIN, PICO60, and CRESST-II experiments by a factor ∼ 2 in the mass
range mDM = 10GeV- 10TeV, and enhances significantly the reach in cross-section, especially
close to the kinematic threshold for the galactic dark matter. For instance, for mDM = 1TeV
and δDM = 250 keV, the sensitivity to the cross-section improves by about three orders of
magnitude. We have also stressed the relevance of experiments capable of detecting high
recoil energies for probing the parameter space of inelastic dark matter scenarios. We have
illustrated this capability with the radiopurity measurements in CaWO4 crystals performed
by the CRESST collaboration, and which allows to probe up to δDM ∼ 1.2MeV (1.4MeV)
for mDM = 1TeV (10TeV). For electron recoils, the conclusions are analogous, allowing to
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Figure 7. Isocontours of the 90% C.L. upper limits on the dark matter-electron inelastic scattering
cross-section for the heavy mediator scenario (FDM = 1) in the parameter space spanned by the dark
matter mass and mass splitting, from SENSEI (top panels), and XENON1T (lower panels), assuming
that all dark matter in the Solar System is bound to the Milky Way (left panels) or including the
non-galactic component diffuse (right panels).

increase reach in mass splitting of the XENON1T and SENSEI experiments also by a factor
∼ 2 for dark matter masses in the range mDM = 0.01GeV – 10GeV,
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A Derivation of upper limits from direct detection experiments

To derive upper limits on the inelastic dark matter-nucleon scattering cross section, as a
function of the dark matter mass and/or the dark matter mass splitting, we follow a poissonian-
likelihood approach, and we calculate the rates for the different experiments/detectors
independently. For the LUX-ZEPLIN experiment, we use the data from [10], with an exposure
of 0.904 tonne×year, a region of interest extending from 2 keV to 70 keV, and the efficiency
function reported by the collaboration. Given the agreement of the number of signal events
with the background prediction reported by the collaboration, we take a 90% C.L. upper
limit on the number of signal events of 2.71. For the PICO-60 experiment, we use the results
from [51], corresponding to an exposure of 9.356 kg×year, a region of interest extending from
13.5 keV to 100 keV, and the efficiency function reported by the collaboration. Since PICO-60
observed no signal events, we take a 90% C.L. upper limit on the number of signal events
of 2.71. For CRESST-II, we use the published data [52], corresponding to an exposure of
52 kg×days. We do not consider as signal events those belonging to the acceptance region
of the experiment at low recoil energies, but instead, we consider the recoil energy region
extending from 30 keV to 120 keV, which gives an upper limit of 4 signal events. Finally, for
the CaWO4 radiopurity measurement from [53], we take an exposure of 90.10 kg×days, with
a recoil energy region extending from 300 keV to 2000 keV, and a number of 3 signal events.

For the inelastic dark matter-electron scattering cross-section, we derive upper limits
at 90% C.L at fixed momentum transfer q = αme using data from XENON1T [58] and
SENSEI [59]. We consider the observed event rate XENON1T between 150–3000 photoelec-
trons (PE), which corresponds to the range 0.18 keVee to 3.5 keVee (kiloelectronvolt electron
equivalent). We take the efficiency function from [58], an exposure of 22 ± 3 tonne-days and
an upper limit on the number of events of 39.2. For SENSEI, we sum-up the observed events
in the energy bins ranging from 4.91 eV to 16.31 eV, resulting in an upper limit of 4.957 events
per gram day of exposure. Further, we use the efficiency reported by the collaboration in
every energy bin [59].
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