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We propose boosted dark matter (BDM) as a possible explanation for the excess of keV electron recoil
events observed by XENON1T. BDM particles have velocities much larger than those typical of virialized
dark matter, and, as such, BDM-electron scattering can naturally produce keV electron recoils. We show
that the required BDM-electron scattering cross sections can be easily realized in a simple model with a
heavy vector mediator. Though these cross sections are too large for BDM to escape from the Sun, the
BDM flux can originate from the Galactic Center or from halo dark matter annihilations. Furthermore, a
daily modulation of the BDM signal will be present, which could not only be used to differentiate it from
various backgrounds but would also provide important directional information for the BDM flux.
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Introduction.—The XENONIT experiment has recently
reported an excess in their low energy electron recoil data,
appearing between 2-3 keV [1]. Three possible explan-
ations are proposed in [1] for this excess. The first possible
explanation is beta decays of tritium, which currently can
neither be confirmed nor ruled out due to our lack of
knowledge of the tritium concentration. The other two
possible explanations pursued in [1] are solar axions and
anomalous neutrino interactions. However, the preferred
values of couplings in the latter two cases have already
been ruled out by existing astrophysical constraints,
particularly from stellar cooling [2-5]. Furthermore, it is
well known that the observed excess in electron recoils
cannot be due to typical dark matter (DM) particles
scattering on electrons, since a DM particle moving at
virial velocity, i.e., O(107%)c, will result in an energy
deposition that is much smaller than the keV-scale excess.
Therefore it is interesting and important to explore other
possible explanations for the observed excess.
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Many theoretical models predict the existence of boosted
dark matter (BDM) in our Universe. With BDM typical
velocities much larger than the virial velocity, BDM models
are therefore generically capable of producing an excess of
electron recoils such as the one observed. For example,
the DM-induced nucleon decay process studied in [6]
produces BDM in its final state, while semiannihilation [7]
and multicomponent [8§] DM models also yield BDM
fluxes from the Sun or the Galactic Center (GC). BDM
flux searches have been proposed for large volume
neutrino experiments, and interesting parameter space
has been covered by existing experiments such as Super
Kamiokande [9], ProtoDUNE [10], and IceCube [11,12] or
will be covered by future experiments such as DUNE
[13-15].

In this Letter, we propose that the keV excess in electron
recoils observed by XENONIT could be due to BDM
scattering on electrons. If mppy > m,, a typical energy
deposition from BDM-electron scattering of ~ few keV
implies the velocity of the BDM must be O(0.1)c, thus
only mildly boosted. Here we present two example models
and consider the flux of BDM particles from the Milky Way
halo and the Sun. We find that including BDM-electron
recoils can significantly improve the fit to the data relative
to the background only hypothesis and that the required
scattering cross section can be naturally explained by
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models with a vector mediator. We highlight that our BDM
signals enjoy a daily modulation. Such a unique feature can
be used to distinguish the signal proposed here from
various backgrounds, as well as many other new physics
interpretations of this excess [16—18]. Furthermore, the
phase and the amplitude of the modulation can be used to
extract crucial information about the BDM, e.g., its flux
direction, providing essential guidance for a future experi-
mental analysis. Finally, we note that this work is an
important addition to the existing BDM literature, extend-
ing the scientific goals of a DM direct detection experiment
to search for BDM in the mildly boosted regime.

Models for boosted dark matter.—DM particles moving
at virial velocity are not capable of depositing energy as
large as a few keV when scattering on electrons. However,
in the BDM scenario, some fraction of DM particles are
boosted such that their velocities are much larger than those
typical of virialized DM. Indeed, BDM scattering on
electrons would therefore result in higher energy recoil
signals. The existence of a BDM flux is a generic prediction
in many well-motivated DM models.

The first example model is the semiannihilation DM
model [7]. In this case, DM y carries a Z; symmetry, and
the BDM flux is produced through

x+x—-1+X (1)

Here X can be a standard model particle or can eventually
decay to standard model particles. The boost factor of the jy
in the final state is y, = (5m2 — m%)/4mZ. In the limit of
m, > my, the boost factor reaches its maximum value
of 1.25.

The second BDM model we study here is the two-
component DM model (see, e.g., [19] and subsequent
work). In this case, two particles, y, and yp, are both
stable. We assume 4 is heavier and is the dominant
component of the DM. The annihilation of y, particles
produces boosted yp particles in the final state

WA+ Wa—=wp+ Vs (2)

The boost factor of the y g particles is simply the mass ratio,
i.e., YB = mA/mB.

Boosted dark matter sources.—There are two promising
sources to generate the BDM flux: annihilation in the GC or
halo and capture and annihilation in the Sun. Here we
summarize the expected flux from each source.

Assuming the DM follows a Navarro-Frenk-White
profile [20], the BDM flux from the full sky can be written
as [8]

®BPM — 1 6% 107¢ cm™257!

gal
2
§ (Gam®) 10GeV\?
5x 10720 cm3 57! Mpm

Here (0,,,v) is the total thermally averaged DM annihi-
lation cross section, which, under the assumption of DM
thermal history, provides the correct relic abundance. We
note that DM can also be produced in a nonthermal manner,
in which case the DM annihilation cross section can be
larger, leading to a larger BDM flux from the GC. Though
the DM density peaks toward the GC, since XENONIT
cannot distinguish the direction of the incoming DM
particle, all sky directions should be included.

A second source for the BDM flux is the Sun. If DM
particles scatter on nuclei and are captured by the Sun, DM
can accumulate in the Sun’s core over time. The solar
capture rate can be approximated by [21]

C(mpm; Onuer) = 2 X 107 57!

o ( Onucl )(10 GeV)Z‘ @)
1074 cm? Mpm

The cross section 6, = 107 cm? is comparable to the
upper limit on the DM-neutron scattering imposed by
spin-dependent DM direct detection experiments [22].
For simplicity, this approximation assumes that the DM-
nucleon scattering cross section does not depend on the
relative velocity at leading order. If the leading order cross
section has a »> dependence, the DM capture rate can be
enhanced by a factor of ~25. We also note that our choice
of benchmark value for the DM-nucleon scattering cross
section of 6, = 107*? cm? corresponds to the bound on
the spin-dependent scattering cross section obtained by DM
direct detection experiments (see, e.g., [23]).

For typical choices of DM scattering and annihilation
cross sections, the Sun will reach a capture-annihilation
equilibrium [24]. In this case, the DM annihilation cross
section becomes irrelevant, and the BDM flux is fully
determined by the DM capture rate, which is characterized
by the DM-nucleon scattering cross section, o,,,.. Thus, the
BDM flux can be written as

BDM __ C(mDM90nucl)
Sun 47(A.U.)?

2
=72 10—6 Cm—2 S—l 64;1101 . 10 GeV ’
107 cm Mpm
(5)

where A.U. is an astronomical unit. We note that there is an
important subtlety regarding the BDM flux from the Sun, to
which we will return shortly.

Signal rate—For a given BDM flux, one can estimate
the total number of signal events as

N = Z’nXe VTGeleC(DBDM
MdetT

mxe

sig

=7 X Ggpec X PEPM, (6)
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Here ny. is the number density of xenon atoms in the
detector, M 4. and V., are the fiducial mass and volume of
the detector, 7 is the total operation time, and oy is the
BDM-electron scattering cross section. The exposure
My T for the XENONIT data presented in [1] is
0.65 tonne-years. Z’' is the effective number of electrons
in xenon that undergo recoils. In particular, electrons on
shells K and L have binding energies E, > 4.5 keV and
cannot be knocked out by DM with kinetic energies
relevant for the excess. For shell M, the binding energies
fall within the range 0.68-1.15 keV, leading to contribu-
tions at the lower part of the spectrum. Finally, the electrons
on shells N and O have E, < 0.22 keV and contribute
almost like free particles. This leads to Z' ~ 40.

In order to explain the excess observed by XENONIT,
the number of the signal events needs to be O(100). This
translates to a BDM-electron scattering cross section of

107® cm™2 571 /Ny
_ 29 . 2 sig
Oetec = 3 x 107% cm < PPV > <IOO>' (7)

This provides a rough prediction for the BDM-electron
scattering cross section.

Now, let us examine whether it is reasonable to expect
Geee t0 be as large as O(1072°-1072%) cm?. If a BDM
particle scatters with an electron through a vector mediator
whose mass is much larger than the typical momentum
transfer, the scattering cross section can be written as [25]

2 2,2

_ Y9spmYee 8

Oclec — 4 ’ ( )
M peq

where ggpm (9,) 1s the coupling between the mediator and
BDM (electron). As a benchmark, consider ggpy = 1.1,
g, =107, mppy = 10 GeV, and m,q = 0.1 MeV,
which results in 6., = 4 x 107 cm?. Thus, for reason-
able parameter values, a cross section as large as 6y, =
O(107%-10728) cm? can be obtained [26].

Existing astrophysical observations and terrestrial
experiments are a potential source of strong constraints.
However, all of them are avoided in our benchmark model.
The mediator mass m,,q = 0.1 MeV is at the heavier end
of the stellar cooling reach and, with a coupling to electrons
g. = 1073, these particles cannot escape from the core [30],
circumventing any related constraints. Supernova bounds
assume that the dominant production is through brems-
strahlung in nucleon scattering processes [31], which are
not present in the benchmark scenario. Constraints from
beam dump dark photon searches do not extend to masses
Mped < 1 MeV  [32]. Finally, the early production of
mediators introduces deviations on N.;. However a late
phase transition in the dark sector [33—-35] may modify the
thermal history and relax this constraint.

One important question for mildly boosted DM with a
large 6, 1s whether the BDM can penetrate the Sun after

its production near the core. For a solar core density of
150 g/cm?, the free streaming length in the Sun is

10—28 2
Lps~1mx <cm) )
' Oelec
and for each scattering the momentum transfer is
O(10-100) keV. With a solar core radius of

1.4 x 10° km, it is unlikely that the BDM produced near
the center of the Sun will escape. Thus, if the XENONIT
excess is explained by BDM, the flux is likely to be
produced in the GC, as there would be no appreciable flux
from the Sun for the required BDM-electron scattering
cross section. We note that simple variations of BDM
models considered here can avoid the difficulty of escaping
the Sun, which we will comment on later.

Similarly, let us also calculate how far the BDM can
propagate in the Earth. Taking the average Earth density as
5.5 g/cm?, the free streaming length in the Earth is

10728 cm2>

Oclec

L g~ 60 m x ( (10)
The XENONIT experiment operates underground at a
depth of about 1600 m. While the average rock density
above XENONIT is somewhat smaller than the average
Earth density quoted here, the average used here is
sufficient for the following order-of-magnitude estimates.
As discussed above, BDM has a velocity of O(0.1)c. If
every BDM-electron collision reduces the BDM momen-
tum by O(10-100) keV, a BDM particle whose mass is
smaller than O(0.01-0.1) GeV may not be able to reach the
detector, assuming the benchmark BDM-electron scattering
cross section at 1072® cm?. Furthermore, if BDM prop-
agates for a distance comparable to the Earth’s radius of
6000 km, its momentum may be reduced by O(1-10) GeV.
If the BDM mass is below O(10-100) GeV, there is a high
chance that it cannot fully penetrate the Earth. This leads to
a daily modulation of the DM signal if the BDM flux is
dominantly from the GC [36]. This feature may provide an
important handle to reduce various backgrounds and can
potentially be used as a smoking gun signature for BDM
discovery. More details about daily modulation will be
provided in a later discussion.

Energy deposition distribution.—Finally, we study the
electron recoil energy distribution at XENONI1T resulting
from BDM-electron scattering in the benchmark scenario
discussed above. The energy deposition required to fit the
excess is ~ few keV. In the limit mgpy > m,, which is
applicable in our case, the electron recoil energy is
E, < 2m,vipy. The corresponding differential cross sec-
tion is approximately a flat function, which can be written
as

dGelec
dE,

where O is the Heaviside step function.

= const x O(2m,vipy — E,). (11)
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FIG. 1. The energy spectrum of electrons for a benchmark with

mgpm — 10 GeV, UBDM — 0.06C, Oelec — 4 x ]0729 sz, and

BDM flux ®BPM = 1076 cm=2 s~!. The dashed orange line
represents the contribution from BDM-electron scattering after
including the energy resolution and detection efficiency. The red
line shows the total electron energy distribution at XENONIT.

To derive the expected signal at XENONIT, we con-
volute this differential cross section with a Gaussian of
width A = 0.5 keV, corresponding to the detector energy
resolution in the ~keV region [38], and weight the cross
section by the detector efficiency [1].

In Fig. 1, we demonstrate how BDM-electron
scattering can improve the fit to data. Here we choose
as a benchmark mgpy = 10 GeV, wvgpy = 0.06¢, and
Oelee = 4 x 1072° cm?. The BDM-electron scattering pro-
duces a bump, denoted by the orange dashed line, in the
electron recoiling energy spectrum. The total electron
spectrum at XENONIT is given by the red line. For the
benchmark model under consideration, adding contribu-
tions from BDM-electron scattering can provide an
excellent fit to data.

Daily modulation.—DM signals in direct detection
experiments may present nontrivial time dependence as first
studied in [39], where it was proposed that an annual
modulation in scattering events could arise due to the
Earth’s motion around the Sun. A daily modulation in
DM-nucleus scattering due to the Earth’s shielding of a
terrestrial detector from the DM wind was explored in [40],
and similar cases have been further studied in, e.g., [41-44].

Given the sizable DM-electron scattering cross section
necessary to explain the XENONIT excess, a daily
modulation of the signal, due to the anisotropy of the
BDM flux and the dynamics of Earth’s shielding, is a
natural prediction. Indeed, a similar daily modulation due
to Earth’s shielding of a flux of cosmic ray boosted DM
from the GC was recently studied in [45].

In this section, we demonstrate some features of the
expected daily modulation that would allow extraction of
information about the BDM model from the XENONIT
signal. We note that the estimates presented here are crude
but serve to illustrate the capability of learning about BDM
from a direct detection signal. Specifically, we consider the
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FIG. 2. Upper: The depth that a BDM particle from the GC
must penetrate to reach the XENONIT detector as a function of
the sidereal time. Lower: The depth that a BDM particle from the
Sun must penetrate to reach the XENONIT detector as a function
of the universal time for four dates throughout the year. The gray
dashed line in each panel indicates a depth of 1000 km, as in
Eq. (12).

Earth to be a sphere of constant density and assume that the
XENONIT detector is buried 1.6 km beneath the surface at
the location of the Gran Sasso National Lab. A more
extensive analysis is beyond the scope of this study but will
ultimately be critical for investigating a BDM origin of the
XENONIT excess.

First, we consider a BDM flux from the GC. The
XENONIT lab rotates around the Earth’s axis once each
sidereal day, and its position can be parameterized by the
sidereal time (ST). In the upper panel of Fig. 2, we show the
depth of the Earth d that a BDM particle must penetrate in
order to reach the XENONIT detector as a function of ST.
It is straightforward to convert ST to the local time in Gran
Sasso at any given time of the year; the position of the
minimum depth shifts by ~ two hours per month in terms of
the local time. The depth d reaches its minimum value
when the detector is oriented with the least Earth shielding
in the direction of the source, which in this case is the GC.
Therefore, the directional information is encoded in the
position of the signal peak, i.e., the phase. Even for a
detector such as XENONIT, with no design capability to
distinguish directionality, it may be possible to identify the
source of a BDM flux.

It may happen, however, that the dominant component of
the BDM flux does not come from the GC but rather from
another direction in the sky. As discussed above, BDM
particles arising in the simplest scenarios are unlikely to
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escape the Sun due to their interactions with electrons, but
it is not difficult to construct a BDM model for which a
substantial flux from the Sun is expected. For example, in a
multicomponent DM model, consider the possibility that
w4 particles are captured by the Sun and annihilate each
other through the decay chain:

WatWa = ¢+ " > 2pp + 25,

where ¢ is an intermediate particle whose decay length is
comparable to the solar radius. The yp particles arising
from ¢ decay are therefore produced outside the Sun. In
this case, the BDM particles would point back to the Sun
and could still have a large scattering cross section with
electrons.

In the lower panel of Fig. 2, we show the depth of the
Earth d that the BDM must penetrate as a function of the
Universal Coordinated Time (UTC), assuming the Sun is
the source of the BDM flux. While the position of the signal
peak remains constant, the shape of the modulation varies
throughout the year. In the winter, when the days are
shortest in the northern hemisphere, XENONIT experi-
ences its shortest daily exposures with minimal shielding,
as shown by the relatively short daytime dip in the blue
curve in Fig. 2. In the summer, on the other hand, the daily
exposure with low shielding is the longest, as demonstrated
by the red curve in Fig. 2. We note that these general
conclusions hold independently of the details of the
XENONIT position or the Earth density modeling.

Finally, it is instructive to estimate the depth at which
most BDM particles are stopped. We assume that each
BDM-electron scattering reduces the BDM kinetic energy
by ~3 keV. This implies that the BDM signal approaches
zero when

= 10_28 sz) ( MBDpM ) (’UBDM>2
d % 1000 km( Getee 10Gev)\ 0.0 ) 1P
As an illustration, consider the survival probability P as a
function of the penetration depth d to be modeled by a
Heaviside step function P(d) = ©(d, —d). The daily
modulation of the signal is determined by the survival
probability of the incoming BDM particles. To make a
realistic prediction for the signal, care must be taken when
modeling the position and overburden of the detector.
Furthermore, for the BDM flux from the Sun, one must
also account for the seasonal variation of d(t), as described
above. A detailed analysis, including a realistic simulation
of the survival probability function for BDM-electron
interactions is left for future study.

Again, we emphasize that even for a DM direct detection
experiment such as XENONIT, which is not designed to
detect the directionality of scattering events [46], the phase

of the daily modulation could be used to extract directional
information for the BDM flux. The GC and the Sun may be

the most likely sources for a BDM flux, but it is also
conceivable that a BDM flux comes from a nearby
concentration of DM, such as a DM subhalo or a mini-
cluster. Indeed, the phase of the daily modulation could in
principle take any value and could be used to identify the
flux direction or source.

Conclusion.—In this Letter, we explain the XENONIT
excess reported in [1] as a signal of BDM-electron
scattering. Such an interaction can be naturally introduced
through a vector mediator whose mass is much larger than
the typical momentum transfer in the scattering. With
reasonable choices of parameters, cross sections of the
magnitude necessary to explain the excess can be easily
obtained and significantly improve the fit to the XENONI1T
data. We consider two possible sources for the BDM flux:
the GC or halo and the Sun. We find that the required
BDM-electron scattering cross section is large enough that
the BDM particles studied here would not escape from the
Sun. Thus, if XENONIT is indeed observing BDM, either
it must come from the GC or the Milky Way halo or the
BDM model must be more complicated than the minimal
scenario we highlight here.

The predicted daily modulation of the signal opens a
brand new strategy to investigate possible sources for the
excess. The daily modulation will not only improve the
signal significance and help discriminate against back-
grounds such as beta decays of tritium, but it also provides
a unique opportunity to determine the origin of the BDM
flux. The maximum of the BDM flux occurs when the
detector is oriented with the least Earth shielding in the
direction of the source. Therefore, the phase of this daily
modulation could potentially resolve the direction of the
BDM flux, presenting a novel opportunity to discover the
true nature of dark matter.

Finally, we note that the BDM-electron scattering
interpretation of the XENONI1T excess can be investigated
also in other experiments. This might be difficult at
PandaX, since tritium is injected into the detector for
calibration purposes, and the only way to overcome the
resulting background is by studying the daily modulation
of the signal. However, future experiments such as
XENONNT or PandaX-4T, without tritium doping, are
expected to have a better sensitivity, provided they maintain
similar energy thresholds for the electron recoil channel.
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Note added—We note that there are four other papers
[17,47-49] to appear on the same issue aiming to explain
the XENONIT excess. Particularly [47] exhibits similar
daily modulation feature as suggested in this study.
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