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The XENON collaboration recently reported an excess of electron recoil events in the low energy region
with a significance of around 3.3¢. An explanation of this excess in terms of thermal dark matter seems
challenging. We propose a scenario where dark matter in the Milky Way halo gets boosted as a result of
scattering with the diffuse supernova neutrino background. This interaction can accelerate the dark-matter
to semi-relativistic velocities, and this flux, in turn, can scatter with the electrons in the detector, thereby
providing a much better fit to the data. We identify regions in the parameter space of dark-matter mass and
interaction cross section which satisfy the excess. Furthermore, considering the data only hypothesis, we
also impose bounds on the dark-matter scattering cross section, which are competitive with bounds from

other experiments.
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I. INTRODUCTION

Dark matter (DM) constitutes a whopping one-fourth of
the energy budget of the Universe, yet we remain in the
dark about its origin and nature. The vanilla DM candidate
is expected to have little or no interactions with ordinary
matter beyond gravity, and hence poses a challenge to
detect. Battling the odds, the scientific community has
made vast progress in the past few decades, both in terms of
theory, as well as detection techniques [1]. While no
conclusive evidence has emerged, in their recent Science
Run 1 (SR1) data, the XENONIT experiment has seen
an excess of electron-recoil events in the low-energy
data (2-3 keV) [2]. More specifically, in the energy range
1-7 keV, 285 events have been observed compared to an
232 £ 15 events expected from the background-only
model. This 3.30 excess in the electron-recoil events has
stirred up quite an excitement.

The XENON collaboration has offered three possible
beyond-the-Standard-Model (BSM) explanations of this
excess—(i) solar axions, (ii) anomalous neutrino magnetic
moments, and (iii) bosonic dark matter [2]. However, the

_*_anirband @slac.stanford.edu
lmanibrata@berkeley.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2021,/104(7)/075029(8)

075029-1

first two solutions run into trouble with astrophysical
cooling bounds [3], while the third solution produces a
mono-energetic peak instead of an excess in a few bins.
Other possible origin of the excess is attributed to unre-
solved f-decays of tritium [2]. A host of other papers
followed suit with various intriguing BSM explanations
[4-24]. All these works emphasized that an explanation in
terms of the usual thermal DM seems difficult, owing to its
nonrelativistic nature.

So, is a DM interpretation of the signal completely ruled
out? Recent works have demonstrated that the XENONIT
excess can be vindicated by a component of dark matter
that gets boosted toward the Earth [25-27]. The idea of
boosted dark matter (BDM) is not new; a number of
mechanisms have been put forward to render a nonthermal
component to the DM velocity by scattering with cosmic
rays, or annihilation of heavier dark candidates [28-34].
Such a BDM can lead to more energetic signatures in
current as well as upcoming direct detection and neutrino
experiments [32,35-37].

DM boosted by neutrinos is, on the other hand, a
relatively new concept. Neutrinos interact very weakly
with other SM particles, and are most elusive among all
particles. This naturally makes one wonder if neutrinos
have any secret interactions with DM. If true, then such
interaction could alter the energy spectrum of the DM
particles. Implications of such processes have been studied
in a few cosmological and astrophysical contexts [24,38—
40]. It is also interesting to study scenarios where DM
interacts only with the leptons in SM [41-43].
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Our universe is bathed in a sea of MeV-neutrinos,
emerging from massive stars going supernova, right from
the epoch of first star formation. The diffuse supernova
neutrino background (DSNB) is an isotropic flux of
neutrinos and antineutrinos of all flavors, emitted from
all core-collapse supernovae (CCSNe) in our Universe
[44,45]. The DSNB provides a perfect astrophysical
laboratory to test fundamental neutrino physics [46].

In this paper, we consider the novel idea that the DM in
the Milky Way (MW) halo experiences scattering with the
DSNB, and gets boosted to semirelativistic velocities.
Without alluding to any specific models, we envision a
scenario where DM couples to neutrinos and electrons
with equal strength. Such supernova-boosted-dark-matter
(SnBDM) can leave interesting signatures in low-energy
recoil experiments, and even account for the excess
observed in XENONIT. Furthermore, considering the
XENONIT low energy data, we impose constraints on
the DM-electron cross section. Implications of such inter-
actions of lepotophilic DM for underground detectors are
also discussed.

I1. DSNB SPECTRA

Estimating the DSNB flux at Earth requires a precise
knowledge of the rate of CCSN, as well as the flavor-
dependent neutrino spectra emitted from a SN. The CCSN
rate [denoted by Rccsn(z)] is proportional to the rate of star
formation (SFR), and has been well estimated by astro-
nomical surveys [47]. We follow [46] (and references
therein) to estimate the CCSN rate. The neutrino emission
from a SN follows an approximate thermal distribution,
and can be parametrized by nondegenerate Fermi-Dirac
distribution [44],

EC'120E2 1
FD(E> = 6 7_”4]"_;4/_6@/% +17

(1)

where T, is the flavor dependent neutrino temperature, and
E™ is the total energy emitted in the form of neutrinos. As
neutrino emission is dominated by the cooling phase,
lasting for at least 10 s postbounce, it is reasonable to
expect that the total emitted energy is equipartitioned
among all the flavors.

The DSNB flux can be calculated as [44,48]

Zmax dz

o H(z)

where H(z) = Hy\/Q,,(1 + 2)° + Q, is the Hubble func-
tion with H, = 67.36 kms™' Mpc™', and Q,, and Q, give
the matter and vacuum contribution to the energy density
[49]. The energy observed at the Earth is redshifted such
that E = E'(1 + z), while the maximum redshift of star-
formation is taken to be z, ~ 5.

®,(E) = Reesn(2)F(E), (2)
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FIG. 1. DSNB flux for each neutrino species. The temperatures
are takentobe T, = 6 MeV, T;, =7MeV,and T, = 10 MeV,
consistent with the bounds imposed by Super-Kamiokande [55].
The shaded regions represent the uncertainties in the DSNB
spectra. The range of values for Rccgn(z) is taken from [48].

We show the DSNB flux for all three flavors in Fig. 1,
with the uncertainties stemming from the SFR. Due to
charged current interactions, v,, U, have a lower temper-
ature than v,_, ., leading to a larger sensitivity for the
electron flavor neutrinos. Note that we only assume
adiabatic Mikheyev-Smirnov-Wolfenstein resonant oscil-
lations in effect inside the SN [50,51], and neglect the more
uncertain collective oscillations [52,53] and shock-related
effects [54]. In the energy range we are interested in, the
neutrino fluxes are fairly similar, and hence outcomes due
to collective oscillations would not change our results by
more than O(10%) [45]. Given the uncertainty in the SFR
is of O(40%) [48], neglecting collective oscillations is a
fair assumption. We operate in the normal mass ordering,
where all the v, exit the CCSN as a v3, while the other
flavors exit as incoherent superpositions of the remaining
mass states.

III. BOOSTED DARK MATTER

Without referring to any particular model, we assume
that the DM particle y, of mass m,,, couples to electrons and
neutrinos with a cross section o,,. This type of scenario
can arise in several leptophilic neutrino-portal models of
particle DM [41-43,56-60]. For concreteness, we assume
that the mediator is heavier than typical energy transfer of a
few keV to the electrons, but lighter than m,. This allows
for large values of the DM-electron cross section for
reasonably small couplings.

The mechanism of boosting DM particles with neutrinos
is similar to that of cosmic-ray boosted DM, which has
been studied extensively in the literature [32,33]. We follow
their work to compute the SnBDM flux. The DSNB
neutrinos have energies of order E, ~ O(10 MeV). The
DM particles in the halo can be assumed to be at rest
relative to the neutrinos. This implies that the initial virial
velocity of DM is not relevant since collisions with
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FIG. 2. The SnBDM flux and velocity distribution for
m, =300 MeV and o,, =4 x 107 cm?. The rescaled Stan-

dard Halo Model (SHM) velocity distribution is shown in dashed
gray line.

neutrinos will impart a much higher velocity to it. We shall
also neglect the neutrino mass throughout this work. With
these assumptions, the energy T, transferred to y by a
neutrino in a single scattering is given by

1 —cosOcym
L)

po o G
¥ E,+m,/2

Here Ocy is the scattering angle in the center-of-mass
frame, and T, is the maximum energy that can be
transferred by a neutrino of energy E,.

The DM density p, (r) in the MW halo is assumed to be
given by a Navarro-Frenk-White (NFW) profile where r is
the radial distance from the Galactic center (GC) [61].
Looking from the Earth, the DM density is a function of
both line-of-sight (los) distance [ and its direction Q.
Therefore, the total upscattered flux of the DM integrated
over the whole MW halo is given by,

do, dQ Py e
—A = | — 4, (E =Dy, P, (E)=. (4
dEl, / Ax / dl , v ( u)o-)(e halo~*v ( v) . ( )

Here, ®,(E,) is the DSNB flux computed in the previous
section. In the last step, we have factored the whole quantity
into three mutually independent parts: Dy, encodes the los
and the angular integrals over the DM density p,(r) and
depends only on the halo profile, ®,(E,) is the DSNB flux,
and o, m, represent the new BSM parameters of the theory.
We find Dy, = 2.02 x 10> MeV cm~2. Using Eq. (4), the
boosted DM flux can be written as

Ay e 1 ma
i = | G gy O E) =T )

Here, the Heaviside step function ®[7)™*(E, ) — T, ] ensures
that for a given neutrino energy, there is a maximum energy
up to which the DM can be boosted. For a heavy-mediator
interaction, the differential scattering cross section yields a
flat distribution. Figure 2 shows an example flux of the
SnBDM for m, = 300 MeV and o, = 4 x 107 cm?. Itis
quite evident that the DM flux gets boosted by orders of
magnitude, compared to that in the standard halo model
(SHM).

The boosted DM, after traveling through the MW,
scatters with the electrons in the detector at the Earth.
The formalism for DM-e scattering is similar to scattering
with neutrinos with the following replacements: v — y, and
x — e. As mentioned earlier, we assume the scattering
cross section to be the same as in case of DM-v scattering.
Phenomenological implications of this will be discussed
later.

Following Eq. (5), we can write the electron recoil
spectrum

ar 7y dp, 1
_xe [ S 1 6
dT,  mx / X aT, T (T ) % (6)

Here, Zx. = 40 is the effective atomic number of xenon and
takes care of the fact that all electrons in a xenon atom are
not available for ionization, my, is the mass of a xenon
atom, and d¢,/dT, is given by Eq. (5) [2]. We further
convolute this electron recoil spectrum with a Gaussian
detector response function with a width

o(E) = aVE + bE, (7)

with a = 0.31 vkeV, b =0.0037 [2]. The XENONIT
SR1 data and the background model spectrum B, are
taken from Ref. [2].

Using these details, the corresponding recoil spectrum is
shown in Fig. 3 for a sample value of m, = 300 MeV and
6,, =4 x 107" em?. Clearly, the recoil spectra predicted
by the SnBDM model + B (red line) presents a much
better fit to the XENONIT data than the Bj-only hypoth-
esis. In the following section, we perform a detailed scan of
the parameter space of SnBDM to identify regions which
can explain the excess.

IV. METHODOLOGY AND RESULTS

We utilize the SR1 data in two ways. Given the ~3¢
excess in electron recoil events in the 2—-5 keV region, we
try to explain the excess in terms of the SnBDM, and
identify regions in the m, — o,, parameter space that yields
a better fit to the data than the B,. Furthermore, using only
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FIG. 3. The electron recoil spectrum (red, solid) in XENONIT

for m, = 300 MeV and 6,,, = 4 X 1073% cm?. The black dashed
curve represents the contribution from SnBDM only. The black
dotted curve represents the background model B [2].

the XENON data, we also do a general exclusion analysis.
These are explained in detail below.'
We define the following test statistic

P i\m,, o 2
IZZZ(DI Ml(2 &l ;(e)) ) (8)

0;

where, D; is the XENON data, M; denotes the total number
of events predicted by the SnBDM model and the back-
ground, and 67 = M; + o3, is the combined uncertainty in
model and data, with 7 running over all energy bins in the
electron recoil spectrum. For simplicity, we neglect the
uncertainty arising from SFR in this as well as subsequent
analyses. However, we have explicitly checked that the
40% uncertainty in DSNB changes the best-fit y> by
about 0.4. The resulting y* plots corresponding to 1o
and 20 confidence limits are shown in blue contours in

Fig. 4. The best-fit point with m, =286 MeV and

6,, =3 x 1073 cm?, marked with a white asterisk, cor-

¥
responds to a Ay> = —5.1 relative to the background model

By. The contours show a positive correlation between m,
and o,,. This can be understood as follows: heavier DM
mass decreases the probability of electron recoil, so larger
cross section is needed to reproduce the observed spectrum.

We also compute the values of the cross section o, that
can be excluded given the observed electron recoil. To this
end, we take the following conservative approach to
construct a test statistic y2 [62],

(Di - Mi(axe))z

e :ZT' (9)

i l

'"The codes used for the calculations in this paper and the
jupyter notebooks used to generate the plots can be found at this
url https://github.com/anirbandas89/SnBDM.

Here, we sum over only those energy bins where the model
M, alone predicts more events than what is observed. This
is a conservative method and stays completely agnostic
about any background model. For each value of m,, we
scan over 6, to compute x~. This allows us to compute an
exclusion contour at 95% confidence limit when y2 > 4.
This limit is shown by a red contour in Fig. 4. All cross
sections above this line are excluded at 2o significance. By
construction, this does not have an overlap with the best-fit
contours at 2o.

The detector of the XENON experiment sits in an
underground facility about 1.4 km below Earth’s surface.
Therefore, if the DM-electron cross section is too large, the
DM particles could lose most of its energy and be stopped
in the Earth before it reaches the detector. Following
Ref. [63], we perform a simple energy loss analysis to
estimate this. If a DM particle has kinetic energy T,
and it scatters with the electrons, then its energy loss rate
is given by

dT, ERp do
— dERER —25. 10
dx ”e% R RdER (10)

Here, n, is the electron number density in Earth, Ej is the
electron recoil energy in a single collision. This relation can
be simplified by performing the Ey integration in the heavy
mediator limit, do,,/dEg = o,,/ER*™. This leads to the
following expression for the final energy of the DM particle
after traveling a distance x,

(11)

. 2n.0,,M.X
Tl(x) = T," exp {— —exe & ]
ny,

The XENON experiment has a low energy threshold of
~2 keV for electron recoil [64]. Now Eq. (11) can be
inverted to find out the threshold cross section 0)‘}‘3 for
which a DM particle can travel a distance x before its
energy falls below the XENON detector threshold. Figure 4
shows two gray dashed lines for a)‘(he corresponding to
distances x = 100 km, 1000 km. A more detailed analysis
would involve integrating 0')‘;1@ over all energies weighted by
the flux spectrum. However, we assumed 7' ~ 1 MeV for
the sake of simplicity as a}‘(he has only logarithmic depend-
ence on T/, We see that the traveling distance of the DM
particles inside the Earth is far greater than the depth
of the XENON experiment for o, ~ 107 — 1072 cm”
Nevertheless, this will imprint a directionality in the DM
flux. The flux coming through the bulk of the Earth will be
more attenuated compared to the flux coming from above.
In Fig. 4, we also show the exclusion limits from SENSEI
(dashed blue), EDELWEISS (dashed orange), and PandaX
(dashed green) experiments [24,65,66].
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FIG. 4. Contours in the m, — o, plane, depicting the regions
which satisfy the XENONIT excess, as well as exclusion
contours. The 1 and 2¢ confidence intervals satisfying the excess
are shown in blue contours, with the best-fit point marked with a
white asterisk. The region above the red line is excluded at 95%
confidence level. The dashed gray lines denote the cross sections
for which a DM particle travels a distance of 100 km and
1000 km, respectively, before its energy falls below the threshold
of XENONIT experiment. We also show the exclusion limits
from SENSEI (dashed blue), EDELWEISS (dashed orange), and
PandaX (dashed green) experiments.

V. DAILY MODULATION OF
DARK MATTER SIGNAL

As the Earth rotates about its axis, the boosted DM flux
coming from a specific direction in the sky has to travel a
varying distance through the Earth. This will cause a daily
modulation in the DM scattering event rate in a detector.
Such daily modulation in DM signal has been calculated
before, for example, in Ref. [67]. In this section, we shall
provide a rough estimate of such a daily modulation in the
SnBDM signal.

Let us consider a reference frame where the z-axis is
along the north-south pole of the Earth. The DM wind is
assumed to be coming from a direction with a latitude ~42°.
Therefore, 0 ~ 48° is the corresponding polar angle. The
velocity can be written as

-

X

<

= v,(Xsinfcos¢ + ysinfsing + Zcosd).  (12)

We assume that the DM particles retain this directionality
even after scattering with the DSNB because the interaction
mediator is heavier than typical momentum exchange,
resulting in isotropic scattering. We shall ignore the
velocity of the Earth compared to that of the DM
particles, which are boosted to ~O(1 MeV) energy after
scattering. If 7 denotes the direction of the XENON
detector, then

il = Xcos@,coswt + Pcos@,sinwr + Zsinf,,  (13)

where 6, is the latitude of the detector and w is the angular
velocity of the Earth. The angle y between the detector and
the direction of DM wind is given as

cosy = b, - it (14)

Using the angle y, we can find the distance travelled by the
DM particle through the Earth,

L,=(Rg—Lgy)cosy+ \/(RE—Ld)Zcos2w—L§+2RELd,
(15)

where R is the radius of the Earth and L; = 1.4 km is the
depth of the location of the detector.

DM particles lose energy due to scattering with the
electrons in the medium while traveling inside the Earth.
When the interaction mediator is heavier than the typical
momentum exchanged (heavy mediator limit), the final
energy of the DM particle after traveling a distance L, is
given by
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FIG. 5. Left: the total electron-recoil rate variation with time.
Right: the time variation of the final DM energy at the XENON
detector assuming an initial energy at the surface of the Earth
E.; =1 MeV.
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- (16)

c meLq
x

iy 2n
T,=T,"exp {— £ X

A daily modulation in L, will impart a modulation in DM
kinetic energy 7', which will in turn imply a 24-hour period
variation in the event rate. In Fig. 5, we show this time
variation in the total expected event rate and DM energy
after passing through the Earth. Clearly, one can notice a
significant daily modulation in the event rate, as well as the
final DM energy, and this can be used to put constraints on
the DM-electron coupling.

VI. CONCLUSION AND OUTLOOK

The observation of the electronic recoil excess in the
XENONIT experiment has renewed the interest in boosted
DM. In this work, we present a scenario where DM couples
to neutrinos and electrons. The Universe is permeated by a
constant source of MeV-energy neutrinos originated from
all past supernovae, which may boost the DM through
scattering. This can be a lucrative explanation for the excess
of events observed by the XENONIT experiment. We also
perform a conservative analysis to constrain large DM-
electron cross sections without referring to the excess
as such.

DM-electron interactions also lead to a shielding effect
as the DM travels through the Earth. The flux is attenuated
more when it travels a longer distance through the Earth to
reach the detector. This creates a diurnal modulation in the
event rate in the detector [26]. The resulting modulation in
the total event rate is computed. If such a signal is observed,
the amplitude of the modulation could be used to determine
the DM interaction strength with ordinary matter irrespec-
tive of the total number of recoil events. This will be an
interesting direction for future investigation.

Furthermore, such BSM interaction with leptons could
have other observable effects. For example, the scattering
with DM will change the DSNB energy spectrum. The
neutrinos will lose energy by upscattering the DM particles,
and the DSNB spectrum as shown in Fig. 1 will shift
toward lower energy. We found that change in DSNB
would be pronounced if the DM and the mediator masses
<O(few MeV). However, models with such small DM
masses and large interaction cross section will inevitably
run into conflict with BBN. We leave this exercise for a
future analysis.

Neutrino telescopes are another class of experiments that
are promising to detect SnBDM. The typical detection
threshold for these detectors are above ~10 MeV which is
not suitable for detecting the vanilla galactic halo DM.
However, if the DM is boosted to semi-relativistic speeds,

then they can scatter with the electrons in the neutrino
detectors and deposit an energy above threshold. The
expected event rate has been computed in a few previous
works and competitive constraints on DM-electron cross
section have been obtained [32]. One way to test the
solution presented here would be to compute the expected
number of events in the MiniBooNE or BOREXINO
experiment and compare with the data [68—70]. The DM
particles will also undergo collisions with the electrons in
the sun, and get scattered isotropically in all directions. As
such, the sun will act as a reflector of the DM particles. This
could add extra directionality in the observed DM flux
at Earth.

DM-electron scattering before and during recombination
would affect the cosmic microwave background (CMB)
anisotropy spectrum. Previous works have constrained
DM-baryon cross section using the CMB data [71,72].
The bounds can be translated to the present case by
rescaling the relevant interaction term with appropriate
modifications. We have checked that this limit does not
constrain our best-fit DM mass and cross section. Finally,
we note that such large DM-electron cross section as
presented in this work, and all other works on boosted
DM, has been excluded by SENSEI, EDELWEISS, and
CRESST-II experiments as shown in Fig. 4 [65,66,73]. The
requirement of a mediator lighter than the electron brings
up the possibility of its thermalization before BBN.
However, we have explicitly checked that with mediator
mass Mg < 0.01 MeV and electron coupling g, < 1077, it
is possible to reproduce the required DM-electron scatter-
ing cross section, and not violate the BBN constraints at the
same time.

Finally, note that neutrino-boosted DM has been studied
before in Refs. [24,40] in the context of solar neutrinos,
neutrinos from Sun-like stars, and cosmic-ray electrons.
The constraints arising on DM-electron cross section from
these studies are typically stronger, due to the larger flux of
neutrinos as compared to the DSNB. On the other hand, the
DSNB represents an isotropic source of neutrinos present
from a much older epoch z ~ 5. As a result, the constraints
from this study are independent of the solar constraints.
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