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We show that the electron recoil excess around 2 keV claimed by the Xenon Collaboration can be fitted
by dark matter (DM) or DM-like particles having a fast component with velocity of order ∼0.1. Those
particles cannot be part of the cold DM halo of our Galaxy, so we speculate about their possible nature and
origin, such as fast-moving DM subhalos, semiannihilations of DM and relativistic axions produced by a
nearby axion star. Feasible new physics scenarios must accommodate exotic DM dynamics and unusual
DM properties.

DOI: 10.1103/PhysRevD.102.095002

I. INTRODUCTION

The Xenon Collaboration reported results of searches for
new physics with low-energy electronic recoil data
recorded with the Xenon1T detector [1]. They claim an
excess of events over the known backgrounds in the recoil
energy ER range 1–7 keV, peaked around 2.4 keV. The
local statistical significance is around 3–4σ, although part
of the excess could be due to a small tritium background in
the Xenon1T detector [1].
The statistical significance of the excess is 3.5σ when

interpreted in terms of axions [2–4] emitted by thermal
processes in the Sun. This interpretation, considered by the
Xenon Collaboration [1], depends on the axion-electron
coupling gae, that dominates both the detection and the
production in the Sun. Interestingly, the Sun emits such
axions in the desired energy range with a spectrum that can
fit the excess. Although the solar axion scenario has all the
ingredients to explain the anomaly, the needed parameter
space is excluded by stellar cooling bounds on the axion-
electron coupling [5–9]. Indeed, to fit the excess, the Xenon
Collaboration requires gae ≈ 3.7 × 10−12 while stellar cool-
ing constraints imply gae ≲ 0.3 × 10−12. As the Xenon1T
rate scales as g4ae, bounds from cooling of hotter stars rule
out this scenario quite convincingly. Neutrinos with a

hypothetical magnetic moment are similarly excluded
[1,10]. Particles with small renormalizable interactions
are less constrained by hotter stars [11,12]. Still, this study
demonstrates the need for a flux of fast particles in order to
fit the data.
Since dark matter (DM) exists, it is interesting to study

whether the Xenon1T anomaly can be explained in some
DM scenario. A narrow peak in the recoil energy ER can be
provided by absorption of a light bosonic DM particle
[1,13] or by DMDMe → DMe semiabsorption [14].
Scatterings of DM particles provide a broader structure,
but cold DM particles are too slow, even when taking into
account a Maxwellian-like tail of their velocity distribution
around or above the cutoff due to the escape velocity from
the Milky Way, 0.0015 < vesc < 0.002 [15] in natural
units. As we will see, the Xenon1T excess needs a flux
of fast (and possibly even relativistic) particles.
In this work we demonstrate that a flux of fast DM can

provide a good fit to the Xenon1T excess and determine the
necessary flux and velocity. Our results show that adding a
free tritium abundance to the detector does not improve the
fit. We later speculate about possible origins of such a fast
DM component.

II. FAST DM FIT TO XENON1T DATA

We consider an elastic DMe → DMe0 scattering between
a DM particle with initial velocity v⃗DM and an electron with
initial velocity v⃗e that acquires final velocity v⃗0e. Assuming,
for simplicity, that they are parallel and nonrelativistic, the
transferred recoil energy is
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ER ≡ Ee0 − Ee ¼ 2μvrelvCM

≃
�
2mDMveðvDM − veÞ for mDM ≪ me;

2mevDMðvDM − veÞ for mDM ≫ me;
ð1Þ

and the transferred momentum is

q≡mDMðv0DM − vDMÞ ¼ −2μvrel

≃ −
�
2mDMðvDM − veÞ for mDM ≪ me;

2meðvDM − veÞ for mDM ≫ me;
ð2Þ

where vCM ≡ ðmeve þmDMvDMÞ=ðme þmDMÞ is the
center-of-mass velocity, vrel ≡ vDM − ve is the relative
velocity, andμ≡memDM=ðme þmDMÞ is the reducedmass.
We see that the desired ER ∼ 2.4 keV can be obtained for
mDM ≫ me with vDM ≈ 0.1 or for mDM ≪ me and faster
DM, that becomes relativistic for mDM ∼ 0.1me. Notice that
ER ≃ qvCM so that q2 ≈ ð40 keVÞ2.
We validate the above estimates by performing a detailed

computation taking into account the Xe atomic structure,
along the lines of Refs. [16,17]. In particular, we use the
relativistic wave functions for the ionization factor pro-
vided in Ref. [17].
For a fixed DM velocity vDM (hereafter denoted by v to

simplify the notation), the differential cross section is

dσv
dER

¼ σe
2mev

Z
qþ

q−

a20qdqjFðqÞj2KðER; qÞ; ð3Þ

where σe is the free electron cross section at fixed
momentum transfer q ¼ 1=a0, where a0 ¼ 1=ðαmeÞ is
the Bohr radius. The limits of integration are

q� ¼ mDMv�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

DMv
2 − 2mDMER

q
: ð4Þ

We assume the DM form factor FðqÞ ¼ 1 obtained, e.g.,
from heavy mediators. The atomic excitation factor
KðER; qÞ is taken from Ref. [18] and includes the relativ-
istic corrections, relevant at large momentum exchange. For
ER ∼ keV recoil energies, the excitation factor is dominated
by the n ¼ 3 and n ¼ 4 atomic shells, the former starting at
ER > 1.17 keV. The differential rate is given by

dR
dER

¼ nTnDM
dσv
dER

; ð5Þ

where nT ≃ 4.2 × 1027=ton is the number density of xenon
atoms and nDM is the number density of the fast DM
component. The rate depends on the product nDMσe, which
we fit to the Xenon1T excess. To compare the spectra with
the Xenon1T data, we smear them by a detector resolution
σdet ¼ 0.45 keV [19], approximated as constant, multiply
by the efficiency given in Ref. [1] and bin them as the
available data in Ref. [1]. We perform the fit both with

negligible and free tritium abundance. In the latter case, the
tritium signal shape is taken from Ref. [19], and its
magnitude is fitted.
Figure 1 compares the Xenon1T data to sample spectra

of the electron excess, computed for some values of the DM
mass and velocity.
Figure 2 shows which values of these parameters best fit

the energy spectrum of the excess. We find that DM heavier
than the electron with velocities vDM ∼ 0.1 fits the excess
well. On the other hand, lower masses do not provide
sufficiently high electron recoil (unless the DM velocity is

FIG. 1. Sample spectra for different values of DM mass and
velocity. The gray curve is the background claimed by Xenon1T
(assuming negligible tritium contribution) and the data points are
shown in black.

FIG. 2. Fit to the Xenon1T excess as a function of the DMmass
and velocity assuming negligible tritium (continuous contours)
and allowing for a free tritium abundance (dotted contours). The
numerical fit roughly follows the analytic estimate of Eq. (1)
(dashed curve).
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increased to relativistic values), whereas slower DM (even
if heavier, to provide sufficient recoil) tends to give a too
large signal in the first bin 1–2 keV. Allowing for a free
amount of tritium background (dotted contours in Fig. 2)
does not shift significantly the best-fit regions because
tritium reproduces the energy spectrum of the excess less
well than fast DM.
Figure 3 shows the values of the number density of the

fast DM component times its cross section on electrons
needed to reproduce the excess rate claimed by Xenon1T.
We assumed that DM has a velocity distribution peaked

at any given v and constant σe. If the cross section σe were
velocity dependent, our fit applies with σe evaluated at v. If
the velocity distribution has a width, the fit still holds until
it exceeds the xenon energy resolution. Nonmonochromatic
velocity distributions produce broader signals. In particular,
the required population of fast DM particles cannot arise
from a high-velocity tail of a broad distribution (e.g.,
thermal), because such scenarios would be produce a too
strong signal in the lower energy bin at 1–2 keV.

III. DISCUSSION AND SPECULATIONS

We have seen that the Xenon1T electron recoil excess
can be interpreted as due to a flux of high-velocity particles.
Their velocities have to be so high that these particles
cannot be gravitationally bound to the DM halo of our
Galaxy. Here we will speculate about possible physical
origins of such flux of fast DM-like particles. One needs to
consider nontrivial DM dynamics, that must be consistent

with all constraints. For example, DM upscattering by
cosmic rays [20,21] seems not to be consistent with other
experiments.
One possibility is that Earth is currently passing through

a DM (sub)halo that moves with a very high speed relative
to us. The origin of such a halo is, however, unclear, as the
required velocities v ≳ 0.05 are an order of magnitude
larger than the velocity dispersions in nearby rich galaxy
clusters.
Another possibility is that a flux of fast DM is produced

by semiannihilation processes (see, e.g., [22–28]) such as
ϕϕ → ϕX, where ϕ denotes the DM particle and X is extra
particles. In case X has a negligible mass, a monoenergetic
flux with vDM ¼ 0.6 is produced. The speed can be
different if, instead of ϕ, the final state contains a particle
ϕ0 with a different mass [and possibly different interactions
with electrons and standard model (SM) particles]. A
continuous spectrum is obtained if multiple particles X
are involved in the process.
DM heavier than T=vesc ∼ 1 GeV can accumulate in the

Sun or Earth through elastic scattering with SM particles
(see, e.g., [29–31]). The resulting rate of semiannihilation
process in their centers is at most equal to the capture rate,
that is at most geometric. In the most optimistic limit where
all DMparticles are captured the equilibrium flux of fast DM
particles from Earth is ΦDM ¼ ρslowDM vslowDM =ð8mDMÞ, where
ρslowDM ≈ 0.3 GeV=cm3 is the usual density of DM particles
with vslowDM ∼ 10−3. The xenon excess rate can be reproduced,
for example, if the DM cross section on electrons is a few
orders of magnitude below ð2REnEÞ−1 ≈ 3 × 10−34 cm2 the
critical value for efficient capture by Earth (electron density
nE ≈ 4NA=cm3, radius RE ≈ 6400 km) consistently with
experimental bounds [32]. Such a cross section needs
mediators with mass below the weak scale, as electroweak
gauge invariance does not allow for dimension 5 operators.
On the other hand, the needed cross section is large enough
that DM particles reflected from the Sun would thermalize
and evaporate if lighter than about a GeV, providing a flux of
fast DM [33].
Similarly, one can consider a radioactive DM that slowly

decays into energetic dark particles. Another possibility is
that DM contains structures similar to matter, with a lighter
faster dark electron coupled by some dark photon to slower
and heavier dark nuclei, possibly in the form of dark atoms
(see, e.g., [34]).
As a more exotic example, we consider a dark sector

with a dissipative component that may contain dark stars
[35,36]. Such stars can radiate relativistic DM particles and
thus act as local sources. If, by coincidence, a nearby dark
star exists, it could produce the required relativistic flux of
fast DM.We remark that it may even be located in our Solar
System as the hypothetical planet 9 [37–39]. For objects
within the Solar System, the signal is expected to be time
dependent. Whether such exotic dark stars exist or not
requires a dedicated study.

FIG. 3. Value of the DM number density (fast component)
times cross section on electrons that best fits the excess rate
claimed by T as a function of the DM mass and velocity. Regions
that provide a good fit are shown in Fig. 2.
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Finally, let us remark on a possible axion or dark photon
solution to the Xenon1T result due to local sources. While
this is not directly related to the scattering of fast DM
studied in this work, it may replace the unviable solar axion
solution considered in Ref. [1]. In the axion DM scenario,
DM may consist of axion stars [40–42]. As is well known,
such scenarios require some hypothetical mechanism of
axion star formation. The generic prediction of axion star
dynamics is that they oscillate and emit both relativistic
axions as well as photons in the form of radio bursts
[41,43]. The axion-electron coupling gae (needed to explain
the Xenon1T results) can differ from the axion-photon
coupling gaγ (which produces radio bursts and other axion
signatures involving photons and electric and magnetic
fields). So one can conceive scenarios of axion stars that
satisfy bounds from photon signals. If a nearby axion star
exists, it may be invisible and yet produce the required
relativistic flux of axions without being excluded.

IV. CONCLUSIONS

The excess in the electron recoil energy spectrum around
2 keV claimed by the Xenon1T Collaboration could be

produced by fast DM or DM-like particles hitting electrons
with DM velocity v ∼ 0.1. A fast DM component is needed
because the cold DM with v ∼ 10−3 recoiling on electrons
produces an excess at lower energies. This result persists
the Xenon1T is partly due to tritium background. We
speculated about possible exotic DM dynamics that pro-
duces the needed fast DM component.

ACKNOWLEDGMENTS

A. S. thanks Robert Foot, Christian Gross, Maxim
Pospelov, Filippo Sala and Juri Smirnov for discussions.
D. T. thanks Dario Buttazzo and Paolo Panci for discus-
sions and collaboration on related work. The work of A. S.
and D. T. is supported by the ERC grant NEO-NAT. K. K.,
M. R. and H. V. were supported by the Estonian Research
Council Grants No. PRG803 and No. PRG434, by the
European Regional Development Fund and program
Mobilitas Grants No. MOBTT86, No. MOBJD381,
No. MOBTT5, and No. MOBTP135, and by the EU
through the European Regional Development Fund CoE
program TK133 “The Dark Side of the Universe.”

[1] E. Aprile et al., Phys. Rev. D 102, 072004 (2020).
[2] R. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440

(1977).
[3] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[4] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[5] N. Viaux, M. Catelan, P. B. Stetson, G. Raffelt, J. Redondo,

A. A. R. Valcarce, and A. Weiss, Phys. Rev. Lett. 111,
231301 (2013).

[6] M.M. Miller Bertolami, B. E. Melendez, L. G. Althaus, and
J. Isern, J. Cosmol. Astropart. Phys. 10 (2014) 069.

[7] A. H. Córsico, A. D. Romero, L. r. G. Althaus, E. García-
Berro, J. Isern, S. O. Kepler, M. M. Miller Bertolami, D. J.
Sullivan, and P. Chote, J. Cosmol. Astropart. Phys. 07
(2016) 036.

[8] T. Battich, A. H. Córsico, L. G. Althaus, M. M. Miller
Bertolami, and M. Bertolami, J. Cosmol. Astropart. Phys.
08 (2016) 062.

[9] M. Giannotti, I. G. Irastorza, J. Redondo, A. Ringwald, and
K. Saikawa, J. Cosmol. Astropart. Phys. 10 (2017) 010.

[10] N. F. Bell, M. Gorchtein, M. J. Ramsey-Musolf, P. Vogel,
and P. Wang, Phys. Lett. B 642, 377 (2006).

[11] H. An, M. Pospelov, and J. Pradler, Phys. Rev. Lett. 111,
041302 (2013).

[12] H. An, M. Pospelov, J. Pradler, and A. Ritz, Phys. Lett. B
747, 331 (2015).

[13] F. Takahashi, M. Yamada, and W. Yin, Phys. Rev. Lett. 125,
161801 (2020).

[14] J. Smirnov and J. F. Beacom, Phys. Rev. Lett. 125, 131301
(2020).

[15] M. C. Smith et al., Mon. Not. R. Astron. Soc. 379, 755
(2007).

[16] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,
076007 (2012).

[17] B. Roberts and V. Flambaum, Phys. Rev. D 100, 063017
(2019).

[18] B. Roberts, V. Dzuba, V. Flambaum, M. Pospelov, and Y.
Stadnik, Phys. Rev. D 93, 115037 (2016).

[19] E. Aprile et al. (XENON Collaboration), Eur. Phys. J. C 80,
785 (2020).

[20] Y. Ema, F. Sala, and R. Sato, Phys. Rev. Lett. 122, 181802
(2019).

[21] W. Yin, EPJ Web Conf. 208, 04003 (2019).
[22] T. Hambye, J. High Energy Phys. 01 (2009) 028.
[23] F. D’Eramo and J. Thaler, J. High Energy Phys. 06 (2010)

109.
[24] A. Kamada, H. J. Kim, H. Kim, and T. Sekiguchi, Phys.

Rev. Lett. 120, 131802 (2018).
[25] A. Kamada and H. J. Kim, Phys. Rev. D 102, 043009

(2020).
[26] G. Belanger, K. Kannike, A. Pukhov, and M. Raidal, J.

Cosmol. Astropart. Phys. 01 (2013) 022.
[27] G. Bélanger, K. Kannike, A. Pukhov, and M. Raidal, J.

Cosmol. Astropart. Phys. 06 (2014) 021.
[28] A. Hektor, A. Hryczuk, and K. Kannike, J. High Energy

Phys. 03 (2019) 204.
[29] R. Garani and S. Palomares-Ruiz, J. Cosmol. Astropart.

Phys. 05 (2017) 007.
[30] R. Catena and C. Kouvaris, Phys. Rev. D 96, 063012 (2017).

KRISTJAN KANNIKE et al. PHYS. REV. D 102, 095002 (2020)

095002-4

https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.111.231301
https://doi.org/10.1103/PhysRevLett.111.231301
https://doi.org/10.1088/1475-7516/2014/10/069
https://doi.org/10.1088/1475-7516/2016/07/036
https://doi.org/10.1088/1475-7516/2016/07/036
https://doi.org/10.1088/1475-7516/2016/08/062
https://doi.org/10.1088/1475-7516/2016/08/062
https://doi.org/10.1088/1475-7516/2017/10/010
https://doi.org/10.1016/j.physletb.2006.09.055
https://doi.org/10.1103/PhysRevLett.111.041302
https://doi.org/10.1103/PhysRevLett.111.041302
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1103/PhysRevLett.125.161801
https://doi.org/10.1103/PhysRevLett.125.131301
https://doi.org/10.1103/PhysRevLett.125.131301
https://doi.org/10.1111/j.1365-2966.2007.11964.x
https://doi.org/10.1111/j.1365-2966.2007.11964.x
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.100.063017
https://doi.org/10.1103/PhysRevD.100.063017
https://doi.org/10.1103/PhysRevD.93.115037
https://doi.org/10.1140/epjc/s10052-020-8284-0
https://doi.org/10.1140/epjc/s10052-020-8284-0
https://doi.org/10.1103/PhysRevLett.122.181802
https://doi.org/10.1103/PhysRevLett.122.181802
https://doi.org/10.1051/epjconf/201920804003
https://doi.org/10.1088/1126-6708/2009/01/028
https://doi.org/10.1007/JHEP06(2010)109
https://doi.org/10.1007/JHEP06(2010)109
https://doi.org/10.1103/PhysRevLett.120.131802
https://doi.org/10.1103/PhysRevLett.120.131802
https://doi.org/10.1103/PhysRevD.102.043009
https://doi.org/10.1103/PhysRevD.102.043009
https://doi.org/10.1088/1475-7516/2013/01/022
https://doi.org/10.1088/1475-7516/2013/01/022
https://doi.org/10.1088/1475-7516/2014/06/021
https://doi.org/10.1088/1475-7516/2014/06/021
https://doi.org/10.1007/JHEP03(2019)204
https://doi.org/10.1007/JHEP03(2019)204
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1088/1475-7516/2017/05/007
https://doi.org/10.1103/PhysRevD.96.063012


[31] T. Emken, C. Kouvaris, and I. M. Shoemaker, Phys. Rev. D
96, 015018 (2017).

[32] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and T.
Volansky, Phys. Rev. Lett. 109, 021301 (2012).

[33] Y. Chen, J. Shu, X. Xue, G. Yuan, and Q. Yuan, arXiv:
2006.12447.

[34] J. D. Clarke and R. Foot, J. Cosmol. Astropart. Phys. 01
(2016) 029.

[35] C. Kouvaris and N. G. Nielsen, Phys. Rev. D 92, 063526
(2015).

[36] J. H. Chang, D. Egana-Ugrinovic, R. Essig, and C. Kouvaris,
J. Cosmol. Astropart. Phys. 03 (2019) 036.

[37] K. Batygin, F. C. Adams, M. E. Brown, and J. C. Becker,
Phys. Rep. 805, 1 (2019).

[38] K. Batygin and M. E. Brown, Astrophys. J. 151, 22 (2016).
[39] J. Scholtz and J. Unwin, Phys. Rev. Lett. 125, 051103 (2020).
[40] E.W. Kolb and I. I. Tkachev, Phys. Rev. Lett. 71, 3051

(1993).
[41] D. Levkov, A. Panin, and I. Tkachev, Phys. Rev. Lett. 121,

151301 (2018).
[42] B. Eggemeier and J. C. Niemeyer, Phys. Rev. D 100,

063528 (2019).
[43] D. Levkov, A. Panin, and I. Tkachev, Phys. Rev. D 102,

023501 (2020).

DARK MATTER AND THE XENON1T ELECTRON RECOIL … PHYS. REV. D 102, 095002 (2020)

095002-5

https://doi.org/10.1103/PhysRevD.96.015018
https://doi.org/10.1103/PhysRevD.96.015018
https://doi.org/10.1103/PhysRevLett.109.021301
https://arXiv.org/abs/2006.12447
https://arXiv.org/abs/2006.12447
https://doi.org/10.1088/1475-7516/2016/01/029
https://doi.org/10.1088/1475-7516/2016/01/029
https://doi.org/10.1103/PhysRevD.92.063526
https://doi.org/10.1103/PhysRevD.92.063526
https://doi.org/10.1088/1475-7516/2019/03/036
https://doi.org/10.1016/j.physrep.2019.01.009
https://doi.org/10.3847/0004-6256/151/2/22
https://doi.org/10.1103/PhysRevLett.125.051103
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.102.023501
https://doi.org/10.1103/PhysRevD.102.023501

