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Atmospheric dark matter and XENONIT excess
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Very recently, the XENONIT Collaboration has reported an intriguing electron recoil excess, which may
imply light dark matter. To interpret this anomaly, we propose the atmospheric dark matter (ADM) from the
inelastic collision of cosmic rays (CRs) with the atmosphere. Because of the boost effect of high-energy
CRs, we show that the light ADM can be fast moving and successfully fit the observed electron recoil
spectrum through the ADM-electron scattering process. Meanwhile, our ADM predicts the scattering cross
section ¢, ~ O(107% — 107* cm?) and thus can evade other direct detection constraints. The search for

light meson rare decays, such as # — = + K7, would provide a complementary probe of our ADM in the

future.
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I. INTRODUCTION

The existence of dark matter (DM) has been estab-
lished in cosmological and astrophysical experiments.
Besides the gravitational effects, other possible inter-
actions of dark matter are still unknown. The various
searches for dark matter in the direct detections, indirect
detections, and collider experiments are in progress,
albeit no convincing signals have been observed. In
particular, the direct detections [1] that aim for weakly
interacting massive particles (WIMPs) [2] have reached
great sensitivities, which are approaching the irreducible
neutrino floor. Their null results produce very stringent
limits on the WIMP DM-nucleus scattering cross section
and lead to a shift of focus toward light dark matter
particles [3,4].
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As the average velocity of dark matter is around 10~3c in
the Milky Way halo, the sensitivity of traditional direct
detections that measure nuclear recoils rapidly decreases
for DM mass below approximately 1 GeV. To access the
sub-GeV dark matter, many new techniques and new types
of detectors have been proposed (see, e.g., Refs. [5—11]).
Among them, the search for DM scattering off electrons has
been demonstrated to be a useful way of improving the
discovery potential of light dark matter. Concretely, since
the electron is bounded to the atom, it can have a non-
negligible momentum. When the DM particles scatter off
these high-momentum electrons, the xenon atoms can be
ionized in the liquid target. In this process, the energy
transfer to the detector is about Ej ~keV. Then, such
ionization (and scintillation) signals can be detectable at the
dual-phase liquid xenon detectors.

Very recently, with an exposure of 0.65 ton-yr and an
unprecedentedly low background, the XENONIT Col-
laboration has reported an about 3.50 excess of events in
the electron recoil range of 1 keV < Ep < 7 keV with 285
events over the backgrounds of 232 + 15 events [12].
The main excess events appear in the 2-3 keV bins, while
other bins are approximately consistent with the expected
background events. In the analysis of XENONIT, it is
pointed out that the observed electron recoil spectrum can
be fitted by the solar axion [13—15] with an axion-electron
coupling g,, ~ 3.7 x 1072, which, however, is in tension
with the stellar cooling constraint, g,, < 0.3 x 1072 [16].

~

Other speculations about this excess have been discussed in

Published by the American Physical Society


https://orcid.org/0000-0003-1749-6893
https://orcid.org/0000-0001-5010-7517
https://orcid.org/0000-0002-4291-2724
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.115028&domain=pdf&date_stamp=2020-12-22
https://doi.org/10.1103/PhysRevD.102.115028
https://doi.org/10.1103/PhysRevD.102.115028
https://doi.org/10.1103/PhysRevD.102.115028
https://doi.org/10.1103/PhysRevD.102.115028
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SU, WANG, WU, YANG, and ZHU

PHYS. REV. D 102, 115028 (2020)

Cosmic Rays

Top of Atmosphere ‘

N
—
i \ u
n =
ut n_Vn
Uy Y

80 100 120 140

0 20 40 60
Energy [keV]

FIG. 1. Atmospheric dark matter from inelastic collision of CRs
and atmosphere for XENONIT electron recoil excess. Here, y
stands for the dark matter particles.

Refs. [12,17-23]. Although the possibility of contamina-
tion from f decay of tritium is not excluded, such an
anomaly is still intriguing and may be a sign of light dark
matter.

In general, the light dark matter bounded in galaxies
moves with a low velocity, and it is impossible to fit this
XENONI1T electron data because of the small recoil energy.
However, there are several astrophysical processes that can
accelerate the dark matter to have velocities much higher
than its galactic escape velocity [24—27]. This kind of fast-
moving dark matter will scatter with nucleus or electron of
target in the direct detection and produce the detectable
signals. For example, the light dark matter can be boosted
to (semi)relativistic speeds through its elastic scattering
with the high energy cosmic rays (CRs) [28-33]. In this
paper, we propose the light boosted dark matter produced
in the inelastic collision of CRs with the atmosphere
(cf. Fig. 1) to explain the XENONIT excess. Different
from the up-scattering mechanism, this scheme is inde-
pendent of the density of preexisting dark matter and thus
naturally provides a sufficient source of boosted dark
matter. Besides, the XENONIT electron data requires
the DM to interact with the electron as well. To reconcile
the tension between DM-nucleus and DM-electron scatter-
ing cross sections, we introduce a scalar mediator and a
vector mediator, which couple with the quark and electron,
respectively.

II. ATMOSPHERIC DARK MATTER

The main components of high-energy CRs are protons
and helium, which can inelastically collide with the
interstellar medium or the atmosphere on Earth. The latter
is usually the dominant source of the energetic dark matter
[34]. For simplicity, we assume the protons as the incoming
cosmic ray flux and parametrize it as in Ref. [35]. The
differential cosmic-ray flux d¢, (T ,. h)/dT , is the function
of proton energy 7', and the height 4 from the ground level,
which will be diluted as traveling through the atmosphere,

= o (T ) 2T )

d dg, (T, 1)
dh dT,
Here, we assume the nitrogen as nuclei target in the
atmosphere. o,y is the inelastic proton-nitrogen cross sec-
tion, and ny is the number density of nitrogen. The initial
value of the flux is evaluated at /,,,, = 180 km. It should be
noted that the primary cosmic ray will generate secondary
particles with lower energy, such as nucleons, pions, and
kaons, via the interactions in the atmosphere or in the Earth.
In principle, the secondary cosmic-ray collisions may also
become the sources of our fast-moving DM (assuming the
boosted effect can be still large enough, e.g., v, ~ 0.1¢ [18]).
The numerical estimation of these contributions would need
to solve the transport equations [36,37] by considering the
additional invisible decay of # meson. We follow Ref. [34]
to neglect these regenerations and secondary scatterings
involved in a detailed cosmic-ray shower model and other
higher-order effects. This will lead to a smaller flux and
allow us to obtain a conservative result. Including these
secondary contributions would make our fit easier.

Since the inelastic proton-nitrogen cross section is
approximately constant in the relevant energy range, we
can absorb the /1 dependence of ¢, into a dilution factor
y,(h) for simplicity,

dg,(T,. h)

—L = y,(h)
dT, P

Ay (T . ) 2
ar,

where we set the boundary condition of suppression factor
as yply —180 km = 1. Then, we can substitute Eq. (2) into

suppression function (1), which yields

dy,(h)
dh

= opnnn(R)y, (h). 3)

After integration over the height, we can obtain the dilution
factor,

v, (h) = exp (—apN A m dian(iz)). @)

In the numerical calculation, we simulate the collision of
incoming CRs with the nitrogen via the process pN — X
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by the package cRMC [38—40], where X denotes the meson
produced in this inelastic collision. Then, these mesons will
decay to the on-shell dark matter mediator M plus the SM
particles, such as # — zM, which is followed by the two-
body decay M — yj.

Such a scenario can be realized in the hadrophilic dark
sector [41],

1
Ly = @D = my)r +50,59"S

- %m%SZ — (@ Sxixr + guSi ug +He.), (5)
where a scalar mediator S only couples to the up-quark.
The masses of hadrophilic mediator and dark matter are
donated by mg and m,,, while the couplings of mediator S
with the dark matter and up-quark are denoted by g5 and g,,,
respectively. Then, the resulting branching ratio of the new
n decay is given by

2

2 R2
Cs0,9uB m: m?,
B 0g) — 371 pRTE] I P e < 6
0= 78) = e, 2z ) ©

where the kinematic function A(a, b, ¢) = a*> + b* + ¢? —
2ab —2ac —2bc and B = m2/(m,, + my) ~ 2.6 GeV. The

coefficient Cyy0, = (\/45 cosf — \/% sin0)|g__oqo is the mix-

ing parameter of 5 and ' [42].

Since our mediator S is required to be produced on shell,
we focus on the mass range of mg < m, —m,. There is a
strong constraint on g, and mg from the decay of kaon
meson, such as K — zS(— yy). Using the result of the
search for K — zvw in the E787/949 experiment [43-46],
we derive the limit on the plane of g, and mg in Fig. 2, where
we assume g, = 1 and m, = mg X 107, It can be seen that

g, should be less than about 4 x 107¢ as mg < m,,, while in
the mass range of m, < mg < mg — m,, g, is allowed to be
larger. It should be noted that the conventional beam dump
experiments of searching for the decay products of new
particles that are produced in fixed-target collisions and
decay far downstream are not applicable because our
mediator § dominantly decays to DM. However, our atmos-
pheric dark matter (ADM) can be produced by the # meson
decay in primary collisions of protons in a beam dump, and
then elastically scatters with the nucleon. Hence, the null
result of the MINIBooNE experiment [47] gives a upper
bound g, <4 x 107, which is stronger than the limit
derived from the XENONIT data of the spin-independent
DM-nucleus scattering. On the other hand, due to the
huge QCD backgrounds, there is no limit on the process

"It should be noted that the neutral pion decay is usually a
sensitive way of searching for light DM, such as 7 — viy.
However, because of the parity conservation, this bound is not
applicable to our scalar mediator.

10’3E
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FIG. 2. The exclusion limits on the plane of the coupling g,
versus the scalar mediator mass mg, where the coupling g, = 1

and m, = mg x 10~*. The benchmark point (red bullet) is taken
as m, = 30 keV, mg = 300 MeV, g, = 1073, and g, = L.

pp — n — 1°(— yy) + Er in the LHC experiment. But it
is found that the search for the monojet events from
the process pp — gS(— yy) will require g, < 0.1 [41].
Therefore, to avoid the above constraints and produce the
sufficient flux to explain the XENONIT electron recoil
excess, we take g, = 107 and mg = 300 MeV as our
benchmark point (the red bullet in Fig. 2), which corresponds
to Br(y = myjy) ~1 x 107.

After being produced from the decays of mesons, the
flux of ADM will be further attenuated by the secondary
scattering in the Earth. Similar to the above, the attenuation
factor of dark matter can be written as

2l 0.) = exp <oy [ dentric) - ki) ). ()

where n is the number density of nucleus and Ry =
6378.1 km is the value of Earth radius and /; denotes
the line of sight distance between the point of dark matter
production and the detector,

£3(h,0) = (Rg + h)> + (Rg — hy)?
—2(Rg + h)(Rg — hy) cos @, (8)

where h; = 1.4 km is the depth of the detector and @ is the
angle between the point of dark matter production and the
detector. o,y is the elastic cross section between dark
matter and nucleus. Because of attenuation effects, the flux
of ADM will exponentially decrease as the DM-nucleon
spin-independent scattering cross section o5 2 10728 cm?.
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In our numerical calculations, we assume o;' = 1073 cm?,
which can escape the constraint from the null result of
XENONIT spin-independent DM-nucleon scattering [34].

Combining the dilution factor of cosmic ray y, and
the attenuation factor of dark matter y,, we can obtain
the differential flux of ADM at the depth of &, below the
surface of the Earth,

dd)p(hmax)dUpN—w;(y (9)
ar,  dT,

h max
dé2' _ /T,, ar L
dT)( T;:Iin pQ(Tp)

with the geometrical factor

hmax 2r +1
G :/ dh(Rg +h)2/ d(,{)/ dcos@
0 0 -1

yd(h’ 9; G)(N)yp(h’ 0)

(10)

The inelastic differential cross section is given by

dopN-ryy _ dOpn Uy
aT, dT, T
OpN
~IPBRG ). (1)
x

Here, we assume an isotropic scattering and take a uniform
distribution of the ADM kinetic energy.

As mentioned above, only the hadrophilic scalar media-
tor cannot account for XENONIT electron detection.
Therefore, we introduce an additional leptophilic vector
mediator A’ to communicate the dark matter and electrons,

Ly = g.ey'eAl, + g pr'yAl, + m2 A4, (12)
where g)’?' and g, are the couplings of mediator A" with the

dark matter and electron, respectively. mys is the mass of
mediator. Then, we can calculate the differential recoil rate by

dR ™ dep, do,,
:e(ER)nT/ ﬂ o ,
dER T'min dT)( dER

X

(13)

where n; = 4.2 x 10?7 is number density of xenon per ton
and e(Ey) is the detection efficiency [12]. The ADM flux
dgha) dT, is given by Eq. (3). For a fixed DM velocity, the
differential cross section of the ADM scattering with the
electron can be written as

do o Ima
xe — e 2 d F ) E
dEx Zmevf;/qm 44| F(@) "\ ng- Er)

o (14)

where ag = 1/(am,) is the Bohr radius. o, is the DM-free
electron scattering cross section at the given momentum
transfer ¢ = 1/ay. We attribute the momentum-dependent
effect into the dark matter form factor F(g). In the

nonrelativistic limit, the form factor is F(q) = (a*m2 +m?,)/
(¢*-+m?), while for boosted dark matter, it will rely on

the mediator mass m,, and the kinetic energy of dark
matter T’ 2

(@®m? + m?,)? 1

(¢ +m3,)?
X [2m,(m, +T,)* — Eg(m, + m,)*
+2m, ExT, + m E3).

|F(q)) =

2
2m,m;

(15)

It can be seen that such a factor will behave like (7', /m,,)* and
thus can be much larger than 1 when 7', > m,,. The function
fni(g, Eg) is the ionization form factor of an electron in the
(n, 1) shell with the recoil E. By using the given bound wave
functions and unbound wave functions, this form factor for
electron in the different shells is calculated in Refs. [48,49].
The limits of integration of the momentum transfer g;, and
(max are given by

_ 2,2
Aminmax = My 0V, F \/ nmy,vy — zm)(ER’

where v, is the velocity of ADM inits scattering with electron.

(16)

III. XENONIT ELECTRON RECOIL EXCESS

In Fig. 3, we show the flux of ADM and the # meson. It
can be seen that the flux of ADM has a peak in the (semi)
relativistic velocity region. Besides, we find that the flux of
ADM is insensitive to the masses of the mediator and dark
matter when they are produced on shell. This is because the

107 w
; 7 Flux
_ 10
6L =
10°F §
; 10_2/\
Too107r g
n <
‘TS s
3 10°5 0
= o8k 10 10
HX
=
<
<, 107
&~
m,, = 30 keV
10'10 mg = 300 MeV 1
BR(n = mxx) =1x107°
10.11 1 1 1
107 103 102 107 100
T, [GeV]
FIG. 3. The expected flux of ADM and # meson. The bench-

mark point is the same as that in Fig. 2. The nucleon spin-
independent cross section o, = 1073* cm? and the branching
ratio Br(y — my7) = 1 x 107 are assumed.
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FIG. 4. Same as Fig. 3, but for the ADM fit of XENONIT
electron recoil data. The signal and background (no tritium
contribution) are plotted in the yellow dashed line and purple
solid line, respectively. The XENONIT data points are taken
from Ref. [12] and are shown in black.

DM produced from 5 meson decay has the kinetic energy

T —T. . m,2,+m§—mf, ~ 2
X n 4m$ — 4~

meson is strongly correlated with the power law of the
primary CRs [35], it will produce a peak of T, at ~2 GeV
and then lead to a peak of 7, at ~0.5 GeV.

In Fig. 4, we present a fit of ADM to the XENONIT
electron recoil data by using Eq. (13). Thanks to the
boosted effect of the CRs, our ADM can be energetic
and produce the observed signal. From Eq. (14), we note
that the tendency of the recoil spectrum is mainly affected
by the mass and velocity of ADM (see also, e.g., a model-
independent study in Ref. [18]). From the above discus-
sions, we have known that the velocity of ADM is
determined by the primary CRs, and thus the limits of
integration of the momentum transfer ¢,;, and ¢, in
Eq. (16) are only dependent on the mass of ADM for a
given recoil energy Eg. The form factor F(g) and ioniza-
tion factor f(q, Eg) can change the number of events but
only slightly affect the position of the peak. By varying the
values of DM mass m,, and the DM-free electron scattering
cross section o,, we find that the ADM with a mass of
10-30 keV can fit the whole observed spectrum well. A
heavier ADM will result in the deviation of predicted
spectrum from the data.

In Fig. 5, we present the dependence of ADM-electron
scattering cross section on the mass of ADM, in which
each point on the red curve is required to fit the electron
recoil spectrum in XENONIT. Besides, we also show
the exclusion limits from the Super-Kamiokande neutrino
experiment and the solar reflection. It can be seen that

Since the kinetic energy of 7

& 10%F e S
1038k \ ]
my = 500 MeV
mg = 300 MeV
BR(n — mxx) =1 x 107
10740 '
100 10° 102
my [keV]
FIG. 5. The ADM-electron scattering cross section versus the

mass of ADM (red curve). The exclusion limits from Super-
Kamiokande neutrino experiment [50] and solar reflection [25]
are also shown.

our ADM-electron scattering cross sections vary from
O(1073%) to approximately O(107*) cm?, which are much
smaller than those exclusion limits. Since our model for
XENONIT excess is highly predictive, the XENON-nT
may be able to test it in the future. On the other hand, we
should mention that our ADM-electron scattering cross
section is also sensitive to the branching ratio of # meson
decay. Therefore, we can expect the future precision
measurements of the light meson rare decay n — 7 + E;
in the low-energy experiments would provide a comple-
mentary probe of our ADM.

Finally, we discuss the possible way to achieve the
correct DM relic density in our scenario. As known, the
thermal freeze-out DM in the keV range is essentially ruled
out, although some exceptions exist [51,52]. On the other
hand, such a light DM can be produced from freeze-in [53]
as well. With the calculations in Ref. [54], we find that
the correct relic density for a 10-30 keV ADM requires o,
to be around 107%¢ cm?2, which is below the value needed
for XENONIT anomaly. In other words, if we insist on
explaining the XENONIT excess, the corresponding relic
density of DM will be larger than the experimental value.
However, this paradox can be solved if the dark sector is
diluted during the cosmological evolution [55]. The dilu-
tion may be produced by the decay of a heavy state, such as
a long-lived moduli field or a messenger field. When the
mediator is much heavier than the DM, the entropy injected
into the SM will not feed back again. This mechanism has
been proposed to solve the gravitino problem [56,57] and
Hubble tension [58] and then is extended to the vector
portal model [55]. We leave the detailed study in our future
work.

115028-5



SU, WANG, WU, YANG, and ZHU

PHYS. REV. D 102, 115028 (2020)

IV. CONCLUSIONS

The very recent XENONIT electron recoil excess in
the keV range may be the evidence of the light dark matter.
We proposed the atmospheric dark matter from the inelastic
collision of cosmic rays with the atmosphere to interpret
this excess. Because of the acceleration effect from high-
energy cosmic rays, we found that the light ADM can
obtain enough kinetic energy and successfully fit the
observed electron recoil spectrum via scattering with the
electron. Besides, our ADM can also evade other direct
detection constraints because of the momentum-dependent
relativistic atomic form factor. On the other hand, since the
ADM is produced from the meson decay in the cosmic-ray
shower, the precision measurements of the light meson
exotic decay # — 7 + E can test our ADM in the future.
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