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The Earth-stopping effect plays a crucial role in the direct detection of sub-GeV dark matter. Besides the
elastic scattering process, the quasielastic and deep inelastic scatterings between dark matter and nucleus
that are usually neglected can dominate the interaction, especially in the accelerated dark matter scenarios,
which may affect the dark matter detection sensitivity significantly for the underground experiments. We
calculate such inelastic scattering contributions in the Earth-stopping effect and illustrate the essence of our
argument with the atmospheric dark matter. With the available data, we find that the resulting upper limits
on the atmospheric dark matter-nucleus scattering cross section can differ from those only considering the
elastic scattering process by about 1 order of magnitude.
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I. INTRODUCTION

There is overwhelming evidence for the existence of dark
matter (DM), but the fundamental nature of DM remains a
mystery. So far, many well-motivated DM candidates have
been proposed, such as weakly interacting massive par-
ticles (WIMPs) [1,2], whose masses vary from GeV=c2 to
TeV=c2. However, there has been no conclusive evidence
for WIMPs yet from underground experiments [3–5].
Beyond the WIMPs, the light DM with mass below
GeV=c2 is another popular thermal candidate and is
naturally predicted if the DM couples very weakly to the
visible sector [6–12]. A large parameter space with the DM
masses in the keV=c2 to GeV=c2 range is still unexplored
by conventional direct detection experiments. It facilitates
the development of new detection mechanisms and target
materials (see the recent review, e.g., [13,14] and references
therein).
Sub-GeV DM with large Lorentz boost is of particular

interest, for instance, boosted DM [15–17], solar reflection

DM [18–21], cosmic ray boosted DM [22–34], and
atmospheric DM (ADM) [35–39]. The kinetic energy of
these accelerated DM particles can reach up to 1 GeV or
even higher. This allows sub-GeV DM particles to induce
detectable recoil signals in direct detection experiments.
Note that, after being produced, the accelerated sub-GeV
DM will pass through the Earth medium to reach under-
ground detectors. Due to the DM-Earth interaction, they
will lose energy and thus get attenuated, namely Earth-
stopping effect [40–43]. In many previous works, only
elastic scattering (ES) is considered in the DM-Earth
interaction. This assumption is reasonable for DM with
low kinetic energy. However, for accelerated DM, the
quasielastic scattering (QES) and deep inelastic scattering
(DIS), can dominate the DM-Earth interaction. The impor-
tance of this problem has been mentioned in [15,22,44,45].
Using the results of the neutrino-nucleus inelastic scattering
in the standard model (SM), the impact was estimated
in Ref. [45].
In this article we, for the first time, carry out the first

principle calculation of the QES and DIS contributions in
the Earth stopping effect for accelerated sub-GeV DM. We
provide a general and consistent framework to obtain the
sensitivity of the accelerated DM in direct detection. The
sub-GeVADM model with a scalar mediator is considered,
where the collisions of cosmic rays with the atmosphere
produce energetic mesons, and the mesons then decay into
DMs. Such a DM particle obtains a large Lorentz boost
from the decay of mesons. To model the DM propagation
in the Earth, we take two benchmark models, “single
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scattering” [42] and “straight lines” [22,43]. Including the
contributions of the inelastic scattering, we find the new
upper bound of the ADM-nucleus scattering cross section
can be changed by about 1 order of magnitude in
comparison with that based on the elastic scattering only.
Although we focus on the scalar mediator, our argument is
general and can be extended to, for instance, vector
mediator.

II. DM-NUCLEUS INELASTIC SCATTERING

We calculate the DM-nucleus scattering in a simplified
DMmodel with the scalar mediator [46]. The relevant DM-
quark interactions are given by

LI ¼ gχSχ̄LχR þ gqSq̄LqR; ð1Þ

where gχ and gq are the couplings of mediator S with dark
matter and quarks, respectively. We take q ¼ fu; ūg in our
calculations. The corresponding effective Lagrangian of
DM-nucleus interaction can be written as [46,47]

LI ¼ gχSχ̄LχR þ gASĀLARFðQ2Þ; ð2Þ

where gA ¼ ZgpS þ ðA − ZÞgnS are the couplings of
mediator S with the nucleus A. The couplings gpS ¼
0.014gqmp=mq and gnS ¼ 0.012gqmn=mq are the cou-
plings of mediator S with proton and neutron, respectively.
For simplicity, we assume gnS ¼ gpS in our calculations.
The nuclear form factor, FðQ2Þ, takes the Helm form
factor [48] in this work. As the inverse of momentum
transfer to the scatterer is larger than the radius of the
scatterer, the DM-nucleus scattering cross section is domi-
nated by the elastic interaction, which is explicitly given in
the Appendix. However, for a boosted sub-GeV DM, the
QES and DIS processes must be considered in the high
kinetic energy region. In the former, one or more nucleons
are dislodged or excited inside atom A, but in the latter, the
nucleus will disintegrate into a large number of hadrons.

A. Deep inelastic scattering

Under the parton model, the DM-nucleus DIS can
be simplified to χðkÞ þ qðxpÞ → χðk0Þ þ q0ðp0Þ, where
x ¼ Q2=ð2mAωÞ is defined as the Bjorken scaling variable.
It is a function of transfer energy ν and the square of
transfer momentum Q2≡−q2¼−ðk−k0Þ2¼2EχðEχ−ωÞ
−2jk⃗jjk⃗j0 cos θ−2m2

χ , where θ is the scattering angle
between DM and quarks. In the rest frame of the target
particle, the differential cross section of DIS is given by

dσDIS
dωdQ2

¼
X
q

σ̄ng2qm4
Sð4m2

χ þQ2Þð4m2
q þQ2ÞfAqðx;Q2Þ

32g2pSμ
2
nmAQ2ðE2

χ −m2
χÞðQ2 þm2

SÞ2
;

ð3Þ

where the momentum-independent DM-nucleon scattering
cross section σ̄n ≡ g2χg2pSμ

2
n=πm4

S. The function f
A
qðx;Q2Þ is

the nuclear parton distributions [49,50].

B. Quasielastic scattering

At moderate incident energy, the DM elastically scatters
with the quasifree nucleons bounded in a nucleus,
χðkÞ þ AðpAÞ → χðk0Þ þ Xð→ N þ YÞ, which N and
Y ¼ ðA − 1Þ denote nucleon and residual nucleus, respec-
tively. In Born approximation, the double differential cross
section of DM-nucleus QES via a scalar mediator can be
given by

dσQE
dE0

χdΩ
¼ σ̄nm4

S

16πμ2n

jk⃗0j
jk⃗j

XSWS

ðQ2 þm2
SÞ2

; ð4Þ

where E0
χ is the outgoing DM energy. The DM tensor and

nuclear tensor, XS and WS, are defined as

XS ¼
X

hχjjSχ jχ0ihχ0jjSχ jχi ¼ 4m2
χ þQ2;

WS ¼
X

hAjJSð0ÞjXihXjJSð0ÞjAiδðpi − pfÞ; ð5Þ

where jSχ and JS are the DM and nuclear scalar current
operators, respectively. In the low momentum transfers,WS

can be obtained by the nuclear many-body theory [51]
which regards the initial and final states as nonrelativistic
wave functions, and the current operator is expanded by the
Taylor series of jq⃗j=mN . However, the nonrelativistic wave
functions are improper for the final state jXi with high
momentum transfer, for instance, the incident energy of
DM is larger than several hundred MeV.
The IA is an excellent scheme to calculate the

inclusive cross section of QES for the high momentum
transfer [52–56]. It assumes that i) the DM-nucleus
scattering is reduced to the incoherent sum of the scattering
processes involving individual nucleons; ii) the nucleon N
and residual nucleus (A − 1) after scattering are indepen-
dent. We neglect the dynamical final state interactions but
consider the effect of Pauli blocking in this work. Under
the IA scheme, the nuclear current operator JSð0Þ can be
calculated as the sum of individual nucleon currents
JS →

P
N jSN , and the final state jXi can be separated to

the knockout nucleon jx; p⃗0i and the residual nucleus
jY; p⃗Yi, as shown in Fig. 1, jXi → jx; p⃗0i ⊗ jY; p⃗Yi.
The inclusive differential cross section of the

DM-nucleus QES can be given by

dσQE
dE0

χdΩ
¼ Z

dσp
dE0

χdΩ
þ ðA − ZÞ dσn

dE0
χdΩ

; ð6Þ

with
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dσN
dE0

χdΩ
¼ σ̄nm4

S

16πμ2nðQ2 þm2
SÞ2

jk⃗0j
jk⃗j

Z
d3p⃗dE

m2
N

Ep⃗Ep⃗0
Pðp⃗; EÞ

× Θðjp⃗0j − pFÞδðω − EþmN − E0
0ÞXSHS

N:

ð7Þ

Here N ¼ fp; ng and Θðjp⃗0j − pFÞ come from the nuclear
Pauli blocking, and pF is Fermi momentum. Note that
mN=Ep⃗ and mN=Ep⃗0 are the covariant normalization
factors. The hadronic tensor, HS, is defined by

HS
N ¼

X
hN; p⃗jjSN jx; p⃗þ q⃗ihp⃗þ q⃗; xjjSN jN; p⃗i

¼ 1

2
Tr

�
ΓS =pþmN

2mN
ΓS† =p

0 þmN

2mN

�
; ð8Þ

with

ΓS ¼ FSðQ2Þ; ð9Þ

where FSðQ2Þ is the scalar nucleon form factor [57]. In this
work, we employ the scalar form factor FSðQ2Þ=FSð0Þ in

Ref. [58], where the scalar form factor at Q2 ¼ 0
has already been incorporated into the nucleon coupling
gpS. It should be noted that the transfer momentum Q in
Eq. (7) is not only transferred to the interacting nucleon
but also the residual nucleus system. Thus, we have to
handle the problem with the off-shell kinematics [59],
i.e., q≡ ðω; q⃗Þ → q̃≡ ðω̃; q⃗Þ, where the transfer energy
ω̃ ¼ Ep⃗0 − Ep⃗ ¼ ω − EþmN − Ep⃗. The spectral function
of the target nucleus, Pðp⃗; EÞ in Eq. (7), represents
the probability of removing a nucleon with momentum
p⃗ and removal energy E from the bound state of the
nucleus [52,60],

Pðp⃗; EÞ ¼
X
Y

jhAjY; p⃗YijN; p⃗ij2δðE −mN þ E0 − EYÞ:

ð10Þ

In Fig. 2, we show the ratio of scattering cross sections,
Rσi ≡ σi=σtot, as the function of the DM kinetic energy Tχ

for different mediator masses, where i ¼ ES, QES, DIS.
We consider the oxygen and iron nuclei in the Earth, which
are the most abundant elements in bulk Earth, and their
number density profiles can be obtained from Ref. [61,62].
It can be seen that the contribution of each process
depends on the scalar mediator mass. For instance, when
mS ¼ 0.03 GeV, the cross section of the elastic scattering
(blue lines) is always larger than the inelastic scattering (red
and green lines). However, for mS ¼ 0.3 GeV=c2, the QES
becomes the dominant contribution in Tχ ≳ 200 MeV
range. If mS ¼ 30 GeV=c2, then the DIS is non-negligible
when Tχ ≳ 1 GeV. These results can be understood as
follows: the elastic and inelastic scattering processes occur
in the low and high momentum transfer Q regions,
respectively. When the mediator mass mS is much smaller
than the typical value of QES, the elastic scattering cross
section can be enhanced by ∼1=Q4

ES as compared with the

FIG. 2. The ratio Rσi as the function of DM kinetic energy Tχ at the DM mass mχ ¼ 10 MeV for different mediator masses
mS ¼ 0.03 GeV (left panel), 0.3 GeV (middle panel), and 30 GeV (right panel). The solid and dotted lines denote the DM-oxygen and
DM-iron scattering, respectively.

FIG. 1. The diagrammatic sketch of DM-nucleus QES under
the impulse approximation (IA) scheme.
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inelastic scattering processes, due to QES ≪ QQES;DIS. On
the other hand, if the mediator mass mS is much larger than
QES, then this enhancement in elastic scattering disappears.
Such behaviors also appear in the DM-nucleus scattering
via exchanging a dark photon, where the QES and DIS
are dominant when the dark photon mass is greater than
Oð1Þ GeV. These findings were missed in Ref. [45]
because it is based on the assumption of the heavy Z
mediator and V − A interaction. For a general case, e.g., a
light mediator or other interactions, their approach is not
applicable.

III. EARTH STOPPING

We take theADMas a boostedDMbenchmarkmodel and
consider the contribution of the proton (p) in cosmic rays
(CRs) colliding with the nitrogen (N) in the atmosphere.
ADM is produced by the inelastic collision between the CRs
and the atmosphere on Earth, i.e., pþ N → M → χχ̄ þ X,
where the meson M promptly decays into the DM
pair χχ̄ and other SM particles X via an on-shell scalar
mediator S. We focus on η meson decay process,
η → π0Sð→ χχ̄Þ, which requires the mediator mass mS to
satisfy 2mχ < mS < mη −mπ0. Besides, given the con-
straints from the MINIBooNE experiment and the kaon
meson decays [63,64], we adopt the appropriate parameters,
mS ¼ 300 MeV=c2 and Br½η → πSð→ χχ̄Þ� ¼ 10−5.
Then, we use two benchmark Earth-stopping models to

show the effects of inelastic scattering on the flux of the
ADM reaching the detector. One model assumes that the
ADM scatters with nuclei at most once, i.e., the “single
scatter” approximation [42]. Thus, the differential flux of
the ADM around the detector is given by

dΦz
χ

dTz
χ
¼ 2π

Z
1

−1
PsurvðTχ ; cos θÞ

dΦχ

dTχdΩ
d cos θ; ð11Þ

where Tz
χ is the kinetic energy of the ADM at the detector.

Psurv is the survival probability of the ADM as it reaches
the detector. The explicit calculation is given in the
Appendix.
The other model assumes that the DM particles travel in

straight lines and lose energy due to the DM-Earth scatter-
ing, which we refer to as straight lines approximation [43].
The ADM differential flux around the detector is given by

dΦz
χ

dTz
χ
¼

Z
dTχ

dTz
χ

dΦχ

dTχdΩ
dΩ: ð12Þ

Here dTχ=dTz
χ can be obtained by solving the energy loss

function [22,45]. Although there are some Monte Carlo
simulations of DM trajectories [65–71], these two bench-
mark models are enough to show the effects of inelastic
scattering in the Earth-stopping.

Figure 3 shows the expected differential flux of ADM
reaching the Xenon1T detector. Since the number of DIS
events is negligible in the ADM (see Fig. 2), we consider
the contribution of the QES, which becomes sizable in the
DM kinetic energy region, Tχ ≳ 200 MeV. Including the
QES can enhance the DM-Earth scattering cross section,
and thus reduce the ADM flux at the detector in the high Tχ

region. In the straight lines approximation, ADMs travel
along straight lines and lose energy as they interact with
nuclei. This makes a portion of highly boosted ADMs that
involve in the QES contribute to the low energy region as
comparison with the transparent Earth and single scatter
cases. For example, a ∼10 MeV ADM with an initial
energy of Tχ ∼ 1 GeV could be shifted to Tz

χ ∼ 0.1 GeV
region. On the other hand, ADMs for the single scatter
approximation undergo, at most, one scattering as they
travel through the Earth. The differential ADM flux
at the detector is almost negatively correlated with the
scattering cross section [cf. Eqs. (11) and (A2)]. Therefore,
the ADM flux for the single scatter approximation is
greatly reduced in Tχ ∈ ½0.01; 0.1� GeV because the
DM-nucleus ES cross section is enhanced by the momen-
tum transfer effect of the light DM [72]. While for the larger
Tχ , the ES cross section is highly suppressed by the nuclear
form factor.

IV. EXCLUSION LIMITS

With the above differential flux, we can evaluate the
nuclear recoil rate of the ADM in Xenon1T experiment,

R ¼ NT

Z
Emax
R

Emin
R

dER

Z
Tz;max
χ

Tz;min
χ

ϵðERÞ
dΦz

χ

dTz
χ

dσ
dER

dTz
χ ; ð13Þ

FIG. 3. The expected differential flux of ADM at the
Xenon1T experiment for single scatter (green lines) and straight
lines (red lines) without (dotted lines) and with (solid lines) QES.
Here we assume mχ ¼ 0.01 GeV=c2, mS ¼ 300 MeV=c2, σ̄n ¼
5× 10−29 cm2, and Br½η → πSð→ χχ̄Þ� ¼ 10−5. The result in the
transparent Earth case is also plotted (blue dotted line).
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where NT and ϵ are the number density of Xenon and the
detector efficiency with the nuclear recoil energy ER,
respectively. Based on the 90% confidence level data of
Xenon1T [73], we employ the method in Ref. [22] to derive
the exclusion limits. In Fig. 4, we show the exclusion limits
on the momentum-independent ADM-nucleon scattering
cross section σ̄n. We can see that there are upper bounds on
scattering cross section σ̄n because of the Earth-stopping
effect. Besides, comparing with the ES only, we find that
the upper bounds including the DM-Earth QES can be
changed by about 1 order of magnitude. Note that the
upper limits in the “straight line” approximation are likely
overestimated because the scattering of our sub-GeV DM
against heavy nuclei in the reality would yield a recoil angle
that is roughly isotropic in the frame of the Earth. On the
other hand, the lower bounds are almost the same even
considering QES because the Earth-stopping effect is very
weak for the small scattering cross section. However,

in the single scatter approximation, there is a factor of 2
difference between the lower bounds for (quasi-)elastic
scattering and transparency. This arises from the fact that
the DMs are likely scattered away during their traveling
from the hemisphere behind the detector. Consequently, for
single scatter, almost half of the DMs are unable to reach
the detector as a comparison with the transparency approxi-
mation. In contrast, for the straight lines approximation, all
DMs traveling toward the detector will reach it, albeit
with some energy loss in their traveling. The amount of
energy loss is determined by the DM-nucleus scattering
cross section. For the lower limits, due to the very small
scattering cross section, DMs can still produce observable
nuclear recoil energy. Thus, the lower bounds in straight
lines approximation are similar to those in the transparency
approximation.

V. CONCLUSION

Based on the first principle calculations, we find that the
inelastic accelerated sub-GeV DM-Earth scattering can be
the dominant contribution in the Earth-stopping effect. The
mediator mass will affect the relative size of the elastic and
inelastic scattering cross sections. Including the inelastic
contribution in the Earth-stopping effect can change the
upper bound on the DM-nucleus scattering by about 1 order
of magnitude in the Xenon1T direct detection.
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APPENDIX

1. Coherent DM-nucleus elastic scattering

The differential cross section of coherent DM-nucleus
elastic scattering is given by

dσES
dER

¼ σ̄nA2m4
SF

2ðERÞ
32μ2nmAð2mAER þm2

SÞ2ðE2
χ −m2

χÞ
× ð4m2

χ þ 2mAERÞð4m2
A þ 2mAERÞ; ðA1Þ

where Eχ is the incoming DM energy, and μn is the reduced
mass of DM and nucleon. The recoil energy ER ¼ Q2=2mA
is the function of momentum transfer Q and nucleus
mass mA.

2. Survival probability

The survival probability in single scatter approximation
is defined as

FIG. 4. The exclusion limits on the momentum-independent
ADM-nucleon scattering cross section σ̄n ≡ g2χg2pSμ

2
n=πm4

S versus
the DMmassmχ for single scatter (upper panel) and straight lines
(lower panel). The green, orange, and red regions denote the
results for the transparent Earth, Earth stopping with the ES only,
and with ES plus QES, respectively. We assume mS ¼ 300 MeV
and Br½η → πSð→ χχ̄Þ� ¼ 10−5.
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PsurvðTχ ; cos θÞ ¼ exp

�
−
X
i

deff;iðcos θÞ
λ̄iðTχÞ

�
: ðA2Þ

Here θ is the angle between DM incoming direction and the
Earth’s core/detector axis. Note that λ̄i ¼ ½σtoti ðTχÞn̄i�−1 is
the average mean free path, and niðn̄iÞ is the (average)
number density of Earth species i. The effective Earth-
crossing distance, deff;iðcos θÞ, is defined by

deff;i ≈

8>><
>>:

Z
RE

RE sin θ

2rniðrÞdr
n̄i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 − R2

Esin
2 θ

p ; θ ∈
h
0;
π

2

i
Z

RE

RE−zD

niðrÞ
n̄i

dr; θ ∈
hπ
2
; π
i
;

ðA3Þ

where RE ¼ 6378.14 km and zD ¼ 1.4 km are the Earth’s
radius and the depth of Xenon1T experiment, respectively.
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