
UCI-HEP-TR-2024-07

Cosmic Ray-Boosted Dark Matter at IceCube

Christopher V. Cappiello,1, 2, 3, ∗ Qinrui Liu,1, 2, 3, † Gopolang Mohlabeng,4, 5, ‡ and Aaron C. Vincent1, 2, 3, §

1Department of Physics, Engineering Physics, and Astronomy,
Queen’s University, Kingston, Ontario, K7N 3N6, Canada

2Arthur B. McDonald Canadian Astroparticle Physics Research Institute, Kingston ON K7L 3N6, Canada
3Perimeter Institute for Theoretical Physics, Waterloo, Ontario, N2L 2Y5, Canada

4Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
5Department of Physics, Simon Fraser University, Burnaby, BC, V5A 1S6, Canada

Cosmic ray (CR) upscattering of dark matter is considered as one of the most straightforward
mechanisms to accelerate ambient dark matter, making it detectable at high threshold, large volume
experiments. In this work, we revisit CR upscattered dark matter signals at the IceCube detector,
focusing on lower energy data than was considered before. We consider both scattering with electrons
and nuclei. In the latter, we include both elastic and deep-inelastic scattering computations. As
concrete examples, we consider two benchmark models; Fermion dark matter with vector and scalar
mediators. We compare our model projections with the most current constraints and show that the
IceCube detector can detect CR-boosted dark matter especially with masses below ∼ 100 keV when
scattering with electrons and ∼ MeV in the nucleon scattering case.

I. INTRODUCTION

Despite the overwhelming evidence for its existence
as well as constituting the majority of the matter in
the universe, dark matter (DM) is yet to be detected
non-gravitationally [1–3]. This makes its identification
one of the most urgent problems in modern science. For
decades, underground direct detection experiments have
been searching for Weakly Interacting Massive Particles
(WIMPs), that lie in the ∼ 1 GeV - 100 TeV mass range.
A possible explanation for it evading detection, is that
it could be too light to trigger recoils in typical large
detectors that search for WIMPs. This problem can
be circumvented by: 1) searching instead for electronic
recoils that can be produced by very light DM [4, 5],
and 2) accelerating dark matter to high velocity, thus
increasing the energy it can deposit in a detector.

One such acceleration mechanism is dark matter up-
scattering by cosmic rays (CRs), proposed in Ref. [6]. If
dark matter has a nonzero cross section to scatter with
nucleons or electrons, cosmic ray-dark matter collisions
are an unavoidable consequence. These collisions can ac-
celerate dark matter to relativistic speeds, and for a large
enough scattering cross section, the flux of this acceler-
ated dark matter can be detectable. Numerous theoret-
ical and experimental works have set limits on (or re-
ported sensitivities to) sub-GeV dark matter based on
this process [6–30]. Several related astrophysical accel-
eration processes have also been studied in Refs. [31–
43]. Other acceleration mechanisms arising from multi-
component dark sectors have also been considered in
Refs. [44–49] and references therein.
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In this work, we consider cosmic ray-boosted dark
matter interacting in the IceCube detector. IceCube has
been considered in this context before, in Refs. [14, 15],
the latter of which we follow closely when modeling
dark matter-proton scattering. In this article, we build
on the work in the current literature in the following
ways; We consider dark matter-electron scattering in
addition to dark matter-proton scattering, which is
yet to be explored at detectors like IceCube. We also
include lower energy data than was used in Ref. [15] in
order to improve sensitivity. In addition, we provide
limits using two benchmark models: a fermionic dark
matter candidate, interacting with the standard model
via either a vector mediator or scalar. We show the
limits and prospects of detection at IceCube, in each case.

The remainder of this article is largely divided between
dark matter-electron and dark matter-nucleon scatter-
ing. Sec. II focuses on dark matter-electron scattering,
with four subsections detailing the upscattering by cos-
mic rays, propagation through the ice to the IceCube de-
tector volume, comparison of the dark matter event rate
to IceCube data, and the resulting limits, respectively.
Sec. III begins with a discussion of deep inelastic scat-
tering (DIS), then focuses on dark matter-nucleon scat-
tering using the same framework as the previous Section.
In Sec. IV, we summarize our results.

II. DARK MATTER-ELECTRON SCATTERING

A. Upscattering of Dark matter by Cosmic Ray
Electrons

In this subsection, we consider Galactic, electron cos-
mic rays colliding with DM particles in the Milky Way
halo. We begin with upscattering by electron CRs, but
in the following equations we leave the CR species i un-
specified, so that they may be used for proton CRs in
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Sec. III. The flux of upscattered DM due to collisions
with CR species i is written as

dΦχ

dTχ
=

∫
dΩ

4π

∫
l.o.s.

dl
ρχ(r)

mχ

∫
dTi

dσχi

dTχ

dΦi

dTi
, (1)

where ρχ(r) is the local DM density, mχ is the DM mass,
and Tχ is the outgoing DM kinetic energy. For the CR

spectrum dΦi

dTi
, we use the local spectrum of CR electrons

measured by VERITAS [50], which extends into the TeV
range; because of IceCube’s energy range, we are only
interested in CRs with at least TeV-scale energies.

If one assumes that the shape of the CR spectrum is
independent of the exact position in the Galaxy, then
all information about the spatial distribution of DM and
CRs can be absorbed into an effective distance parameter
Deff , resulting in the simplified formula

dΦχ

dTχ
= Deff

ρχ
mχ

∫ ∞

Tmin
i

dTi
dσχi

dTχ

dΦi

dTi
. (2)

In this work, we set Deff = 10 kpc, which is consistent
with several recent works on the topic, including several
which use GALPROP [51] to model the spatial distribu-
tion of CRs [15, 23, 26]. This value is consistent with
a Navarro-Frenk-White (NFW) profile [52] with a scale
radius of 20 kpc. We take ρχ = 0.3 GeV / cm3 as the
local dark matter density.

The cross section
dσχi

dTχ
depends on the interaction

model. In this work, we consider fermionic DM scatter-
ing via either a vector or scalar mediator. For a vector
mediator, the differential cross section is given by

dσχe

dTχ
=

g2χg
2
emχ

4π(m2
V +Q2)2

2(m2
e +m2

χ − s)2 − 2sQ2 +Q4

m4
e + (m2

χ − s)2 − 2m2
em

2
χ − 2m2

es
,

(3)
where mV is the mediator mass, s = m2

χ+m2
e+2mχ(Te+

me) is the center-of-momentum energy squared, and
Q2 = 2mχTχ is the positive four-momentum transfer
squared.

For a scalar mediator, the cross section takes the form

dσχe

dTχ
=

g2χg
2
e

32π(m2
ϕ +Q2)2

(Q2 + 4m2
χ)(Q

2 + 4m2
e)

mχ(T 2
e + 2meTe)

. (4)

When a relativistic electron scatters with a stationary
DM particle, the recoil kinetic energy of the DM is given
by

Tχ =
T 2
e + 2meTe

Te + (me +mχ)2/(2mχ)

(
1− cos θ

2

)
, (5)

where θ is the center-of-momentum frame scattering an-
gle.

Given these cross sections, we can compute the flux
of upscattered DM reaching Earth. Because we con-
sider relatively large relativistic cross sections, we as-
sume that any DM propagating toward IceCube from
below the horizon is completely blocked, and consider
only downgoing events (see Subsection IIC for a descrip-
tion of the data). This is a common assumption, used
in e.g. Refs. [20, 28] for boosted DM and Ref. [53] for
nonrelativistic DM, and is at most mildly conservative.
As IceCube is located at the South Pole, this means that
we consider only DM arriving from the southern sky. We
conservatively assume that exactly half of the total DM
flux arrives from above the horizon. In reality, because
the Galactic Center is located in the southern sky and
is the direction from which upscattered DM preferen-
tially arrives, more than half the total flux should arrive
from above the horizon. However, this choice is conser-
vative, and only affects our limits at the O(10%) level
(see Ref. [28], which considered the daily modulation of
such a signal due to the rotation of the Earth).

B. Propagation to IceCube

The IceCube detector volume is located approximately
1.45 km below the surface of the ice [54]. This means
that we must model the propagation of DM through at
least 1.45 km of ice to derive its true energy spectrum at
IceCube. This propagation is modeled using a modified
version of the nuFATE software [55]. nuFATE was de-
signed for propagation of neutrinos through the Earth,
but can be modified to handle relativistic DM propaga-
tion by substituting our own differential and total DM
cross sections for the neutrino cross sections used in the
code. nuFATE assumes that the neutrinos (or in our case,
DM particles) travel along straight trajectories, which is
a good assumption when the DM kinetic energy Tχ is
much greater than the relevant mass scales.

If a DM particle collides with an electron in the outer
90 m of the detector volume, it may be vetoed by the
active veto described in Refs. [54, 56]. To avoid this, we
require that a DM particle never scatter in this active
veto layer with a deposited energy of over 100 GeV. The
effect of this veto on the detected flux is relatively small
compared to energy loss in the previous 1.45 km of ice.

Finally, we consider only DM particles that scatter ex-
actly once in the detector volume. At large enough cross
sections, particularly when attenuation in the ice over-
burden is important, DM particles may scatter multiple
times, giving rise to a distinctive “double-bang” signal,
or to several interactions that could resemble a track.
We ignore all such events, because the data to which we
compare consists of all single events. We note, however,
that “double-bang” and track-like signals of new physics
at IceCube have been discussed in previous work [57–62].
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C. Event Rate and Data Analysis

We search for signals of CR-boosted DM at IceCube
using 641 days of containted neutrino events reported in
Ref. [54]. This reference reports measurements of astro-
physical and atmospheric neutrino fluxes down to ener-
gies of approximately 1 TeV. This dataset was chosen
specifically because of the relatively low energies consid-
ered: because of the steepness of the Galactic CR spec-
tra, the flux of upscattered DM also falls with energy.
These are contained events, such that the overwhelming
downgoing atmospheric muon background is suppressed.
Therefore, we chose low-energy IceCube data in order to
take advantage of the large IceCube volume while maxi-
mizing the detectable flux of DM particles.

Given a DM flux reaching IceCube, we can compute
the event rate as

dR

dEdep
=

(
5

9

)
NATexp

∫ ∞

Tχ,min

Meff (Edep)
dσχe

dEdep

dΦχ

dTχ
,

(6)
where Edep is the energy transferred from the DM to a
target electron, which can be obtained by switching e
and χ in Eq. 5. Texp = 641 days is the exposure time,
NA is Avogadro’s Number, the factor of 5

9 is the number
of electrons per nucleon in ice, and Meff is the energy-
dependent effective mass. We compute the effective mass
from the effective area reported in the supplementary
material of Ref. [54] using the procedure described in
Ref. [63]. We compare the spectrum of DM-induced
events with the observed events reported in Ref. [54]. The
reported data is divided between the northern and south-
ern sky, with the southern sky defined by cos(θ) > 0.2,
where θ is the zenith angle. We consider only southern
sky events, and consider only DM arriving from within
this zenith angle range. As mentioned above, we assume
the incoming DM flux is isotropic, a conservative choice
given that the Galactic Center is in the southern sky. We
perform a binned likelihood analysis, including as back-
ground components the expected atmospheric neutrino,
astrophysical neutrino, and penetrating muon fluxes re-
ported in Ref. [54]. Although in Ref. [54] the power law
index γ of the astrophysical neutrino flux was allowed to
vary, in the energy range relevant for DM signals, the
atmospheric neutrino flux inferred by IceCube is always
subdominant to other backgrounds. For this reason, we
fix γ to the best fit value of 2.46 found in Ref. [54]. We
thus fix the shapes of the background rates to be those
reported in Ref. [54], but allow the normalizations of the
astrophysical neutrino, atmospheric neutrino, and pene-
trating muon fluxes to vary. We define the likelihood:

L =
∏
bins i

e−λiλni
i

ni!
, (7)

where ni is the observed number of events in bin i and λi

is the sum of the expected background and signal. For a
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FIG. 1. Energy spectrum of southern sky events observed
by IceCube up to ∼300 TeV (black points), compared to an
example spectrum of dark matter events (red). Also shown
are the best fit individual neutrino and muon contributions
reported by IceCube. This example spectrum is for a vector
mediator, with mχ = 1 keV, gχge = 1, and MZ = 1.16 GeV.

given DM mass mχ, and a given value of either gχge or
gχgq, a global maximum likelihood Lmax is determined
by floating the normalizations of all three background
components as well as the mediator mass. Then a con-
ditional likelihood L(mmed) is defined for a given value
of the mediator mass mmed (med = {Z, ϕ} denoting a
vector or scalar mediator, respectively). We define the
test statistic

−2∆ logL = −2(logL(mmed)− logLmax) , (8)

and following Ref. [54], rule out a value of mmed if
−2∆ logL > 2.71.
In Fig. 1, we show the spectrum of southern sky events

observed by IceCube in 641 days of data taking, from
Ref. [54]. In comparison, we also show the spectrum of
DM events for a vector mediator, with mχ = 1 keV, gχge
= 1, and MV = 1.16 GeV. This set of parameters is close
to the limit we set (see the next subsection).

D. Results

Similar to the approach of Ref. [9], for each value of
mχ, we fix the product gχge and scan over MZ . For the
given choices of mχ and couplings, a value of MZ can
be mapped directly onto a corresponding nonrelativistic
cross section, allowing us to set limits on the nonrela-
tivistic DM-electron cross section. The mediator masses
at which we set our limits are always much larger than
the momentum scale of nonrelativistic scattering, so we
define the following nonrelativistic cross sections:



4

10−8 10−7 10−6 10−5 10−4

mχ [GeV]

10−44

10−43

10−42

10−41

10−40

10−39

10−38

10−37

10−36

10−35
σ
χ
e

[c
m

2
]

Bard
han et

al.

An et al.

This
W

ork
Scalar Mediator

g2
χg

2
e = 1.0

g2
χg

2
e = 0.1

g2
χg

2
e = 0.01

FIG. 2. Limits on the nonrelativistic DM-electron cross sec-
tion for a scalar mediator. Gray is excluded by a search for
cosmic ray boosted dark matter at Super-K [22], while blue is
excluded based on reflection from the Sun [33]. The mediator
mass at which we set our limits ranges from 30–900 MeV for
the three choices of coupling.

σs
χe =

g2χg
2
eµ

2
χe

πm4
ϕ

, (9)

σv
χe =

4g2χg
2
eµ

2
χe

πm4
Z

, (10)

σs
χp =

9g2χg
2
qµ

2
χp

πm4
ϕ

, (11)

σv
χp =

36g2χg
2
qµ

2
χp

πm4
Z

. (12)

The results for a scalar and a vector mediator are
shown in Figs. 2 and 3, respectively. In both cases,
we also show CR upscattering limits from Ref. [22], and
solar reflection limits from Refs. [33] and [64] (see also
Ref. [65]). We note that the blazar-boosted DM bounds
from Ref. [66] could be stronger than our limits, but they
depend on the assumption of unconfirmed dark matter
spikes around the blazars in question, and even allowing
for that assumption, can vary by orders of magnitude
depending on the slope of the spike and the DM annihi-
lation cross section.

We note that our results for a vector mediator dis-
play a ceiling, i.e. a maximum cross section above which
IceCube is no longer sensitive. This ceiling is caused by
attenuation in the ice above the detector. If the cross sec-
tion is too large, dark matter will scatter in the ice and
lose energy, as described in the previous section. How-
ever, our results for a scalar mediator do not display a
ceiling—they extend to arbitrarily large cross sections.
The reason for this is related to the shape of the two
differential cross sections, and to how we vary the cross
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FIG. 3. Limits on the nonrelativistic DM-electron cross sec-
tion for a vector mediator. Gray and green regions are
excluded by searches for cosmic ray boosted dark matter
at Super-K [22] and PandaX-4T [30], respectively. Blue
is excluded based on reflection from the Sun [64] (see also
Ref. [65]). The mediator masses constrained here range from
90 MeV–1.25 GeV, across the three choices of coupling.

section. For each of the limits we show, we set the prod-
uct of the couplings to a constant value, and vary the
cross section by changing the mediator mass (as done in
Ref. [9]). But, because the scattering occurs at relativis-
tic energies, it is possible for the momentum transfer to
be large compared to the mediator mass. When this is
the case, decreasing the mediator mass—which increases
the nonrelativistic cross section, which we plot in order
to compare to direct detection experiments—does not af-
fect the relativistic cross section, which determines the
scattering rate. When we examine the differential cross
sections for the scalar and vector mediator cases, we find
that scattering via a scalar mediator is heavily weighted
toward large momentum transfer (for a given value of s),
while scattering via a vector mediator is weighted toward
small momentum transfer. This means that, as we de-
crease the mediator mass, the scalar case quickly reaches
a point where reducing the mediator mass does not in-
crease the scattering rate and thus attenuation. In the
vector case, however, making the mediator mass small
does lead to a large scattering rate in the ice above the
detector, producing the aforementioned ceiling.

III. DARK MATTER-NUCLEON SCATTERING

We next turn to the case of DM-proton scattering. the
primary complication compared to the electron case is
that the energies we consider are well into the regime
of deep inelastic scattering. We therefore begin by de-
scribing the formalism of both elastic and deep inelastic
scattering (DIS).
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A. Deep Inelastic Scattering

In this subsection, we closely follow the work of
Ref. [15]. We assume that DM couples equally to all
quarks, with the couplings to quarks and protons related
simply by gq = gp/3.
In the low momentum transfer regime, the scattering is

elastic. The elastic scattering cross section between DM
and a proton can be written as (see equivalent expressions
in Refs. [9, 67])

dσ

dQ2
=

g2pg
2
χ

4πβ2

1

(Q2 +m2
Z)

2

(
1− β2 Q2

Q2
max

+
Q4

8m2
pE

2
χ

)
G2

p(Q
2) .

(13)
Here β is the incoming DM velocity, Eχ is the incoming
DM energy, and Q2 = −q2. Gp(Q

2) is the proton form
factor, for which we use the form

Gp(Q
2) =

1

(1 +Q2/Λ2
p)

2
, (14)

with Λp = 770 MeV [68]. Q2
max is given by

Q2
max =

4(
E2

χ

m2
χ
− 1)m2

χm
2
p

m2
χ +m2

p + 2mpEχ
. (15)

This form of the cross section can be shown to be equiv-
alent to the vector mediator case shown for the electron
above. However, this factorization more closely matches
the form of the DIS cross section given below.

In the high momentum transfer regime, we need the
DIS cross section, given by 1

dσ

dνdQ2
=

1

2ν

g2qg
2
χ

4π(Q2 +m2
Z)

2
×(

1− ν

Eχ
+

ν2

2E2
χ

− Q2

4E2
χ

)
F2(x,Q

2)

(16)

Here,

F2(x,Q
2) = x

∑
i

[
fi(x,Q

2) + f i(x,Q
2)
]
, (17)

where the sum is over all quark flavors and fi(f i) denote
the parton distribution function (PDF) of a given quark
(antiquark) flavor within the nucleon. To model scatter-
ing with neutrons, we simply exchange the PDF contribu-
tions from the up and down quarks relative to the proton,

1 Note that a typo exists in Ref. [15]; the formula used here is more
directly adapted from Ref. [69].

leaving all other quarks unchanged. ν is the energy lost
by the incoming particle2 (in the proton’s rest frame),
and x is the traditional Bjorken x. We use the CT10
NLO proton PDFs [70] obtained using LHAPDF [71].
For the scalar case, in the ultrarelativistic limit, the

DIS cross section is given by

dσ

dνdQ2
=

g2qg
2
χ

16π

ν

E2
χ(Q

2 +m2
Z)

2
xf(x) . (18)

In the intermediate regime, resonance excitations are
important. However, theoretical modeling of such exci-
tations requires in-depth modeling of the transport of
hadronic states within the nucleus (see, for example,
Ref. [72]). These excitation reactions can be computed
for the Standard Model using specialized codes, but map-
ping these results onto a given DM model is nontrivial
(see however Refs. [15, 21]). Neglecting them should have
minimal effect on our results: as we will argue below,
the upscattering of light DM should be dominated by
quasielastic scattering, while the deposition of energy in
the IceCube volume will be dominated by DIS.

B. Dark Matter Flux at IceCube

In this work, we consider upscattering by proton CRs,
and no heavier nuclei. Our analysis requires the CR pro-
ton spectrum as an input (see Eq. 2), which we obtain
by interpolating the DAMPE measurement of the pro-
ton flux, which extends from 40 GeV to 100 TeV [73].
When a proton collides with a DM particle, the upscat-
tered flux is once again computed via Eq. 2, but with the
elastic cross section replaced with the sum of the elastic
and inelastic cross sections.
Despite the large energies involved, this upscattering

is largely dominated by elastic scattering. Because of
the steep slope of the CR spectrum, our limits will be
set by the low-energy end of the IceCube data, around 1
TeV (as shown in Fig. 1). In order for inelastic processes
to start to be important, the momentum transfer must
be at least of order ∼100 MeV. As we will see below,
the limits that we set fall in the mass range Mχ ≲ 1
MeV. In the majority of this mass range, q2 = 2mχEχ is
much less than 100 MeV for kinetic energies of order 1
TeV. This confirms that for most of our parameter space,
upscattering is indeed governed by elastic scattering, and
neglecting inelastic effects is mildly conservative.
As above, we propagate the upscattered DM through

1.45 km of ice using the modified nuFATE code, consid-
ering only particles arriving from the southern sky. To
model attenuation, only DIS is significant. The reason
is that, with energies of order 1 TeV, elastic scattering

2 In terms of the inelasticity y, ν =
s−m2

p−m2
χ

2mp
y.
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FIG. 4. Limits on the nonrelativistic DM-proton cross sec-
tion for a scalar mediator. The gray exclusion region is
based on cosmic ray boosted dark matter interacting in
XENON1T [10]. The mediator mass at which we set our limit
ranges from 40 MeV to 2.7 GeV, across the three choices of
coupling.

and resonance excitations will only cause energy loss up
to order 1 GeV, whereas in DIS a particle can lose ap-
proximately all of its energy in a single collision. For this
reason, we only include DIS in our attenuation calcula-
tion. We again require that a DM particle never deposit
over 100 GeV of energy in the veto region surrounding
the detector, and exclude any particles that scatter more
than once in the remaining IceCube volume.

C. Results

As with attenuation, we consider only DIS for DM de-
positing energy within the IceCube volume. We set limits
on DM-proton scattering using the same statistical ap-
proach as in the electron case, requiring that the DM
event rate never be significantly larger than the total ob-
served event rate.

Figures 5 and 4 show our limits on the nonrelativis-
tic DM-proton scattering cross section, for a vector and
scalar mediator, respectively. As for electrons, we fix the
value of the product of the couplings and vary mZ in
order to vary the cross section. As in the case for elec-
trons, we find a ceiling for the vector case but not the
scalar case.

We compare our results with the exclusion region from
Ref. [9] and a compilation of exclusion regions from
Ref. [10]. Note that in the latter case, the limits are set
by fixing the mediator mass and varying the couplings,
and we have combined their exclusion regions for a selec-
tion of different masses. The exclusion region of Ref. [9]
follows our approach, with gχgp set to 1.
Recently, Ref. [75] pointed out that the relatively large

couplings and small mediator masses typically assumed
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FIG. 5. Limits on the nonrelativistic DM-proton cross sec-
tion for a vector mediator. The gray exclusion region is
both based on cosmic ray boosted dark matter interacting in
XENON1T [9], while the dashed black line is a limit on new
vector mediators from Ref. [74]. The mediator masses we ex-
clude range from 11 MeV–3.9 GeV, across the three choices
of coupling.

in studies of proton- or nucleus-upscattered DM are sub-
ject to various constraints, including limits from meson
decay and stellar cooling. In the case of a scalar me-
diator, the constraint cited from Ref. [76] is difficult to
map onto our results, as the models considered couple
dominantly to either the top quark or to gluons, nei-
ther of which we consider in our work. However, the
constraint on a baryon number-coupled vector mediator
from Ref. [74] maps directly onto our parameter space.
In Fig. 5, we plot the resulting limit from Ref. [74] for
a mediator mass of 1 GeV, taking the more conservative
case where the mediator does not decay invisibly. At this
mass, the leading limit comes not from meson decay, but
from anomaly cancellation considerations [77]. We find
that our limits are comparable to this constraint, and
as they arise from entirely different physics, are highly
complementary. The extension of direct detection con-
straints down to the keV scale for both DM-electron and
DM-nucleon scattering is a major goal driving the devel-
opment of new, low-threshold detectors—see Ref. [5] for
a recent review. The limits we set overlap significantly
with the far-term goals laid out in that white paper, and
push to even lower masses.

IV. CONCLUSIONS

In this work we investigated the prospects for detecting
cosmic ray-boosted dark matter at the IceCube detec-
tor, focusing on relatively low-energy IceCube data. In
our analysis, we studied scattering with both electrons
and nucleons, including important DIS calculations in
the latter. As concrete examples, we applied the data to
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two benchmark simplified models of fermion dark mat-
ter via vector and scalar mediators. In each scenario,
we computed the DM flux from cosmic ray upscatter-
ing and derived limits on the non-relativistic scattering
cross-section.

In the case of electron scattering, our limits are compa-
rable with, or stronger than, the strongest existing limits
on cosmic ray-boosted dark matter, depending on the
choice of coupling. For proton scattering, our limits are
substantially stronger than existing cosmic ray-boosted
dark matter limits over a wide range of masses. And for
the case of a vector mediator coupled to baryon number,
our limits are comparable to independent limits on the
couplings of such mediators based on meson decay and
anomaly cancellation considerations.

Throughout this work, we have assumed dark mat-
ter arrives isotropically. More detailed modeling of the
Galaxy’s geometry would improve our limits, but prob-
ably not beyond the O(10%) level. In the energy range
from 1–10 TeV, there exists an offset between the cos-
mic ray proton spectra measured by DAMPE [73] and
ATIC [78] and that measured by CREAM [79]. How-
ever, this discrepancy is at most about 20%, and should
not have a large impact on our results.

We expect to obtain improved constraints in the fu-
ture with the IceCube Upgrade which will optimized for
neutrino detection at energies below TeV by deploying 7
new strings near the bottom center of the existing Ice-
Cube with denser photosensors [80]. Given the steepness
of the cosmic ray proton and electron spectra, and of the

resulting dark matter spectra, this improvement of detec-
tion at the GeV range could increase IceCube’s sensitivity
to upscattered dark matter. On the other hand, as our
limit is set by comparing so roughly the square root of
the observed event rate, and the dark matter event rate
is proportional to the cross section squared, our limit on
the cross section will only scale with the fourth root of
the effective area. Therefore a significant improvement
to the limit would require a multiple order of magnitude
increase in the effective area toward low energies.
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JCAP 11, 012 (2017), arXiv:1706.09895 [hep-ph].

[56] M. G. Aartsen et al. (IceCube), Science 342, 1242856
(2013), arXiv:1311.5238 [astro-ph.HE].

[57] M. G. Aartsen et al. (IceCube), Eur. Phys. J. C 74,
2938 (2014), [Erratum: Eur.Phys.J.C 79, 124 (2019)],
arXiv:1402.3460 [astro-ph.CO].

[58] M. G. Aartsen et al. (IceCube), Eur. Phys. J. C 76, 133
(2016), arXiv:1511.01350 [astro-ph.HE].

[59] P. Coloma, P. A. N. Machado, I. Martinez-Soler, and
I. M. Shoemaker, Phys. Rev. Lett. 119, 201804 (2017),
arXiv:1707.08573 [hep-ph].

[60] P. Coloma, Eur. Phys. J. C 79, 748 (2019),
arXiv:1906.02106 [hep-ph].

[61] K. J. Mack, N. Song, and A. C. Vincent, JHEP 04, 187
(2020), arXiv:1912.06656 [hep-ph].

[62] R. Abbasi et al. (IceCube), Phys. Rev. Lett. 128, 051101
(2022), arXiv:2109.13719 [astro-ph.HE].

[63] S. Palomares-Ruiz, A. C. Vincent, and O. Mena,
Phys. Rev. D 91, 103008 (2015), arXiv:1502.02649 [astro-
ph.HE].

[64] T. Emken, R. Essig, and H. Xu, (2024),
arXiv:2404.10066 [hep-ph].

[65] H. An, H. Nie, M. Pospelov, J. Pradler, and A. Ritz,
Phys. Rev. D 104, 103026 (2021), arXiv:2108.10332 [hep-
ph].

[66] S. Bhowmick, D. Ghosh, and D. Sachdeva, JCAP 07,
039 (2023), arXiv:2301.00209 [hep-ph].

[67] Q.-H. Cao, R. Ding, and Q.-F. Xiang, Chin. Phys. C 45,
045002 (2021), arXiv:2006.12767 [hep-ph].

[68] I. Angeli, Atomic Data and Nuclear Data Tables 87, 185
(2004).

[69] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84,
1307 (2012), arXiv:1305.7513 [hep-ex].

[70] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky,
J. Pumplin, and C. P. Yuan, Phys. Rev. D 82, 074024
(2010), arXiv:1007.2241 [hep-ph].

[71] A. Buckley, J. Ferrando, S. Lloyd, K. Nordström,
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