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The study of non-gravitational effects of Dark Matter (DM) is a growing field of research,
leading to the development of numerous dedicated experiments. Astrophysical and cosmological
observations show that the galactic component of DM is non-relativistic; this results in a rapid
loss of sensitivity to sub-GeV DM masses in Direct Detection experiments with nuclear targets
sensitive to keV-scale recoil energies.

Relying only on the assumption that DM scatters on a Standard Model (SM) target particle, a
higher-speed component of the flux arises, originating from the upscattering of the galactic DM by
Cosmic Rays, which peaks in the GeV energy range. Neutrino telescopes like Super-Kamiokande
are sensitive to these energies and have already been used as DM detectors, setting world-leading
limits. Higher energy telescopes, such as IceCube, are also sensitive to these energies and could
be even more promising, given their larger volumes. How to best use them to detect sub-GeV DM?

In this contribution, we will address this question for both spin-independent and spin-dependent
DM-SM interactions and estimate the sensitivity of IceCube to the scatterings of sub-GeV DM
with nuclei.
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1. Introduction

In the past decades, astrophysical and cosmological observations have established the existence
of a new form of matter, different from ordinary matter, which is not luminous and is therefore
known as "dark matter" (DM). Its existence has been known up to now only from its gravitational
effects, while all its other potential interactions are beyond our current knowledge. Thus, the study
of DM non-gravitational impacts is a growing field of research, leading to numerous specialized
experiments, see [1] for a recent review.

Among these experiments, the Direct Detection (DD) ones attempt to observe the DM scattering
on a SM particle, observed through the target recoil energy reconstruction. Astrophysical and
cosmological data tell us that the galactic component of DM is non-relativistic (𝑣 ∼ 10−3 within
the Milky Way halo); therefore, sub-GeV DM induces nuclear recoil energies below 𝑂(keV). The
largest existing DD experiments, which are sensitive to keV-scale recoil energies, become then
insensitive to sub-GeV DM masses very rapidly.

New experimental techniques have been proposed to be sensitive to the low recoil energies
induced by halo DM, see e.g. [2]. Another possibility for direct detection of sub-GeV DM is to rely
on its high-energy fluxes that are necessarily generated if DM interacts with the SM, for example,
from cosmic ray (CR) upscattering [3, 4]. This makes their search optimal at neutrino detectors,
as proven, e.g., by Super-Kamiokande [5]. Are even larger neutrino detectors sensitive to sub-GeV
DM?

In particular, IceCube, a neutrino telescope located near the Amundsen-Scott South Pole Sta-
tion, is the first gigaton-scale, cubic-kilometer neutrino detector ever built and the largest operating
one. Although it was primarily designed to observe neutrinos from the most violent astrophysical
sources in our universe, it can also be a powerful tool for DM searches, given the extremely weak
interaction strength of DM, comparable to that of neutrinos.

IceCube has already been used for DM indirect searches [6], which aim to detect SM particles
produced by DM decays or annihilations outside the detector. In this study, we begin the exploration
of the extent it can be used for DM DD. In particular, we investigate IceCube sensitivity as a Direct
Detector of CR-upscattered sub-GeV Dark Matter, in the assumption that DM particles can interact
with SM quarks. A more detailed development of the framework, methodology, and analysis
method explored in this work can be found in [7].

2. Theoretical Framework

In this study, we define the DM candidate as a Dirac fermion 𝜒, singlet under the Standard
Model (SM) gauge group, with mass 𝑚𝜒. We will be interested in DM relativistic scatterings, both
with CRs and in ice. Therefore we need to go beyond the constant cross-section parametrization
for DM-SM interactions. We then add to the SM matter content, in addition to the DM fermion,
a new particle that mediates its interaction with SM particles. We consider two cases: a new
scalar mediator 𝜙 with mass 𝑚𝜙, and a new pseudoscalar mediator 𝑎 with mass 𝑚𝑎, that mediate
DM-hadron interactions via the following Lagrangians (𝑞 = 𝑢, 𝑑) [8]:

L𝜙 = 𝑔𝜒𝜙 𝜒̄𝜒𝜙 + 𝑔𝑞𝜙𝑞𝑞𝜙 ,
L𝑎 = 𝑔𝜒𝑎 𝜒̄𝑖𝛾5𝜒𝑎 + 𝑔𝑞𝑎𝑞𝑖𝛾5𝑞𝑎 .

(1)
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The non-relativistic operators for nucleus scattering in momentum space, induced by L𝜙 and L𝑎,
are [9], respectively,

L𝑁𝜙 : 1 , L𝑁𝑎 : (®𝑠𝜒 · ®𝑝) (®𝑠𝑁 · ®𝑝) , (2)

where ®𝑠𝑁 is the nucleus spin, ®𝑠𝜒 the DM one, and ®𝑞 is the momentum exchanged in the DM-
nucleon (𝜒 − 𝑁) scattering. Hence, in the non-relativistic limit relevant for DD of halo DM, L𝜙

induces spin-independent interactions, while L𝑎 spin- and momentum-suppressed ones. For both
DM scatterings, both with CRs and in ice, we need the differential cross sections for DM elastic
scatterings with nuclei and nucleons. For each mediator, those with nucleons read

𝑑𝜎𝜙

𝑑𝐾 𝑓
=

1
𝐾𝑚𝑎𝑥

𝑔2
𝜒𝜙
𝑔2
𝑁𝜙

16𝜋𝑠
(4𝑚2

𝜒 − 𝑡) (4𝑚2
𝑁
− 𝑡)

(𝑡 − 𝑚2
𝜙
)2

𝐹2
𝑁 (−𝑡)Θ(𝐾max − 𝐾 𝑓 ) ,

𝑑𝜎𝑎

𝑑𝐾 𝑓
=

1
𝐾𝑚𝑎𝑥

𝑔2
𝜒𝑎𝑔

2
𝑁𝑎

16𝜋𝑠
𝑡2

(𝑚2
𝑎 − 𝑡)2

𝐹2
𝑎 (−𝑡)Θ(𝐾max − 𝐾 𝑓 ) ,

(3)

where 𝑠, 𝑡 are the Mandelstam variables, 𝑔𝑁𝜙,𝑁𝑎 are functions of 𝑔𝑞𝜙,𝑞𝑎, 𝐾max is the maximum
transferred kinetic energy, and 𝐹𝐴,𝑎 (𝑞2) =

(
1+ 𝑞2

Λ2
𝐴,𝑎

)−1 are the form factors, see [8] for more details.

2.1 Dark Matter upscattered flux

In DM-CRs interactions, where the DM particles are initially at rest while CRs are relativistic,
DM particles can acquire a fraction of the CRs’ kinetic energy and become this way more energetic
than halo DM. The upscattered component of the DM flux can then scatter with target particles in
our detectors on Earth. These scatterings can be measured because CR-upscattered DM releases
more energy than halo one, so that the target recoil energy can exceed the experimental threshold.

As customary, we assume a CR flux homogeneous in a leaky cylinder centered on the galactic
center, and vanishing outside. Therefore, the DM flux upscattered by the CRs is given by

𝑑Φ𝜒

𝑑Ω
=
𝐽 (𝑙, 𝑏)
𝑚𝜒

∑︁
𝐴

∫
𝑑𝐾𝐴

𝑑Φ𝐴

𝑑Ω

𝑑𝜎

𝑑𝐾𝜒
, (4)

where 𝐽 (𝑏, 𝑙) is the 𝐽-factor, 𝐾𝐴 is the CRs kinetic energy, 𝑑𝜎/𝑑𝐾𝜒 is the cross-section discussed
above, and 𝑑𝜙𝐴/𝑑Ω is the differential CRs flux, which has been extracted from Ref. [10].

In practice, 𝐴 = p,He for the scalar mediator case, while 𝐴 = p for the pseudoscalar one,
because helium does not have net spin.

The 𝐽-factor is an astrophysical quantity, which depends on 𝑙 and 𝑏, respectively the galactic
longitude and latitude, and embeds the DM- and CR-distributions in the galaxy. We define it as

𝐽 (𝑏, 𝑙) =
∫
𝑙.𝑜.𝑠

𝑑𝐿𝜌𝜒 (𝑟) =
∫
𝑙.𝑜.𝑠

𝑑𝐿𝜌⊙
𝑟⊙ (𝑟⊙ + 𝑟𝑐)2

𝑟 (𝑟 + 𝑟𝑐)2 , (5)

since we consider the Navarro–Frenk–White (NFW) DM density profile 𝜌𝜒 (𝑟) = 𝜌NFW(𝑟) [11],
with 𝑟⊙ = 8.5 kpc, 𝑟𝑐 = 20 kpc, 𝜌⊙ = 0.42 GeV/cm3. We expect the majority of our DM signal in
correspondence of the Galactic Center, i.e. around (𝑙, 𝑏) = (0◦, 0◦). This is an essential feature of
our signal, which can be considered in our analysis.

In Figure 1 we report the sky-integrated DM fluxes computed for the scalar and pseudoscalar
mediator case. As a comparison, we also report the Halo DM flux. Even if the upscattered DM
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fluxes are less intense than the halo one, they are peaked at much higher energies, of the order of the
GeV. This is a crucial feature to enable DM DD for neutrino experiments, because they are sensitive
to these energies.

2.2 Flux attenuation

Since the IceCube Neutrino Telescope is located in the Antarctic Ice, at a depth between 1450
m and 2450 m, the DM particles have to travel a given amount of ice (or both ice and Earth’s rocks,
depending on their incoming direction) before reaching the detector. Therefore, we have to consider
that DM can scatter on ice or Earth’s rocks while traveling to reach the detector, resulting in an
attenuation of the DM flux.

What encodes this attenuation is the DM kinetic energy 𝐾̄𝜒 at the depth 𝑧, which is smaller
with respect to the non-attenuated kinetic energy 𝐾𝜒. We can define this attenuation considering
the following differential equation [12]:

𝑑𝐾̄𝜒 (𝑧)
𝑑𝑧

=
∑︁
𝑇

𝑛𝑇

∫
𝑑𝐾𝑇𝐾𝑇

𝑑𝜎

𝑑𝐾𝑇
, (6)

where 𝑛𝑇 is the number density of a target particle inside the crossed material; in our case these
number densities are obtained by the mass densities 𝜌Earth

𝑝+𝑛 = 2.7 g/cm3 and 𝜌Ice
𝑝+𝑛 = 0.92 g/cm3.

The depth 𝑧 travelled inside matter depends on the incoming direction of the DM particle.
In this study, we have chosen to consider only the component coming from the galactic center

for the attenuated flux, since the NFW distribution is strongly peaked in it1. The distance traveled
by particles coming from this direction is approximately 𝑧 = 5.16 km, and this path is all inside
Antarctic ice; therefore, the attenuation of the DM flux coming from the Galactic Center is only
due to ice.

2.3 Number of Expected Events at the detector

We can start from the previous knowledge about neutrino-proton interaction in IceCube and,
determining the corrections needed, we can study the DM interactions in the detector. To be
sensitive to an energy range of 𝐸𝜒 > 500 MeV, we consider a combination of IceCube’s ELOWEN
and GRECO event selections.

The differential number of expected DM events in the detector is given by

𝑑𝑁𝜒

𝑑Ω
(𝑙, 𝑏) = 𝑡

∫
𝑑𝐾𝜒

𝑑Φ𝜒

𝑑Ω
(𝐾𝜒𝑙, 𝑏)𝐴𝜒eff(𝐾𝜒). (7)

where 𝑡 is the acquisition time, 𝐴𝜒eff is the DM effective area, and 𝑑Φ𝜒

𝑑Ω
(𝐾𝜒, 𝑙, 𝑏) is the differential DM

flux. The DM effective area is obtained by rescaling the neutrino effective area by the ratio of the DM-
proton cross section with the neutrino-proton cross section such that 𝐴𝜒eff(𝐾𝜒) =

𝜎𝜒𝑝 (𝐾𝜒 )
𝜎𝜈𝑝 (𝐾𝜈 ) 𝐴

𝜈
eff(𝐾𝜈).

Since ELOWEN and GRECO public effective areas are the total ones, we have considered the
total neutrino cross section to rescale them and obtain the DM effective area. The use of the neutral

1This approximation was introduced to improve the code’s efficiency. Nevertheless, we have also implemented the
full analytical computation of the attenuated number of events, which converges to the approximate result in the direction
of the Galactic Center.
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Figure 1: Left: DM fluxes at Earth for scalar (in blue) and pseudoscalar (in red) mediator, for the following
values of the parameters: 𝑚𝜒 = 10 MeV, 𝑚𝜙 = 𝑚𝑎 = 1 GeV and 𝑔𝜒𝜙𝑔𝑢𝜙 = 𝑔𝜒𝜙𝑔𝑑𝜙 = 𝑔𝜒𝑎𝑔𝑢𝑎 = 𝑔𝜒𝑎𝑔𝑑𝑎 =

0.1. The Halo component (in black) is also shown as a comparison. Right: Number of expected events
as a function of the galactic coordinates for GRECO event selection; this plot has been computed for the
pseudoscalar mediator case, with fixed parameters 𝑚𝜒 = 10 MeV, 𝑚𝑎 = 1 GeV and 𝑔𝜒𝑎𝑔𝑢𝑎 = 𝑔𝜒𝑎𝑔𝑑𝑎 = 0.1.
The asymmetry respect to the GC is given by the cut on 𝛿 ≤ −5◦ of 𝐴𝜈, GRECO

eff .

current 𝐴𝜈,NC
eff (if available) and 𝜎NC

𝜈𝑝 would be more correct, because the final state would be an
upscattered proton as for the DM case. Our procedure of using the neutral plus charged current
ones still provides a reasonable approximation if the energy shape is the same between 𝜎NC

𝜈𝑝 and
𝜎𝜈𝑝 (which it is), as well as between 𝐴𝜈,NC

eff and 𝐴𝜈eff.
Another aspect that can be considered in this analysis is the directionality of the signal.

The ELOWEN event selection does not provide direction-reconstruction [13], therefore the sky-
integrated number of expected events is used:

𝑁ELOWEN
𝜒 =

∫ 𝜋

−𝜋
𝑑𝑙

∫ 𝜋/2

−𝜋/2
𝑑𝑏 sin 𝑏

𝑑𝑁𝜒

𝑑Ω
(𝑙, 𝑏). (8)

On the other hand, the GRECO event selection is sensitive to the sky direction. We can therefore
use the public effective areas [14] in the declination declination band 𝛿 ∈ [−90◦,−5◦], which is
where the galactic center lies and the majority of the DM flux is expected. The total number of
events for GRECO event selection becomes

𝑑𝑁GRECO
𝜒

𝑑Ω
(𝛼, 𝛿) =

∫ 𝜋

−𝜋
𝑑𝛼

∫ −5◦

−90◦
𝑑𝛿 sin 𝛿

𝑑𝑁𝜒

𝑑Ω
(𝛼, 𝛿). (9)

This number can be converted to 𝑑𝑁GRECO
𝜒 (𝑙, 𝑏)/𝑑Ω by a simple change of coordinates. We then

define a binning of 9 × 9 (81 bins) in galactic longitude and latitude.
In Figure 1, an example of the differential number of DM events, obtained considering GRECO

effective area, is shown.
Finally, in Figure 2 we present, as a reference, the 2D histograms in the galactic coordinates

for the GRECO background and signal for the pseudoscalar mediator case.
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Figure 2: Left: GRECO background in the galactic coordinates; it is evident that is peaked at the horizon and
minimum at the poles. Right: GRECO expected signal for the pseudoscalar mediator case with 𝑚𝜒 = 0.01
GeV, 𝑚𝑎 = 1 GeV, 𝑔𝑢𝑎𝑔𝜒𝑎 = 𝑔𝑑𝑎𝑔𝜒𝑎 = 0.1.

3. New IceCube Sensitivities to sub-GeV Dark Matter

Given the number of expected events from the two event selections, we can perform a binned
likelihood analysis of the number of events as a function of the DM mass and of the coupling; we
consider 9 bins in both galactic coordinates and therefore we obtain 81 signal values for the GRECO
case, to which one sky-integrated signal value for ELOWEN is added.
Assuming that ELOWEN and GRECO are independent samples (which is a reasonable assumption
since they are two independent event selections), the likelihood L can be defined2 as

L({𝑁𝑖}|{𝐵𝑖}, 𝑚𝜒, 𝑔) =
82∏
𝑖=1

Poisson(𝑁𝑖 , 𝐵𝑖 + 𝑆𝑖 (𝑚𝜒, 𝑔)) . (10)

where the product runs over the 81 bins for GRECO and the ELOWEN sky-integrated observation.
Finally, to confront the null hypothesis (background-only hypothesis) with our model (signal

+ background hypothesis), we consider the minus log-likelihood test statistic

TS(𝑚𝜒, 𝑔) = 2 ln
L(𝑁 𝑗 |𝑚 𝑗 , 𝑔 𝑗 , 𝐵e)

L(𝑁 𝑗 |𝑚𝜒, 𝑔 = 0, 𝐵e)
, (11)

where 𝑚𝜒, 𝑔̂, 𝐵e are the parameters which maximize the likelihood, while L(𝑁 𝑗 |𝑚𝜒, 𝑔 = 0, 𝐵e)
corresponds to the background only hypothesis, since in our model 𝑔 = 0 means signal absence.
In the minimization, the ELOWEN background is a free parameter since it cannot be assumed that
the measured event rate is independent of our signal, on the contrary, this is possible in GRECO
due to the direction reconstruction of the events.

We draw one thousand pseudo-experiments to obtain the TS distributions for the background-
only hypothesis, imposing 𝑁 𝑗 = 𝐵 𝑗 . Similarly, we can derive the signal-plus-background distribu-
tion for each DM mass and coupling, imposing 𝑁 𝑗 (𝑚𝜒, 𝑔) = 𝐵 𝑗 + 𝑆 𝑗 (𝑚𝜒, 𝑔). Finally, to obtain the

2In the following, we refer to the product of the couplings, for both scalar and pseudoscalar case, as 𝑔 = 𝑔𝑢𝜙𝑔𝜒𝜙 =

𝑔𝑢𝑎𝑔𝜒𝑎
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90% sensitivity contours in the (𝑚𝜒, 𝑔) plane, we compute all the (𝑚𝜒, 𝑔) pairs for which 90% of
the signal 𝑇𝑆 distribution is above the median of the background 𝑇𝑆 distribution.
These contour plots are shown, for the scalar and pseudoscalar case, in Figures 3 and 4, respectively.

Figure 3: 90% Contour plot in the plane of couplings vs DM mass, for the scalar mediator of mass 𝑚𝜙 = 1
GeV (left) and 𝑚𝜙 = 3 GeV (right). With the green line, we represent the IceCube’s sensitivity, neglecting
Earth and Ice attenuation. The effect of the latter is encoded in the points, where the green ones indicate the
parameter space where IceCube is still sensitive after including Ice attenuation.

Figure 4: 90% Contour plot in the plane of couplings vs DM mass, for the pseudoscalar mediator of mass
𝑚𝑎 = 1 GeV (left) and 𝑚𝑎 = 3 GeV (right). Green line and shadings and points as in Fig. 3.

The preliminary IceCube’s sensitivity, obtained neglecting ice attenuation, is represented in
green lines; furthermore, with green and orange dots are represented, respectively, the selected
and non-selected points considering also ice attenuation, for which we have not drawn a contour
since we need a better determination of the attenuated flux. Finally, for comparison, we also show
Super-Kamiokande sensitivity (in light blue), and other limits known from the literature [8].

4. Conclusions and prospects

As shown in the contour plots (Figures 3 and 4), IceCube sensitivities are close to existing
constraints by Super-Kamiokande. This gives encouraging prospects for continuing this study
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with a more detailed analysis. Furthermore, even if the flux’s attenuation has not been completely
implemented yet, from our simple approximation we obtain hints that the behavior is consistent with
the expectations: regions of the parameter spaces with high couplings (of the order of 𝑔 ∼ 10−1) are
not included in the contour plot, since the expected flux at the detector is strongly attenuated and
therefore becomes indistinguishable from the background. In conclusion, this study presents the
first investigation into using IceCube as a Dark Matter direct detector. Future analysis can benefit
from a complete treatment of attenuations effects to the Dark Matter flux from the full galaxy.
Further improvements can be obtained through a more detailed characterization of the low energy
background, improving the ELOWEN contribution to the overall sensitivity.
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