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Non-Standard Dark Matter Interactions with IceCube

1. Introduction

Although there is compelling evidence for the existence of dark matter (DM), its nature remains
unknown. To explain observations, a variety of theories provide candidate particles [1]. There are
three complementary ways to search for DM - collider searches, direct and indirect detection.
Direct detection aims to determine interactions of DM particles with nuclei, typically with the
goal of setting constraints on spin-dependent (SD) and spin-independent (SI) interaction terms.
However, there also are approaches to cover the full set of operators in a non-relativistic effective
theory, includingmomentum- and velocity-dependent operators [2]. In recent years, there have been
several efforts from direct detection experiments like CRESST-II [3], Xenon100 [4], SuperCDMS
[5] andDEAP-3600 [6] to constrain the coupling constants of the theory. With the IceCubeNeutrino
Observatory we are able to set limits via indirect detection based on DM capture in the Sun.

2. Theory

2.1 Effective Theory of Dark Matter-Nucleon Interactions

We will briefly summarize the effective theory of DM-nucleon interactions following [2]. The
amplitude for elastic DM-nucleon scattering is restricted by several symmetries. In particular,
Galilean invariance imposes that the scattering amplitude can only depend on combinations of the
momentum transferred from the nucleon to the DM particle q and the relative incoming velocity
v = vj −v# which is the incoming velocity of the DM particle j in the rest frame of the nucleon # .
In addition, the interactions must be hermitian, thus it is useful to work with hermitian quantities
and to introduce v⊥ = v+q/2`# with the reduced DM-nucleon mass `# . All interaction operators
can be written as a combination of 8q, v⊥, the DM spin Sj and the nucleon spin S# . They are listed
in table 1 imposing that they are at most linear in Sj, S# and v⊥. It is assumed that the mediating
particle has spin 0 or spin 1 and is heavy compared to the momentum transfer.

The interaction Langrangian has the form

L8=C =
∑
#==,?

∑
8

2#8 O8j+j−#+#− (1)

where j±, #± are the fields involving only creation or annihilation fields and 2?
8
and 2=

8
denote

the coupling constants for protons and neutrons and have mass dimension -2 [7]. Instead of proton
and neutron couplings we will present the results in terms of isoscalar 20 = 2? + 2= and isovector
21 = 2? − 2= couplings.

Forming a Lagrangian from the operators in table 1 and performing a multipole expansion of
the nuclear charges and currents lead to six nuclear response operators contributing to the transition
probability, namely " , Σ′, Σ′′, Φ′′, Φ̃′ and Δ.

Finally the differential cross-section for DM scattering off a nucleon of type N can be written
as
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O4 = Ŝj · Ŝ# O13 = 8

(
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Table 1: Non-relativistic quantum mechanical operators that are at most linear in Sj, S# and v⊥. O2 is
quadratic in v⊥ and O16 a linear combination of O12 and O15, thus they are not considered here. O1 and
O4 correspond to the standard SI and SD interactions. By introducing the nucleon mass <# all operators
have the same mass dimension. Operators 17 - 20 can only arise for spin 1 DM and the symbol S denotes
a symmetric combination of spin 1 polarisation vectors. In addition, O19 and O20 can only appear if the
interaction is mediated by a vector mediator [8]

where the DM response functions 'gg′
:

depend on the DM-nucleon interaction strength [7]. The
isotope-dependent nuclear response functions, gg′

:
have been calculated for the 16 most abundant

elements in the sun through numerical shell model calculations in [7].

2.2 Dark Matter Capture in the Sun

DM particles of the MilkyWay DM halo can scatter off nuclei in the Sun and be gravitationally
captured if they scatter from a velocity l to a velocity smaller than the local escape velocity Eesc� (A).

The capture rate for nuclei of type N is given by

�#cap = =j

∫ '�

0
3A 4cA2=# (A)

∫ ∞

0
3D 4cD2 5� (D)

D2 + Eesc� (A)2
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1
2
"jD
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2`2

#

<#
(D2 + Eesc� (A)2) Δ� = �max − �min

where D is the velocity of the DM particle at A →∞ in the solar frame such that l =
√
D2 + Eesc� (A)2

[7]. We assume that the DM velocities follow a Maxwell-Boltzmann distribution in the galactic
frame without a cut-off at the galactic escape velocity. We use E� = 220 km/s for the galactic orbital
speed in the solar position, and fE = 270 km/s for the velocity dispersion. To get the total capture
rate�cap, we sum equation (3) for each of the 16 most abundant elements in the Sun. The elemental
abundances =# are taken from the B16 GS98 model [9]. Furthermore we assume the DM halo
number density to be =j = 0.3 GeV/cm3/"j. For a discussion of the astrophysical uncertainties
see section 4.2.
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3. Capture Rate Limits from IceCube Solar Dark Matter Analyses

When DM particles are captured in the Sun, they can sink into the Sun’s core and annihilate
into Standard Model final states. Neglecting evaporation yields the following differential equation
describing the number of DM particles in the Sun

3#

3C
= �cap − �ann#

2 (4)

with the general solution Γ� = 1
2�cap tanh2 (

√
�cap�annC) [10]. Neutrinos originating from these

annihilations can potentially be observed by neutrino telescopes like the IceCube Neutrino Obser-
vatory. IceCube is a cubic-kilometer sized neutrino detector installed in the ice at the geographic
South Pole between depths of 1450 m and 2450 m, completed in 2010 [11]. Neutrino reconstruction
relies on the optical detection of Cherenkov radiation emitted by charged particles produced in the
interactions of neutrinos in the surrounding ice or the nearby bedrock.

IceCube searches for an excess of neutrino events correlated with the direction of the Sun in
order to detect signatures of Solar DM annihilation. The results published based on three years of
data were able to constrain DM-nucelon scattering for three annihilation channels (g+g−, ,+,−,
11̄) for DM masses up to 10 TeV [12]. Recently, utilizing IceCube DeepCore data and new cuts,
an updated analysis using seven years of data pushes IceCube sensitivity at the lower energy end
of the DM mass range down to 5 GeV (publication under preparation), and also constrains DM
annihilating directly to neutrinos.

4. Results

4.1 Capture rates

To calculate the capture rate for each operator, the value of the coupling constant was set to
28 = 10−3<2

E with <E = 246.2 GeV, while all other coupling constants were set to zero. The value
is arbitrary as the capture rate is proportional to the coupling constant squared and the ratio of the
two will be used as a conversionfactor in section 4.3. There are six isotopes that are responsible for
the leading contribution for at least one interaction operator in a certain DM mass range, namely
1H, 4He, 14N, 16O, 27Al and 56Fe. The most important isotope for each operator is determined by
a compromise between the elemental abundance, the properties of the nuclear response operators
and kinematic factors that depend on the DM and the nucleon mass.

4.2 Systematic uncertainties

The most prominent uncertainty in terms of astrophysical uncertainties is the local DM density
that we assume to be 0.3 GeV/cm3, a widely-used value [13]. Recent measurements have best-fit
values in the range 0.2 - 0.6 GeV/cm3 [13]. The capture rates and the limits in the next section can
be adapted to a different density by scaling with the ratio of the two numbers.

The capture process is sensitive to deviations from the assumed Maxwellian velocity distribu-
tion. Figure 1 shows the change in capture rate for a range of E� from 200 to 280 km/s, while fE is
set to

√
3/2E�. Since Operator 7 is dominated by hydrogen, it is sensitive to changes in the velocity

distribution earlier (at smaller DM masses) than operator 15, which is dominated by iron.
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Figure 1: Capture rate ratio to the standard assumption as a function of the DM mass for different 5� (D)
with assumed E�, fE as specified in the legend. The value of fE is set to

√
3/2E�. If no value for the

galactic escape velocity is specified, the cut-off has been neglected. Exemplary, operator 7 and 15 are shown,
dominated by hydrogen and iron, respectively.

Another uncertainty is the elemental composition of the sun. Especially the abundance of the
respective dominant isotope is important. For a discussion of the uncertainties in the solar model
see [9].

IceCube sensitivity to DM annihilation is also impacted by various detector systematics, which
are included in the annihilation rate limits and propagate into the upper limits on the coupling
constants.

4.3 Limits on the Coupling Constants

We can now use the computed capture rates to convert the capture rate limits from the IceCube
analyses described in section 3 into limits on the coupling constants. The results are shown in
figure 2 and 3 for isoscalar and isovector interactions. For simplicity we only present results for DM
particles with spin 9j = 1

2 . The limits are compared to the direct detection experiments CRESST-II
[3], Xenon100 [4], DEAP-3600 [6], CDMS II and SuperCDMS [5]. All exclusion limits are at 90
% confidence level. CRESST-II is not competitive in the considered mass range but provides the
strongest constraints below 5GeV and is thus shown for completeness. A comparison to LUX [14] is
not feasible since they present their results in terms of proton/neutron instead of isoscalar/isovector
couplings. Because direct detection experiments are restricted to the isotopes in their detectors,
they cannot always set constraints on all interaction types. We observe that whether the strongest
constraint comes from direct detection or IceCube is highly dependent on the operator. Notably, for
Operator 4, 7 and 14 IceCube sets the most stringent limits for a large mass range, for the first two
even with the soft channel analysis.

5. Conclusion and Outlook

We have reported upper limits on the isocalar and isovector coupling constants of the non-
relativistic effective theory of DM-nucleon interactions for DM particles with spin 1/2. We want to

5
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Figure 2: Exclusion limits on the isoscalar coupling constants at 90 % confidence level.

6



P
o
S
(
I
C
R
C
2
0
2
1
)
5
2
2

Non-Standard Dark Matter Interactions with IceCube

10 4

10 3

10 2

10 1

100

c2
[1

/m
4 V
]

Operator 1 isovector

102

104

106

108
Operator 3 isovector

10 2

10 1

100

101

Operator 4 isovector

103

104

105

106

107

108

109

c2
[1

/m
4 V
]

Operator 5 isovector

105

107

109

Operator 6 isovector

103

104

105

106

Operator 7 isovector

102

103

104

105

106

c2
[1

/m
4 V
]

Operator 8 isovector

103

104

105

Operator 9 isovector

102

103

104

105

Operator 10 isovector

10 1

100

101

102

103

104

c2
[1

/m
4 V
]

Operator 11 isovector

101

102

103

104

105

Operator 12 isovector

101 102 103 104

M  [GeV]

106

108

1010

Operator 13 isovector

101 102 103 104

M  [GeV]

108

109

1010

1011

c2
[1

/m
4 V
]

Operator 14 isovector

101 102 103 104

M  [GeV]

104

106

108

1010

1012 Operator 15 isovector

IceCube Preliminary

IceCube 2017 bb
IceCube 2017 W + W

IceCube 2017 +

IceCube LE 2021 bb
IceCube LE 2021 +

IceCube LE 2021 
DEAP-3600

Figure 3: Exclusion limits on the isovector coupling constants at 90 % confidence level.
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stress that the theoretical framework presented in section 2.1 is also valid for other spins and that
the analysis can easily be extended.

The shown results are based on annihilation rate limits from two previous IceCube analyses,
one from 2017 using three years of data [12] and the other from 2021 focussing on the low energy
regime (publication under preparation). Including new analyses like [15] could further improve the
limits presented here.
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