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1III. Physikalisches Institut B, RWTH Aachen University, 52056 Aachen, Germany
2Institute for Theoretical Particle Physics and Cosmology,

RWTH Aachen University, 52056 Aachen, Germany
and SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94025, USA

We present a model-independent interpretation of searches for dark matter annihilation in the Sun
using an effective field theory approach. We identify a set of effective operators contributing to spin-
dependent scattering of dark matter with protons in the non-relativistic limit and explore simple
new physics models which would give rise to such operators. Using the limits on the spin-dependent
scattering cross-section set by the IceCube collaboration in their search for dark matter annihilation
in the Sun, we derive limits on effective couplings and corresponding masses of mediating particles.
We show that the effective field theory interpretation of the IceCube searches provides constraints
on dark matter complementary to those from relic density observations and searches at the LHC.
Finally, we discuss the impact of astrophysical uncertainties on our results.
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I. INTRODUCTION

Since its first discovery by Zwicky in the 1930s [1],
there has been an ever-growing list of observational ev-
idence for the existence of dark matter. These obser-
vations led to the understanding that presumably every
galaxy, including our own Milky Way, is surrounded by
a halo of dark matter [2–6]. It became clear, that in or-
der to consolidate this evidence with the Standard Model
of particle physics (SM), which does not include a suit-
able candidate for dark matter, the SM would have to be
extended. Some of the extensions, like supersymmetry
(SUSY) or axions, deal with more general questions in
particle physics and naturally provide dark matter can-
didate particles, while other models take a more ad hoc
approach to dark matter (for an extensive list see [7]).

One popular idea is that dark matter could be a stable
weakly interacting massive particle (WIMP) with masses
near the TeV-scale and weak interaction strengths. This
allows to explain the present dark matter density in the
universe by the freeze-out a particle, which in the early
universe was in thermal equilibrium with the rest of the
primordial plasma. This so-called “WIMP miracle” com-
bined with the fact that models like supersymmetry pre-
dict a suitable candidate for WIMPs are the two main
reasons for its popularity. While we will try to provide
a mostly model-independent approach to dark matter,
we will nevertheless focus on the WIMP scenario and
therefore from now on use these two expressions synony-
mously.

There is a considerable experimental effort to detect
dark matter in particle physics processes. This includes
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direct and indirect detection, as well as searches at parti-
cle accelerators. Direct detection relies on measuring the
nuclear recoil from a WIMP scattering off a nucleus in
a very low-background environment, consisting of either
liquid Xenon (XENON [8, 9], LUX [10]) or some solid tar-
get material (CDMS [11], EDELWEISS [12], CRESST
[13]). Indirect searches aim to find various products
of dark matter annihilation, such as γ-rays, neutrinos
or antiparticles, from sources inside and outside our
galaxy. This includes satellite-based experiments (Fermi-
LAT [14, 15], PAMELA [16], AMS [17, 18]), ground-
based experiments (H.E.S.S. [19], VERITAS [20]), and
subsurface neutrino telescopes (BUST [21], Baikal Neu-
trino Project [22], Super-Kamiokande [23], ANTARES
[24], IceCube [25]). Finally, searches with the experi-
ments ATLAS and CMS at the Large Hadron Collider
(LHC) aim to produce dark matter in collisions of SM
particles and then infer its presence from missing energy
in the final state [26, 27]. While many indirect searches
target annihilation products of WIMPs in galactic ha-
los (e.g. the Milky Way halo) or the Galactic Center,
neutrino telescopes are also sensitive to annihilation in
the center of massive celestial bodies, in particular the
Sun. In 2013 the IceCube Collaboration has published
the currently most stringent exclusion limits for WIMP
annihilations in the Sun [28]. In this paper we will in-
terpret these results in an effective field theory approach
and compare these with searches at the LHC.

The paper is structured as follows. In Section II we
review the physics of WIMP capture and annihilation in
the Sun. The search for dark matter annihilation in the
Sun with IceCube is presented in Section III. We shall
focus on the interpretation of the search in an effective
theory with spin-dependent interactions between WIMPs
and quarks, as discussed in Section IV. Simple models of
physics beyond the SM which would lead to such effective
interactions are introduced in Section V. To obtain lim-
its on the effective couplings of WIMPs with matter from
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the annihilation in the Sun, we need to calculate the cap-
ture rate of WIMPs in the Sun. The capture rate is given
in terms of the WIMP-nucleus scattering cross-sections
presented in Section VI. In Section VI we also present
a calculation of the dark matter relic density within the
effective field theory, which provides complementary in-
formation on the allowed WIMP masses and couplings.
Our results are presented in Section VII, where we show
the limits on the effective WIMP-quark couplings and a
comparison with constraints from the dark matter relic
density and searches at the LHC. The astrophysical un-
certainties from the local WIMP density and velocity dis-
tribution are discussed in Section VIII. We conclude in
Section IX.

II. WIMP CAPTURE AND ANNIHILATION IN
THE SUN

The idea that dark matter from the halo could be ac-
cumulated by celestial bodies passing through it was put
forth in the 1980s by a variety of physicists (see [29] and
references therein). Since then it has been established
as one of the standard methods for indirect detection of
dark matter and was employed by several Earth-bound
experiments [30–34].

The number of dark matter particles in the Sun, N , is
governed by the Riccati differential equation [35]

Ṅ = C� − CAN2 − CEN, (1)

where Ṅ denotes the derivative with respect to time,
C� is the rate at which new dark matter particles are
captured, CAN

2 = 2ΓA is twice the rate at which dark
matter annihilates, and CEN accounts for the escape of
particles due to hard elastic scattering, also called evapo-
ration. The parameter CA is responsible for the depletion
of dark matter particles through self-annihilation. It is
given by CA = 〈σAv〉/Veff, where 〈σAv〉 is the velocity-
averaged annihilation cross-section and Veff is the effec-
tive volume of the WIMP core [35]. Note that 〈σAv〉 is
calculated in the limit of zero relative velocity, since the
WIMPs in the Sun are highly non-relativistic. The last
term in Eq. (1), CEN , was shown to be negligible in the
case of the Sun for WIMPs with mχ & 10 GeV [36]. The
capture rate C� depends on the WIMP density and ve-
locity distribution and on the elastic WIMP-nucleon scat-
tering cross-section [37]. For the numerical computation

of the capture rate we use the computer code DarkSUSY
[38].

It is crucial for our analysis that the WIMP-nucleon
scattering cross-section has a spin-dependent (SD) and a
spin-independent (SI) part. Due to coherent scattering
off all nucleons in an atom, SI scattering has a quadratic
dependence on the mass number A, σSI ∝ A2, which
leads to strong enhancement for heavy elements. SD
scattering on the other hand depends on the total nu-
clear angular momentum σSD ∝ JN and is sub-dominant
when the target material does not contain a large abun-
dance of elements with unpaired spin. For the Sun, how-
ever, there is a large abundance of target material with
non-zero nuclear angular momentum in the form of hy-
drogen, and thus the SD scattering contributes signifi-
cantly to the total scattering rate and WIMP capture.
The capture rate C� also depends on the velocity distri-
bution of WIMPs in the halo which is usually assumed to
be a Maxwell-Boltzmann distribution. However, recently
other velocity distributions have been studied and shown
to have significant effects on solar capture rates [39]. We
will discuss the impact of the choice of the velocity dis-
tribution on our results in Section VIII.

Neglecting the evaporation term, the solution of
Eq. (1) is

ΓA =
CAN

2

2
=

1

2
C� tanh2(

√
C�CA t). (2)

For large times t and correspondingly large values of√
C�CA t � 1, the tanh-term becomes ' 1, and the

annihilation rate depends only on the capture rate, but
not on the annihilation cross section:

ΓA =
1

2
C� ≡

1

2
(KSIσSI +KSDσSD). (3)

Here, KSI and KSD are capture efficiencies for the SI
and SD parts of the scattering. For C�CA t� 1, WIMP
annihilation and capture are in equilibrium, C� = 2ΓA =

CAN
2, and thus Ṅ = 0.

Through a measurement of the neutrino flux, neutrino
telescopes are sensitive to the WIMP annihilation rate.
If WIMP capture and annihilation are in equilibrium,
the annihilation rate determines the capture rate, C� =
2ΓA, which in turn provides information on the elastic
WIMP scattering cross sections σSI and σSD probed in
direct detection experiments.

Assuming that the Sun has been collecting WIMPs
during its whole lifetime, t = t� ' 1.5 × 1017 s, results
in the approximate expression [35]

√
C�CA t� ' 330

(
C�
s−1

)1/2( 〈σAv〉
cm3 s−1

)1/2 ( mχ

10 GeV

)3/4

. (4)

With WIMP scattering cross sections, and thus capture rates, at the level of the current experimental upper lim-
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its, and annihilation cross sections ∼ 10−26 cm3 s−1, as
needed to explain the dark matter relic density, one finds√
C�CA t� � 1, i.e. the assumption of equilibrium for

WIMP annihilation and capture in the Sun is in general
well satisfied. Nevertheless, as we will discuss in Section
VII, in some astrophysical scenarios equilibrium may not
hold, and the non-equilibrium effects have to be taken
into account.

III. SEARCH FOR DARK MATTER
ANNIHILATION IN THE SUN WITH THE
ICECUBE NEUTRINO OBSERVATORY

The search for WIMP annihilations in the Sun with the
IceCube Neutrino Observatory [28] is based on the detec-
tion of muon-neutrinos by charged current interactions.
The analysis uses data collected from June 2010 to May
2011 with the IceCube detector in its 79-string configu-
ration including 6 strings of the low-energy sub-detector
DeepCore [40]. The detector measures Cherenkov light
emitted by secondary muon tracks and reconstructs their
directions. The angles Ψ between the selected muon neu-
trino events with respect to the direction to the Sun are
used to test for an enhanced flux from that direction rela-
tive to the background dominated by atmospheric neutri-
nos. With this method IceCube is able to detect neutri-
nos with energies above a threshold energy of ∼ 100 GeV
with the main detector. The energy threshold can be-
come as low as ∼ 10 GeV when including DeepCore into
the analysis.

The signal prediction was obtained from simulations
using WimpSim [41] with two extreme benchmark scenar-
ios. In these scenarios two channels for WIMP annihila-
tion are chosen according to the type of neutrino spec-
trum they would produce at Earth and assigned a 100%
branching ratio. As a conservative scenario one assumes,
that all WIMPs annihilate into pairs of b and b̄ quarks.
Since the b-quarks are able to hadronize into B-mesons in
the interior of the Sun, they lose a large portion of their
initial energy before producing neutrinos [42]. Therefore
the resulting neutrino spectrum would be steeply falling
with increasing neutrino energy (“soft”). The other ex-
treme would be if all WIMPs annihilated into pairs of
electroweak W-bosons, or pairs of τ+ and τ− if the invari-
ant mass is below the production threshold of W-bosons.
Due to the short lifetime, these particles do not lose a
significant part of their energy before decaying into neu-
trinos. The resulting neutrino spectrum would produce
more highly energetic neutrinos at Earth (“hard”). From
this, the probability distributions for the solid angle be-
tween the direction of the Sun and of the reconstructed
neutrinos are obtained for signal events.

No significant excess over the background expectation
was found and a 90% confidence level upper limit on the
number of muon neutrino signal events, µ90

s , was derived
as a function of the assumed WIMP mass. From the
limit on the number of neutrino signal events µ90

s a limit

on the annihilation rate in the Sun ΓA was derived using
DarkSUSY [38]. Assuming equilibrium, the limit on ΓA
was then converted to upper limits on SI and SD WIMP-
proton scattering cross-sections according to Eq. (3).
In order to do so, one assumes that capture is either
exclusively SI or exclusively SD. Using DarkSUSY one can
then calculate the capture efficiencies KSI and KSD in
Eq. (3) and from that arrive at values for the scattering
cross sections σSI and σSD, respectively. Note that since
the annihilation rate, in general, depends on the sum of
SI and SD scattering cross sections, setting either one to
zero yields a conservative upper limit on the other one.
In the following, we will focus on the limits for the SD
scattering cross-section from neutrino fluxes, as these are
more stringent than limits produced by direct detection
experiments.

IV. EFFECTIVE OPERATOR ANALYSIS

Assuming that the interaction between WIMP dark
matter and the Standard Model is mediated by parti-
cles with masses M much larger than that of the WIMP,
M � mχ, the WIMP-SM interaction can be described
by an effective Lagrangian organised in inverse powers of
the scale of new physics Λ ∼M [43]:

L = LSM +
∑
n>4

f (n)

Λn−4
O(n). (5)

Here, f (n) are dimensionless constants, and O(n) are op-
erators of mass-dimension n describing the interactions
between the WIMP and the SM particles. Effective
field theory interpretations of direct, indirect and col-
lider searches for dark matter have been studied widely
in the literature, see e.g. [43–59].

The effective field theory approach is valid only as long
as the typical energy scale of an interaction is smaller
than the scale that characterises the UV-completion of
the new physics, E . Λ ∼M . We will discuss the valid-
ity of the effective field theory approach in the context
of the IceCube search for dark matter annihilation in the
Sun in Section VII.

We assume a minimal dark matter model with a Z2

symmetry and focus on spin-dependent interactions for
which the search for neutrinos from WIMP annihilation
in the Sun is usually more sensitive than direct detection.
This drastically limits the number of effective operators,
as we will show below [60–62].

The matrix elements for the scattering of a WIMP
on a nucleus N involve the expectation values of quark
bilinears, 〈N |q̄Γq|N〉, where Γ ∈ {I, γ5, γµ, γµγ5, σµν}.
Of these, only the axial-vector and tensor interactions,
〈N |q̄γµγ5q|N〉 and 〈N |q̄σµνq|N〉, respectively, contribute
to spin-dependent scattering in the non-relativistic limit.

We now proceed to examine the possible higher-
dimensional operators which involve axial-vector and ten-
sor quark bilinears, discussing scalar, fermion and vector
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dark matter in turn.

Scalar dark matter, φ, can couple to the axial-vector
and tensor quark bilinears through operators which in-
volve derivatives, like for example φ∂µφq̄γ

µγ5q. However,
for both the temporal and spatial components of µ the
matrix elements of such operators are velocity suppressed
and thus vanish in the non-relativistic limit. Note that
no such suppression exists for the coupling of scalar dark
matter to the vector quark bilinear q̄γµq, so that non-
relativistic nucleon scalar-WIMP scattering is in general
spin-independent.

There are three ways to couple fermionic dark mat-
ter, denoted by a spinor field χ, to the axial-vector and
tensor quark bilinears: χ̄γµχq̄γ

µγ5q, χ̄γµγ
5χq̄γµγ5q and

χ̄σµνχq̄σ
µνq. The first term again is velocity-suppressed,

while the second and third term indeed contribute to
spin-dependent WIMP-nucleon scattering in the non-
relativistic limit. If χ is a Majorana fermion, then
χ̄σµνχ identically vanishes, leaving χ̄γµγ

5χq̄γµγ5q as the
only operator contributing to non-relativistic Majorana-
WIMP scattering.

The analysis of vector dark matter, denoted by Bµ

is slightly more involved, see [60–62] for details. It is
straightforward to verify that all combinations of vector
fields and a tensor quark bilinear either vanish identi-
cally or are velocity suppressed. Similarly, by explicit
calculation, and by making use of the equation of mo-
tion for a vector field, one can show that operators of
the type Bν(∂µBν)q̄γµγ5q or Bµ(∂νBν)q̄γµγ5q are ve-
locity suppressed or vanish identically. However, the
operator εµνρσBµ(∂νBρ)q̄γσγ

5q can be shown to con-
tribute to vector dark mater spin-dependent scattering
in the non-relativistic limit. For complex dark mat-
ter, the corresponding operator εµνρσB†µ(∂νBρ)q̄γσγ

5q

and the operator (B†µBν − B†νBµ)q̄σµνq also contribute
to spin-dependent scattering. However, they are in
general accompanied by the operators Bν(∂µB

†
ν)q̄γµγ5q

and B†µB
µq̄q, respectively, which contribute to spin-

independent scattering. Thus, in order for spin-
dependent interactions to dominate, one would need to
suppress those operators, for example by imposing an
additional discrete symmetry. We will thus focus on real
vector dark matter in this analysis.

To summarise this Section, we found that there are
four types of effective operators with mass-dimension 5 or
6 giving rise to spin-dependent WIMP-nucleon scattering
in the non-relativistic limit. While the non-relativistic
scattering of scalar WIMPs is spin-independent in gen-
eral, there are two operators which lead to spin-
dependent interactions for fermionic dark matter:

O(6)
AA = χ̄γµγ

5χq̄γµγ5q,

O(6)
TT = χ̄σµνχq̄σ

µνq.
(6)

Note that for Majorana fermions, the tensor operator

O(6)
TT vanishes identically. Moreover, there are two kinds

of operators which result in spin-dependent interactions

for vector dark matter:

O(6)
V B = εµνρσB(†)

µ (∂νBρ)q̄γσγ
5q,

O(5)
V B = (B†µBν −B†νBµ)q̄σµνq.

(7)

In general, the operators listed in Eq. (6) and Eq.(7)
are accompanied by operators which induce spin-
independent interactions. However, for Majorana
fermions and real vector dark matter with chiral cou-
plings (see Section V), the spin-independent operators
vanish, and one can thus expect predominantly spin-
dependent interactions.

V. SIMPLIFIED MODELS FOR
SPIN-DEPENDENT INTERACTIONS

It is instructive to explore possible extensions of the
Standard Model which would give rise to the effective
operators for spin-dependent WIMP-quark interactions,
Eqs. (6) and (7), at tree level. We are not attempting
to explore complex scenarios like supersymmetric theo-
ries, but rather consider simplified models with a min-
imal field content. Such models have been studied in
some detail recently in the context of collider physics,
see e.g. [63, 64] and references therein. In this section
we shall construct renormalizable Lagrangians contain-
ing a fermionic or vector WIMP and one scalar, fermion
or vector boson mediator, and explore the possible spin-
dependent interactions between the WIMP and the SM
quarks.

A. Fermionic WIMP

We first consider fermionic dark matter, with interac-
tions mediated by heavy vector or scalar particles. The
tree-level scattering processes include t, s and u-channel
contributions as shown in FIG. 1 for a vector boson me-
diator (and analogously for scalar mediators)

The simplified model Lagrangian describing WIMP-
quark scattering through the exchange of a vector medi-
ator, Vµ, in the t-channel is given by [53, 60]

L =− 1

4
FµνFµν +

1

2
m2
V VµV

µ − q̄γµ(gLPL + gRPR)qVµ

− χ̄γµ(g′LPL + g′RPR)χVµ, (8)

where Fµν = ∂µV ν − ∂νV µ is the field strength tensor
andmV is the mass of the vector boson, PL,R = (1±γ5)/2
are the left- and right-handed projection operators, and
gL,R, g

′
L,R are dimensionless coupling constants. Note

that we have omitted the kinetic and mass terms for the
fermions, since they do not play a role in the calculation
of the effective operators. Integrating out the vector field,
we obtain the effective Lagrangian of the WIMP-quark
interaction:

Leff = − 1

m2
V

q̄γµ(gV − gAγ5)qχ̄γµ(g′V − g′Aγ5)χ, (9)
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FIG. 1. Feynman diagrams for the scattering of a fermionic
WIMP off quarks through the exchange of a vector particle:
t-, s- and u-channel contributions (upper left, upper right and
lower panel, respectively).

with the coupling strengths gV = (gL + gR)/2 and
gA = (gL−gR)/2, and correspondingly for g′V,A. The La-

grangian in Eq. (8) thus gives rise to four effective opera-
tors. As we have shown in Section IV, the two terms cou-
pling the axial-vector quark bilinear to the vector WIMP
bilinear and vice versa vanish in the non-relativistic limit.
The remaining two terms contain a pure vector and a
pure axial-vector coupling:

gV g
′
V

m2
V

q̄γµqχγµχ and
gAg

′
A

m2
V

q̄γµγ5qχγµγ
5χ. (10)

The first term is indeed present in the non-relativistic
limit and contributes to spin-independent scattering,

while the second term contains the operator O(6)
AA, which

we have shown to give rise to spin-dependent scatter-
ing. Note, that for a Majorana WIMP the first term
vanishes due to charge conjugation symmetry, and scat-
tering would be predominantly spin-dependent.

Let us now consider the case of s- and u-channel ex-
change of a vector mediator. The corresponding simpli-
fied model Lagrangian is [53, 60]

L =− 1

2
FµνF †µν +m2

V V
†
µV

µ − q̄γµ(gV − gAγ5)χV †µ

− χ̄γµ(g∗V − g∗Aγ5)qVµ, (11)

where we have already inserted the explicit expressions of
the left- and right-handed projection operators to write
the fermion currents in the standard V − A form. The
corresponding effective Lagrangian for the WIMP-quark
interactions reads

Leff = − 1

m2
V

q̄γµ(gV − gAγ5)χq̄γµ(g∗V − g∗Aγ5)χ. (12)

We can use Fierz identities [65] to rearrange the terms
and arrive at

Leff =− 1

m2
V

[
(|gV |2 − |gA|2)q̄qχ̄χ

− 1

2
(|gV |2 + |gA|2)q̄γµqχ̄γµχ

− 1

2
(|gV |2 + |gA|2)q̄γµγ5qχ̄γµγ

5χ
]
, (13)

where we have omitted terms not contributing in the non-
relativistic limit. The effective Lagrangian includes the

axial-vector operator O(6)
AA, but also operators with scalar

and vector coupling. This simplified model will therefore
give rise to both spin-dependent and independent scatter-
ing. If we assume that the WIMP is a Majorana fermion,
the vector operator would vanish. The scalar operator,
however, is even under charge conjugation and would
therefore still contribute to spin-independent scattering.
Therefore, in order for spin-dependent scattering to dom-
inate, we would have to further assume that gV = ±gA
so that the pre-factor of the scalar term vanishes. This
corresponds to the so-called chiral limit where either the
left-handed coupling gL or the right-handed coupling gR
is zero, i.e. only the left- or right-handed components of
the WIMP couple to the mediating vector boson.

Note that for s- and u-channel interactions the vec-
tor boson must carry color and electromagnetic charge.
Furthermore, the Lagrangian does not exhibit a Z2-
symmetry in the WIMP sector, and the WIMP can thus
decay into Vµ and a lighter SM particle. In order to as-
sure that the WIMP can account for the present day relic
abundance, the WIMP would have to be lighter than the
mediator so that the decay is kinematically inaccessible.

Interactions of a fermionic WIMP with quarks can also
be mediated by a scalar particle φ, with t-, s- and u-
channel contributions as for vector mediators. The t-
channel exchange, described by the Lagrangian

L =
1

2
(∂µφ)(∂µφ)− 1

2
m2
φφ

2 − q̄(gLPL + gRPR)qφ

−χ̄(g′lPL + g′rPR)χφ, (14)

only leads to scalar operators, which do not contribute
to spin-dependent scattering as argued in Section IV.

However, s- and u-channel interactions with the La-
grangian

L = (∂µφ
†)(∂µφ)−m2

φφ
†φ− q̄(gS + gP γ

5)χφ†

−χ̄(g∗S + g∗P γ
5)qφ (15)

lead to an effective interactions of the type

Leff = − 1

m2
φ

q̄(gS − gP γ5)χq̄(g∗V + g∗Aγ
5)χ, (16)

where gS = (gL + gR)/2 and gP = (gR − gL)/2. Using
Fierz identities to rearrange the spinor bilinears and ne-
glecting terms which vanish in the non-relativistic limit
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FIG. 2. Feynman diagrams for the scattering of a vector
WIMP off quarks through the exchange of a fermion: s- (left)
and u-channel (right) contributions.

we arrive at

Leff =− 1

m2
φ

[1

4
(|gS |2 − |gP |2)q̄qχ̄χ

+
1

4
(|gS |2 + |gP |2)q̄γµqχ̄γµχ

− 1

4
(|gS |2 + |gP |2)q̄γµγ5qχ̄γµγ

5χ

+
1

8
(|gS |2 − |gP |2)q̄σµνqχ̄σµνχ

]
. (17)

We see that both operators found in the last section O(6)
AA

andO(6)
TT arise in this model. However, they are accompa-

nied by the scalar and vector operators which contribute
to spin-independent scattering. As in the case for a
vector mediator, additional theoretical assumptions have
to be made to construct a model where spin-dependent
scattering dominates. The assumption that the WIMP
is a Majorana fermion eliminates the vector and tensor
operators, leaving the scalar operator as the only spin-
independent contribution. For it to vanish, the scalar
and pseudoscalar couplings must be of equal strength
gS = ±gP , corresponding to the chiral limit of only left-
or right-handed WIMPs coupling to the scalar media-
tor. Note, that the scalar boson mediating s- and u-
channel exchange is charged under the electromagnetic
and strong force. Also, the WIMP is no longer protected
by a Z2-symmetry, and will decay unless it is lighter than
the mediator particle.

B. Vector Boson WIMP

The interaction of a vector boson WIMP with SM
quarks can be mediated by t-channel exchange of scalar
and vector particles. It is straightforward to show [60]
that they do not contribute to spin-dependent scatter-
ing. We will therefore not consider them further and in-
stead focus on the s- and u-channel exchange of fermionic
mediators, FIG. 2, with the Lagrangian [60]

L =Q̄(i/∂ −mQ)Q− q̄γµ(gV − gAγ5)QBµ

−Q̄γµ(g∗V − g∗Aγ5)qBµ. (18)

As mentioned in Section IV we focus on real vector dark
matter, denoted by Bµ. Integrating out the fermion me-
diator we obtain the effective Lagrangian

Leff =
1

mQ

[
q̄γµ(gV − gAγ5)γν(g∗V − g∗Aγ5)qBνBµ

]
(19)

+
i

m2
Q

[
q̄γµ(gV − gAγ5)γαγν(g∗V − g∗Aγ5)∂α(qBνBµ)

]
.

Expanding the two terms, and neglecting contributions
that are either velocity-suppressed or suppressed by pow-
ers of ratios of SM quark and WIMP masses, mq/mB , we
find that only two effective operators remain:

Leff =
1

mQ
(|gV |2 − |gA|2)q̄qBµBµ

− 1

m2
Q

(|gV |2 + |gA|2)εµνρσ q̄γργ
5qBν∂σBµ.(20)

The second term corresponds to the operator O(6)
V B

which, as shown in Section IV, contributes to spin-
dependent scattering. In order for this operator to
dominate, we again have to assume the chiral limit
gV = ±gA, such that the pre-factor of the scalar quark
bilinear vanishes.

Concluding this section, we found that there are var-
ious simplified models which create effective operators
with spin-dependent interactions. For fermionic WIMPs,
both spin-dependent and spin-independent interactions
arise in general from the exchange of scalar or vector me-
diators. For models with Majorana fermion dark mat-
ter and t-channel exchange of neutral vector mediators,
the spin-independent operators are suppressed, and the
scattering cross-section is expected to be predominantly
spin-dependent. For the exchange of charged media-
tors in the s- and u-channel, one has to assume chi-
ral couplings to suppress the spin-independent interac-
tions. Spin-dependent interactions also arise for real vec-
tor WIMPs and a charged fermionic mediator. However,
also in this case we have to assume chiral couplings to
suppress the spin-independent interactions.

VI. CROSS SECTIONS AND RELIC DENSITY

To interpret the IceCube measurement of the neutrino
flux in terms of the effective field theory, we have to de-
termine the capture rate and thus the elastic scatter-
ing cross section of dark matter particles in the Sun,
see Eq. (3). Recall that IceCube places upper limits on
the annihilation rate, which is determined by the capture
rate if dark matter capture and annihilation in the Sun
is in equilibrium. We will focus on the three operators
χ̄γµγ

5χq̄γµγ5q, χ̄σµνχq̄σ
µνq and εµνρσBµ(∂νBρ)q̄γσγ

5q,
Eqs. (6) and (7), which generate spin-dependent interac-
tions in the non-relativistic limit for fermion and vector
dark mater, respectively, as demonstrated in Section IV.
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First, consider the effective Lagrangian with the axial-
vector operator,

Leff,AA = dqχ̄γµγ
5χq̄γµγ5q, (21)

where dq has mass-dimension −2 and specifies the cou-
pling strength of a quark with flavor q. As shown in Sec-
tion V, the specific interpretation of this effective cou-
pling depends on the underlying UV-complete theory.
We will keep dq as a free parameter to be constrained
from the IceCube measurement of the neutrino flux.

In order to obtain the cross-section for WIMP-nucleon
scattering, one has to compute the matrix element

Mif,AA =
∑

q=u,d,s

dq〈Nf , χf |χ̄γµγ5χq̄γµγ5q|Ni, χi〉,

(22)
where |Nf , χf 〉 and |Ni, χi〉 denotes the final and initial
states, respectively. The summation includes the light
quarks only, since heavy quarks do not contribute sig-
nificantly to the nuclear spin. The matrix element in
Eq. (22) can be expressed in terms of the spin expectation
values of the protons and neutrons in the nucleus [35, 60],

〈Nf |q̄γµγ5q|Ni〉 =2δµj
[
〈Nf |(Sp)j |Ni〉∆(p)

q

+〈Nf |(Sn)j |Ni〉∆(n)
q

]
, (23)

where (Sp/n)j denote the spatial components of the pro-

ton/neutron spin operators, and ∆
(p)
q and ∆

(n)
q are the

fractions of the proton or neutron spin carried by quark
q.

The expectation values for the proton and neutron spin
can be related to the total nuclear angular momentum JN
via

〈 ~Sp〉∆(p)
q + 〈 ~Sn〉∆(n)

q =
( 〈Sp〉
JN

∆(p)
q +

〈Sn〉
JN

∆(n)
q

)
×〈Nf | ~JN |Ni〉

≡ λq〈Nf | ~JN |Ni〉, (24)

where 〈Sp/n〉 are the expectation values of the spin pro-
jections onto the z-axis.

Since the capture of WIMPs in the Sun is dominated
by WIMP-proton scattering, these calculations simplify
greatly. In this case JN = 〈Sp〉 = 1/2 and 〈Sn〉 = 0. For
the fractions of the proton spin carried by light quarks,

∆
(p)
u,d,s, we use the values ∆u = 0.842 ± 0.012, ∆d =
−0.427± 0.012, and ∆s = −0.085± 0.017, as determined
by the HERMES collaboration [66].

Squaring the matrix elements, summing and averaging
over spins and performing the phase-space integration,
one arrives at the WIMP-nucleon scattering cross-section
in the non-relativistic limit

σSD,AA =
4µ2

π

[ ∑
q=u,d,s

dqλq

]2
JN (JN + 1), (25)

where µ = mχmN/(mχ+mN ) is the reduced mass of the
WIMP-nucleus system. Note that the matrix element

for a Majorana fermion WIMP contains an additional
factor of two compared to the Dirac case, and thus the
expression in Eq. (25) should be multiplied by a factor
of four when considering Majorana dark matter.

The scattering cross-section for an effective Lagrangian
containing the tensor operator,

Leff,TT = bqχ̄σµνχq̄σ
µνq, (26)

is four times that of the axial-vector operator [60]. For a
Dirac fermion we thus find

σSD,TT =
16µ2

π

[ ∑
q=u,d,s

bqλq

]2
JN (JN + 1), (27)

where bq is a constant with mass dimension −2 and de-
scribes the strength of the coupling of the tensor interac-
tion for a quark with flavor q. Recall that this operator
vanishes for a Majorana fermion.

Finally, for a vector boson WIMP, the Lagrangian rel-
evant for spin-dependent interactions is

Leff,V B = cqε
µνρσ q̄γργ

5qBν∂σBµ, (28)

resulting in a non-relativistic scattering cross section [60]

σSD,V B =
8µ2

3π

[ ∑
q=u,d,s

cqλq

]2
JN (JN + 1). (29)

Again, cq has mass dimension −2 and quantifies the
strength of the interaction for quark flavor q.

In order to be able to compare the IceCube measure-
ments with constraints on the effective theory from the
dark matter relic density, we also need to compute the

annihilation cross-sections for the operators O(6)
AA, O(6)

TT

and O(6)
V B described above. These cross sections have

been presented in the literature, see e.g. [53, 67, 68], and
we will quote the results here for completeness. For the

axial-vector operator O(6)
AA in Eq. (21) the cross-section

for the annihilation of Dirac fermion WIMPs into quarks
is given by [53, 67]

σann,AA =
1

4π

∑
q

d2
q

√
s− 4m2

q

s− 4m2
χ

×
[
s− 4(m2

χ +m2
q) + 28

m2
χm

2
q

s

]
. (30)

Similarly, the annihilation cross-section for the tensor op-

erator O(6)
TT in Eq. (26) is given by [67]

σann,TT =
1

2π

∑
q

b2q

√
s− 4m2

q

s− 4m2
χ

×
[
s+ 2(m2

χ +m2
q) + 40

m2
χm

2
q

s

]
. (31)
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Finally, for the case of a real vector boson WIMP, the an-

nihilation cross-section for the operator O(6)
V B in Eq. (28)

reads [68]

σann,V B =
1

9πm2
χ

∑
q

c2q

√
(s− 4m2

q)(s− 4m2
χ)

×
[
s− 4(m2

χ +m2
q) + 28

m2
χm

2
q

s

]
. (32)

In all three terms, the sum runs over all annihilation
channels that are kinematically accessible, i.e. those
where mχ ≥ mq.

The expected present day dark matter abundance can
be calculated using the standard approach described in
[7, 35] and is given by

Ωχh2 =
1.07× 109 GeV−1

MPl

xF√
g?

1

a+ 3b/xF
, (33)

where MPl = 1.22 × 1019 GeV is the Planck-mass, g?
is the number of relativistic degrees of freedom at the
time of WIMP-decoupling, xF = mχ/TF is the inverse
freeze-out temperature scaled by the WIMP mass, and
a and b are given by the coefficients of the low-velocity
expansion of the annihilation cross-section σannv ' a +
bv2. In most models the value for the inverse freeze-out
temperature hardly varies and typically lies between 20 <
xF < 30 [35, 69]. The corresponding number of degrees of
freedom is given in Ref. [70] and is typically somewhere
between 80 and 100 for several orders of magnitude in
temperature. In order to find the coefficients a and b one
has to perform the non-relativistic approximation s '
4m2

χ +m2
χv

2 + 3/4m2
χv

4. The corresponding expressions
have been calculated in [53, 67, 68] and read

σann,AAv '
3m2

χ

2π

∑
q

d2
q

×
[√

1− ξ2ξ2 +
8− 28ξ2 + 23ξ4

24
√

1− ξ2
v2
]

σann,TT v '
6m2

χ

π

∑
q

b2q
√

1− ξ2(1 + 2ξ2)

×
[
1 +

−2− 17ξ2 + 28ξ4

24(1− ξ2)(1 + 2ξ2)
v2
]

σann,V Bv '
2m2

χ

3π

∑
q

c2q
√

1− ξ2ξ2v2, (34)

where we have defined ξ = mq/mχ.

VII. RESULTS

In order to be able to derive upper limits on the ef-
fective coupling constants dq, bq and cq in the effec-
tive Lagrangians, Eqs. (21), (26) and (28), and the cor-
responding expressions for the scattering cross-sections,

Eqs. (25), (27) and (29), respectively, we have to make an
assumption about the coupling strength of dark matter
to individual quark flavors. We consider two benchmark
scenarios: one with universal couplings, where we assume
that the coupling strength of the effective operators is the
same for all quarks, dq = d, bq = b and cq = c. The sec-
ond benchmark scenario assumes Yukawa-like couplings,
with coupling strengths which scale with the mass of the
quark dq = d mq/me, and similarly for bq and cq, where
me is the mass of the electron and d, b and c are universal
factors. This second coupling scenario could be indica-
tive of an interaction mediated by some kind of Higgs
particle, even though it is not obvious how that might be
realised in a UV-complete model for the cases we are con-
sidering here. We will remain agnostic about the origin
of the Yukawa-like couplings and simply consider it as a
benchmark scenario. The resulting limits on the effec-
tive couplings for both the universal and the Yukawa-like
coupling type are shown in FIG. 3.

For the fermionic WIMP we have assumed χ to be
a Majorana fermion, since in our simplified models this
naturally leads to predominantly spin-dependent interac-
tions. Also, results for Majorana WIMPs can be inter-
preted in the context of full-fledged new physics models
like the minimal supersymmetric model [71], in which
dark matter is in general the lightest neutralino. We
have neglected the tensor operator in this analysis, since
it vanishes for Majorana fermions. For the vector boson
WIMP, we also focus on models which are able to nat-
urally create predominantly spin-dependent interactions
and therefore consider the case of a real vector particle.

The top left panel in FIG. 3 shows the IceCube up-
per limits on the effective coupling d for Majorana dark
matter with universal couplings to quarks. We provide
a weaker limit based on a soft neutrino spectrum as ex-
pected from WIMP annihilation into bottom quarks, and
a stronger limit based on a harder neutrino spectrum cor-
responding to annihilation into W bosons or τ leptons,
see Section III. As we assume a minimal dark matter
model where the WIMP couples to quarks only, it is not
obvious how one could generate a neutrino spectrum as
hard as that for annihilation into W bosons. Note, how-
ever, that final states with additional W and Z bosons,
χχ → qq̄(q̄′) + Z(W ), are strongly enhanced for Majo-
rana dark matter annihilation into light fermions, as the
emission of vector bosons lifts the helicity suppression
∝ m2

q/m
2
χ of the χχ → qq̄ cross section [73–75]. While

the neutrino spectrum from the decay of secondary W
and Z bosons differs from that of primary W bosons [76],
we can still expect a spectrum harder than that result-
ing from primary bottom quarks. We will consider the
hard spectrum from annihilation into W+W− pairs as
the most optimistic scenario for our analyses, expecting
the actual neutrino spectrum to lie somewhere in between
that of the bb̄- and W+W−-channels. Note that elec-
troweak radiation is, in general, not enhanced by helicity
factors for the case of vector WIMP annihilation, so that
a soft neutrino spectrum may be more appropriate for
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FIG. 3. (Top left): Comparison of upper limits on the universal effective coupling constant d of the axial-vector operator
for a Majorana fermion WIMP. The blue (green) lines show the upper limits on the effective coupling from spin-dependent
scattering cross-sections given by the IceCube search for dark matter annihilation in the Sun for soft or hard neutrino spectra
corresponding to the bb̄-channel (W+W−-channel) [28]. The red (orange) dashed lines show the 90% CL upper limits from
dark matter searches in mono-jet events at the LHC by the ATLAS (CMS) collaborations [26, 27]. The gray band corresponds
to the value of the coupling needed in order to account for the present day relic abundance of dark matter as measured by the
Planck satellite [72]. The black line indicates the upper limit for equilibrium between capture and annihilation in the Sun as
derived from Eq. (4). The region above the dotted line corresponds to values of the parameters for which the effective field
theory approach to dark matter annihilation is unreliable (see discussion in VII). (Top right, bottom left, bottom right): Upper
limits on the effective couplings for a vector boson WIMP with universal couplings, as well as for Majorana fermion and vector
boson WIMPs with Yukawa-like coupling, respectively. Note that in these cases there are no corresponding upper limits given
by LHC searches.

these scenarios.

We compare our limits from dark matter annihilation
in the Sun with constraints from WIMP searches at the
LHC as reported by ATLAS [26] and CMS [27], and with
constraints set by the dark matter relic density derived
from Eq. (33). Before we comment on the complemen-
tarity of the various searches and constraints, let us first

discuss the validity of the effective field theory approach
for the different types of calculations. The elastic WIMP-
nucleus cross sections which determine the WIMP cap-
ture rate in the Sun are evaluated at zero-momentum
transfer, and thus the effective field theory approach is
valid for any relevant size of effective coupling or dark
matter mass. To set limits in the parameter space of
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WIMP mass and effective coupling from the IceCube
measurement of the neutrino flux, we have to assume
that WIMP capture and annihilation are in equilibrium.
To test this assumption we have evaluated the equilib-
rium condition

√
C�CA t� 1 by inserting our results for

the elastic scattering and annihilation cross sections into
Eq. (4). The result is presented in FIG. 3 as an equilib-
rium condition lower limit, i.e. the equilibrium condition
holds for effective couplings above the line. Our upper
limits from the IceCube analysis are well above the equi-
librium condition lower limit, which a posteriori justifies
our assumption of equilibrium when relating limits on the
annihilation rate and limits on scattering cross-sections.
Note that in general also the parameter space below the
equilibrium limit can be probed, however a more sophis-
ticated analysis including the tanh2-suppression of the
annihilation rate would be necessary in such cases, see
Eq. (2).

Our estimate of the equilibrium condition lower limit
rests on the validity of the effective field theory ap-
proach for the calculation of the annihilation cross section
〈σannv〉. Recall that we need to require E . Λ for the
expansion in inverse powers of Λ to be reliable. With
d = f/Λ2, and E = 2mχ for s-channel WIMP anni-
hilation, this leads to 4m2

χ . f/d. For a perturbative

coupling we require g2 ∼ f . 4π and thus we arrive at
the condition

d .
π

m2
χ

. (35)

For a coupling d above π/m2
χ, our effective field theory

calculation of the WIMP annihilation cross section is not
reliable and we cannot properly evaluate the equilibrium
condition lower limit. The region d ≥ π/m2

χ is marked
by the dotted line in FIG. 3. We find that our analysis
is self-consistent and robust up to dark matter masses of
mχ . 1 TeV. However, we can expect our limits to hold
for larger WIMP masses in a wide class of UV-complete
models. Consider, for example, the simplified model with
a vector mediator specified by the Lagrangian in Eq. (8),
which generates the axial-vector coupling that we con-
sider here. In such models, WIMP annihilation proceeds
through the s-channel exchange of the mediator. The
breakdown of the effective field theory description cor-
responds to annihilation energies near or above the me-
diator mass, where the on-shell production of the me-
diator particle becomes possible. However, near such
resonances, the simplified model would lead to an an-
nihilation cross section which is enhanced compared to
that of the effective field theory, at least as long as the
width of the mediator is smaller than its mass. A larger
annihilation cross section, however, implies a larger fac-
tor

√
C�CA t, such that the equilibrium condition lower

limit calculated using the effective field theory is a con-
servative estimate. A more quantitative analysis requires
a model-specific calculation, see e.g. Ref. [77] for a study
within the minimal supersymmetric model.

The gray band in FIG. 3 corresponds to the value of the

effective coupling which would yield the right dark matter
abundance of Ωχh2 = 0.1199 as measured by the Planck
satellite [72]. The width of the band arises from varying
the inverse freeze-out temperature xF between 20 and
30. This curve serves as an lower bound on the effective
coupling. For couplings above this curve, the dark mat-
ter abundance would be lower than the measured value,
which is acceptable if we allow for several WIMPs or
other sources of dark matter, like axions. For values
below the curve, the WIMP would provide more than
the observed abundance, and the corresponding model is
generally considered excluded in a scenario where there
are no additional mechanisms, such as co-annihilation
of nearly mass-degenerate WIMPs [35]. For Majorana
fermion WIMPs the upper limits placed by our IceCube
analysis are above the gray band and thus consistent with
the dark matter relic density.

In FIG. 3 we also show limits from collider searches for
dark matter as reported by the ATLAS and CMS collab-
orations [26, 27]. These limits are competitive with the
IceCube limits for WIMP masses mχ . 850 GeV, even if
we conservatively assume a soft neutrino spectrum. Note,
however, that the validity of the effective field theory ap-
proach for dark matter searches at the LHC has been
questioned recently by a number of authors, see e.g. [78–
80], and we will comment on the implications later in this
section.

In the lower left panel of FIG. 3 we show the corre-
sponding analysis for the Yukawa-like benchmark sce-
nario with dq = d mq/me. The limits are about two
orders of magnitude weaker than those for universal cou-
plings. For Yukawa-type models the validity of the ef-
fective field theory calculation of the annihilation cross
is

d .
meπ

mqm2
χ

, (36)

where we have set mq = mt = 173.5 GeV to account
for the most conservative scenario. The region above the
dotted line corresponds to couplings d ≥ meπ/(mtm

2
χ)

where the effective field theory analysis of WIMP anni-
hilation is doubtful. Thus, if equilibrium of dark matter
annihilation and capture in the Sun holds, we can probe
a parameter space of the effective theory with the Ice-
Cube analysis, which is not accessible to corresponding
indirect detection searches. As we have argued above,
our equilibrium condition lower limit should be conser-
vative in a wide class of UV-complete models, and the
limits presented in FIG. 3 should, accordingly, be sound.

Very similar conclusions hold for the case of vector
dark matter presented in the right panels of FIG. 3.

We can convert the upper limits on the effective cou-
pling d presented in FIG. 3 into lower limits on the mass
of the mediator particle in the context of the simpli-
fied models constructed in Section V. Comparing the
effective Lagrangian in Eq. (21) and the second term in
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Eq. (10) we deduce that

d =
gAg

′
A

m2
V

. (37)

If we furthermore require perturbative couplings
gA, g

′
A <

√
4π, and assume for the sake of simplicity

that the mediating vector boson couples with the same
strength to the WIMP and to quarks, gA = g′A, we arrive
at the relation

mV >

√
4π

d
. (38)

The resulting lower bounds on the mediator mass are
shown in FIG. 4 for the case of universal couplings. For
a WIMP mass of mχ ≈ 1 TeV, the IceCube data can ex-
clude vector boson mediators lighter than approximately
2 and 5 TeV, for a soft or hard neutrino spectrum, re-
spectively. Assuming that the couplings gA, g

′
A can be

as large as 4π corresponds to the most optimal scenario,
and the limits would be weaker if the couplings of the
underlying theory would be smaller. However, the LHC
bounds on the mediator mass would scale in the same
way so that the relative sensitivity of IceCube and LHC
searches does not change.

The ATLAS and CMS analyses of mono-jet events as-
sume that the creation of WIMPs is described by one
of several effective operators. For each one of these op-
erators a signal prediction is made and then compared
with the background expectation in several signal re-
gions, mainly characterised by the missing energy in the
final state and the transverse momentum of a leading
hadronic jet [26, 27].

For the axial-vector operator the final analysis com-
pares the number of measured events and events ex-
pected from background in a signal region which re-
quires pjet

T , Emiss
T > 350 GeV for the ATLAS search and

Emiss
T > 500 GeV and pjet

T > 110 GeV for the CMS
search. Since no significant excess over the background
expectation was observed, 90% CL lower limits on the
suppression scale Λ of the effective operator can be de-
rived from this analysis. Note that the LHC collabora-
tions report limits on the axial-vector coupling for Dirac
dark matter. We have thus rescaled the numbers pro-
vided in Refs. [26, 27] by a factor of 2 to account for the
larger cross section for Majorana dark matter production.

It is important to note, however, that because of the
potentially large momentum transfer in high-energy col-
lisions, the mass of the mediating particle should be in
the TeV-range for the effective field theory to be reliable
at the LHC [78, 79]. Ref. [78] compares the LHC limits
on the suppression scale Λ set by the effective field theory
approach with limits from a simplified model, for differ-
ent ranges of the mediator mass. For very large mediator
masses, mmed & 2.5 TeV, the effective field theory lim-
its reproduce the limits from the simplified model quite
well. For lighter mediators, the effective field theory ei-
ther underestimates the actual limit on Λ when the cross
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FIG. 4. Lower bounds on the mass of the mediating vector
boson mV for Majorana dark matter with universal axial-
vector couplings to quarks. The blue (green) curve corre-
sponds to limits set by the IceCube solar WIMP analysis for
soft (hard) neutrino spectra corresponding to the bb̄-channel
(W+W−-channel). The red (orange) dashed lines show lower
limits from dark matter searches in mono-jet events at the
LHC by the ATLAS (CMS) collaborations [26, 27]. The red
(orange) shaded area corresponds to the region given in 39,
where the effective field theory approach significantly under-
estimates the actual LHC limits provided by ATLAS (CMS),
as described in Ref. [78].

section is resonantly enhanced, or it overestimates the
limit because the predicted missing energy distribution
is too soft compared to the simplified model. Ref. [78]
provides “rule of thumb” approximations for the values
of mediator masses at which the transition to the reso-
nant enhancement region occurs. This region depends on
the cut applied on the missing transverse energy in the
final state and is given by√

4m2
χ + /E

2
T . mmed . 6

√
4m2

χ + /E
2
T . (39)

Above the upper bound, i.e. for heavy mediators, the ef-
fective field theory approach is reliable, below the lower
bound, the effective field theory limits overestimate the
simplified model limits. Within the bounds, the cross
section is resonantly enhanced, so that the effective field
theory limits underestimate the limits within the simpli-
fied model. In FIG. 4 the region of resonant enhancement
for /ET = 350 GeV and /ET = 500 GeV are indicated by
the red and orange bands, respectively. In this region
we would thus expect the limits set by LHC searches to
be stronger than the ones presented in the figure. How-
ever, the limits provided by IceCube extend to WIMP
masses beyond the current LHC sensitivity, and beyond
the region of resonant cross section enhancement, and
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thus they are comparable in sensitivity and complimen-
tary in WIMP mass range to the LHC results.

VIII. ASTROPHYSICAL UNCERTAINTIES

The two largest astrophysical uncertainties in the cal-
culation of WIMP capture rate are the local WIMP den-
sity and the WIMP velocity distribution. As was shown
in Section I, assuming equilibrium the total capture rate
for WIMPs in the Sun is given by

C� = 2ΓA ∝ σSI/SD

∫
du f(u). (40)

The normalisation of the velocity distribution of WIMPs
in the halo, f(u), depends on the local dark matter den-
sity f(u) ∝ ρloc. For any measured value of the annihila-
tion rate in the Sun ΓA, the derived limit on the scatter-
ing cross-section σSI/SD will be ∝ 1/

∫
du f(u) ∝ 1/ρloc.

Since the effective coupling depends on
√
σSI/SD, the im-

pact of the local dark matter density is not very sig-
nificant. The original IceCube analysis of solar WIMP
annihilation [28] had assumed the canonical value of
ρloc = 0.3 GeV cm−3. Choosing an extreme scenario of
ρloc = 0.9 GeV cm−3 [81] would only lead to a ∼ 40%
improvement in the limit on the effective coupling.

The effect of the WIMP velocity distribution itself
however can be quite significant. Due to the integration
over WIMP velocities, the capture rate is very sensitive
to the low-velocity part of f(u) since the capture prob-
ability for low velocity WIMPs is significantly higher.
Often, the velocity distribution has been modelled as
a Maxwell-Boltzmann distribution with a dispersion of
v̄ = 270 km s−1 [39]. However, recent simulations of the
galactic halo have produced velocity distributions that
deviate from the Standard Maxwellian Halo (SMH) [82–
84]. It was shown in Ref. [39] that these velocity distri-
butions have an impact on the capture rate at a level of
up to ∼ 20%. Another interesting scenario presented in
[39] is the case of a co-rotating dark matter disc in the
plane of our galaxy. As has been shown by recent N-body
simulations which include the effects of baryons on the
WIMP distribution in the halo, a co-rotating dark mat-
ter disc could form with density fractions ranging from
ρdisc/ρhalo = 0.1 [85] to ρdisc/ρhalo = 1 [86]. The re-
sulting velocity distributions for a dark matter disc co-
rotating with a relative speed of 70 km s−1 are shown in
FIG. 5.

Compared with the SMH, the dark matter disc veloc-
ity distributions contain a second peak at the value of the
relative velocity of the disc. Even if the total local dark
matter density is fixed to a value of ρloc = 0.3 GeV cm−3,
the impact of this second WIMP population on the cap-
ture rate is significant. The resulting upper limits for
a Majorana WIMP with universal coupling are shown

in FIG. 6 for the axial-vector operator O(6)
AA, Eq. (6).

Note that the effect of the dark matter disc may be even
stronger for lower relative velocities.
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FIG. 5. Comparison of WIMP velocity distributions in the
galactic halo for different scenarios. The standard Maxwellian
Halo corresponds to a Maxwell-Boltzmann distribution with
a velocity dispersion of v̄ = 270 km s−1 transformed into
the rest frame of the Sun moving through the halo with
v� = 220 km s−1. Velocity distributions of dark matter disc
scenarios assume a second WIMP population with a relative
velocity of 70 km s−1 and are shown for the extreme cases
ρdisc/ρhalo = 0.1 and ρdisc/ρhalo = 1, as well as intermediate
values of ρdisc/ρhalo = 0.25 and ρdisc/ρhalo = 0.5.

For the conservative estimate ρdisc/ρhalo = 0.1, the Ice-
Cube limits improve by a factor 1.5 − 2.4, depending in
detail on the mass of the WIMP. The region where Ice-
Cube can provide complementary limits to the searches
at the LHC is enlarged down to WIMP masses of approxi-
mately 500 GeV for the bb̄ benchmark channel, compared
to approximately 850 GeV for the analysis without a co-
rotating dark matter disk as presented in FIG. 3. For
the more extreme scenario ρdisc/ρhalo = 1, the limits im-
prove by a factor 2.5−5, and the point where the IceCube
limits become more stringent than LHC limits is lowered
further to approximately 250 GeV. The same behavior is
seen in the IceCube limits on mediator masses, lower pan-
els in FIG. 3, which increase to approximately 2.5 TeV
(4 TeV) for the conservative (extreme) disc density frac-
tions, assuming a soft neutrino spectrum corresponding
to annihilation into bb̄ final states. It is important to
note that the scenarios with a co-rotating dark matter
disk would not lead to an increased signal in direct de-
tection experiments, since these are mostly sensitive to
the high-velocity part of the velocity distribution.

IX. CONCLUSION

We have presented a model-independent interpretation
of the search for WIMP dark matter annihilation in the
Sun with the IceCube Neutrino Observatory using an
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FIG. 6. The left (right) column shows the upper limits on the effective axial-vector coupling and vector mediator mass for
Majorana dark matter derived from the IceCube solar WIMP analysis for dark matter disc scenarios with conservative (extreme)
density fractions ρdisc/ρhalo = 0.1(1), respectively. The blue (green) curve corresponds to limits set by the IceCube solar WIMP
analysis for soft or hard neutrino spectra corresponding to the bb̄-channel (W+W−-channel). The red (orange) dashed lines
show upper limits from dark matter searches in mono-jet events at the LHC by the ATLAS (CMS) collaborations [26, 27]. The
gray band in the upper panels corresponds to the value of the coupling needed in order to account for the present day relic
abundance of dark matter as measured by the Planck satellite [72]. The black line indicates the upper limit for equilibrium
between capture and annihilation in the Sun as derived from Eq. (4). The region above the dotted line corresponds to values
of the parameters for which the effective field theory approach to dark matter annihilation is unreliable (see discussion in VII).
The red (orange) shaded area corresponds to the region given in 39, where the effective field theory approach significantly
underestimates the actual LHC limits provided by ATLAS (CMS), as described in Ref. [78].

effective field theory formalism. If dark matter annihila-
tion and capture in the Sun are in equilibrium, one can
relate the IceCube upper limits on the annihilation rate
to upper limits on the elastic WIMP-nucleon cross sec-
tion. We have focused on spin-dependent interactions, to
which the IceCube measurement is particularly sensitive,
and have identified four higher-dimensional effective op-

erators which give rise to spin-dependent non-relativistic
WIMP-nucleon scattering: two operators for fermionic
WIMPs, which reduce to one for Majorana fermions,
and two operators for a vector boson WIMP. Scalar dark
matter does not have spin-dependent interactions with
quarks in the non-relativistic limit.

We have constructed simplified models, where the in-
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teraction of dark matter and quarks is mediated by ei-
ther a heavy scalar or a heavy vector particle. Pre-
dominantly spin-dependent interactions arise naturally
in models with Majorana fermion dark matter and neu-
tral vector mediators, leading to an effective axial-vector
interaction, and in models with real vector dark matter
and charged fermionic mediators with chiral couplings.

We have calculated the spin-dependent elastic WIMP-
proton scattering cross sections for these effective inter-
actions and have placed upper limits on the coefficients
of the effective operators from the IceCube data for sce-
narios with universal and Yukawa-like WIMP-quark cou-
plings. The IceCube limits are sensitive to dark matter
annihilation in a wide range of WIMP masses, from ap-
proximately 100 GeV up to 5 TeV. In the context of sim-
plified models the upper limits on the coefficients of the
higher-dimensional operators can be translated into lower
limits on the mass of the mediating particle. For Majo-
rana dark matter with universal axial-vector couplings to
quarks, the IceCube measurement exclude vector media-
tors with masses below approximately 1 TeV for WIMP
masses up to 5 TeV.

We have discussed the astrophysical uncertainties of
the IceCube limits on the effective operators from the
local WIMP density and velocity distribution. Our re-
sults are not very sensitive to changes in the local dark
matter density or deviations from the standard Maxwell-
Boltzmann distribution of the dark matter velocity. How-

ever, the impact of a co-rotating dark matter disk, sug-
gested by recent N -body simulations including the effect
of baryons, could lead to a significant enhancement of
the capture rate and increased sensitivity of the IceCue
analysis.

Finally, we have compared our limits to constraints
from the dark mater relic density and direct searches at
the LHC, and discussed the validity of the effective field
theory approach in some detail. We have argued that the
effective field theory interpretation of the IceCube data is
theoretically reliable, and also consistent with the dark
matter relic density constraints. Furthermore, the Ice-
Cube analysis is complementary to Majorana dark mat-
ter searches at the LHC, extending the limits on higher-
dimensional axial-vector operators to WIMP masses of
5 TeV, i.e. significantly beyond the current LHC reach.
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