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Dark matter (DM) scattering and its subsequent capture in the Sun can boost the local relic density,
leading to an enhanced neutrino flux from DM annihilations that is, in principle, detectable at neutrino
telescopes. We calculate the event rates expected for a radiative seesaw model containing both scalar triplet
and singlet-doublet fermion DM candidates. In the case of scalar DM, the absence of a spin dependent
scattering on nuclei results in a low capture rate in the Sun, which is reflected in an event rate of less than
one per year in the current IceCube configuration with 86 strings. For singlet-doublet fermion DM, there is
a spin dependent scattering process next to the spin independent one, which significantly boosts the event
rate and thus makes indirect detection competitive with respect to the direct detection limits imposed by
PICO-60. Because of a correlation between both scattering processes, the limits on the spin independent
cross section set by XENON1T exclude also parts of the parameter space that can be probed at IceCube.
Previously obtained limits by ANTARES, IceCube, and Super-Kamiokande from the Sun and the Galactic
Center are shown to be much weaker.
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I. INTRODUCTION

Two of the biggest current challenges in theoretical
particle physics concern the nature of dark matter (DM) as
well as the generation of neutrino masses, both of which
cannot be convincingly explained by the Standard Model
(SM) [1,2]. Radiative seesaw models, as considered in this
paper, connect these two open ends. In these models,
neutrino masses are generated at the one-loop level through
interactions with a dark sector containing a DM candidate,
the most famous example being the Scotogenic model
[3–5]. The topology of the neutrino loop as well as the
particle content of the dark sector allow for many different
options, which have been systematically categorized
in Ref. [6].
The link between neutrinos and the dark sector allows

for neutrino signals produced by DM annihilations.
Such annihilations in the galactic DM halo can lead to
high energy neutrinos that, if abundant enough, can
be observed with IceCube and other neutrino detectors.

The characteristics of the neutrino spectrum will depend
on the annihilation processes involved. In particular,
direct annihilation into neutrino pairs will result in a
clear, distinct line at Eν ≃mDM, whereas neutrinos pro-
duced from the decays of other SM particles created by
annihilations result in a continuous spectrum. Direct
annihilation into neutrinos has been studied in
Refs. [7–10]. Here, we will study the general case, where
both scenarios are taken into consideration.
Monochromatic neutrinos provide a clear and distinct

signal compared to a continuous spectrum. Since we also
take into account the latter type of signals, we consider the
case where the annihilation rate is enhanced by a local
boost in the relic density. We focus on annihilations due to
an increased relic density in the Sun. Other astrophysical
objects that have been considered in the literature are, e.g.,
the Earth [11,12], the Galactic Center [13–16], or super-
massive black holes [7].
As our solar system moves through the galactic halo,

DM in the form of a weakly interacting massive particle
(WIMP) can scatter off nuclei in the Sun. If enough of the
kinetic energy of the WIMP is transferred in these scatter-
ings, the WIMP will be gravitationally captured by the Sun
[17,18]. This will lead to an accumulation of WIMPs in the
Sun’s core, enhancing the local relic density and leading to
a boost in annihilations. The capture rate depends chiefly
on the WIMP-nucleon scattering cross section, on which
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direct and indirect detection experiments have put stringent
constraints [1,2,19–25].
For definiteness, we consider here the radiative seesaw

model T1-3-B with α ¼ 0 [26,27], following the notation in
Ref. [6], that can contain either a tripet scalar or a singlet-
doublet fermionic DM candidate. Previous studies have
shown that triplet scalar [28–32] and singlet-doublet
fermion DM [33–36] can both reproduce the relic density
in agreement with the Planck satellite data [37]. In Sec. II
we give an overview of the model and in Sec. III of the
WIMP-nucleon scattering processes that are present. Our
method to compute the corresponding neutrino flux and
event rate in IceCube is discussed in Sec. IV. In Sec. V we
present the results of a numerical scan of the model
parameter space. We show results for the spin independent
and spin dependent WIMP-nucleon cross sections, the
thermally averaged cross section in the Galactic Center
and the expected event rates from annihilations in the Sun
in the current IceCube configuration with 86 strings (IC86).
These results are not only compared to limits from the
direct detection experiments XENON1T and PICO-60, but also
to previously obtained limits from neutrino observations in
the Sun and the Galactic Center with ANTARES, IceCube,
and Super-Kamiokande. Our conclusions and an outlook are
given in Sec. VI. Analytic results for mixing in the fermion
sector and the resulting interaction vertices are deferred to
the Appendix.

II. THE MODEL

The radiative seesaw mechanism at one loop allows for
35 models that can simultaneously generate neutrino
masses and present a suitable DM candidate [6]. What
these models have in common is that the new fields are odd
under a Z2 symmetry, whereas the SM fields have an even
charge. As a result there must be an even number of new
fields at any interaction vertex. Thus the new particles
cannot decay into SM particles, which guarantees the
stability of the DM candidate. Scattering and annihilation
processes of new particles are allowed. When two different
dark particles are close in mass, coannihilation processes
can become relevant [4,38–42]. Moreover, the Z2 sym-
metry does not allow for any tree-level seesaw mechanism.
Instead neutrino masses are generated at one-loop level.
The models in Ref. [6] are categorized based on the
different topologies of the neutrino loops.

Figure 1 shows the loop of T1-3 topology. In this paper
we study the model T1-3-B with α ¼ 0. The fields that are
added to the SM in this case are listed in Table I.
Componentwise these fields are given by

Ψ ¼ Ψ0; ψ ¼
 

ψ0

ψ−

!
; ψ 0 ¼

�
ψ 0þ

ψ 00

�
;

ϕi ¼
 1ffiffi

2
p ϕ0

i ϕþ
i

ϕ−
i − 1ffiffi

2
p ϕ0

i

!
; ð1Þ

where the index i denotes the generations of the scalar
triplet and the superscripts denote the electric charge. The
scalar triplet has no hypercharge, therefore its neutral
component is a real scalar. The two fermion doublets are
combined to a vectorlike doublet by building Dirac spinors
as follows:

ψ0
D ¼

�
ψ0

iσ2ðψ 00Þ�
�
; ψ−

D ¼
�

ψ−

iσ2ðψ 0þÞ�
�
: ð2Þ

However, throughout this work we stick to using Weyl
spinors instead of these Dirac spinors. The particle content
of this model is similar to the Fm

4 and Sr6 models considered
in Ref. [9], except for the important difference that our
fermions are mixed singlet-doublet states.
Following the notation of Refs. [26,27], the Lagrangian

of the model is given by1

L ¼ LSM þ Lkin −
1

2
ðM2

ϕÞijTrðϕiϕjÞ −
�
1

2
MΨΨΨþ H:c:

�
− ðMψψ 0ψψ 0 þ H:c:Þ − ðλ1ÞijðH†HÞTrðϕiϕjÞ

− ðλ3ÞijkmTrðϕiϕjϕkϕmÞ − ðλ4ðH†ψ 0ÞΨþ H:c:Þ − ðλ5ðHψÞΨþ H:c:Þ − ððλ6ÞijLiϕjψ
0 þ H:c:Þ: ð3Þ

FIG. 1. Topology of neutrino mass generation in the T1-3 class
of radiative seesaw models [6,26,27].

1The products of field multiplets must be interpreted to be gauge and Lorenz invariant.
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The λ6 term couples the SM leptons Li to the new fields,
which allows the neutrinos to obtain their masses. Since
M2

ϕ > 0, the scalar triplets does not acquire a vacuum
expectation value (VEV). They couple to the SM Higgs H
through the λ1 term and have self interactions through
the λ3 term. The self interactions do not influence the
phenomenology of the model. Hence λ3 is set to zero in this
work. The λ4 and λ5 terms are similar to Yukawa terms
and link the new fermions to the SM Higgs field. After
electroweak symmetry breaking (EWSB) these terms will
appear in the mass matrix of the fermions and induce
mixing between the fermion singlet and the vectorlike
doublet.
To obtain the physical states (mass eigenstates), the mass

matrices must be diagonalized. After EWSB, the mass
matrix for the neutral fermions is given by

Mf ¼

0
BBB@

MΨ
λ5vffiffi
2

p λ4vffiffi
2

p

λ5vffiffi
2

p 0 Mψψ 0

λ4vffiffi
2

p Mψψ 0 0

1
CCCA; ð4Þ

and it is diagonalized by the unitary mixing matrix Uχ .
This results in three Majorana mass eigenstates with masses
mχ0i

, given by

0
B@

χ01
χ02
χ03

1
CA ¼ Uχ

0
B@

Ψ0

ψ0

ψ 00

1
CA: ð5Þ

Because of the interaction of the scalar triplet with the SM
Higgs boson, the scalar mass matrix obtains a contribution
proportional to the SM Higgs VEV v,

M2
ϕ0 ¼ M2

ϕ� ¼ M2
ϕ þ λ1v2: ð6Þ

The scalar mass matrix is diagonalized by Oη, which yields
the squared masses of the scalar components m2

η0;�i
. The

mass eigenstates are defined by

 
η0;�1

η0;�2

!
¼ Oη

 
ϕ0;�
1

ϕ0;�
2

!
: ð7Þ

In this work we choose M2
ϕ and λ1 to be diagonal and thus

neglect mixing between the two generations of scalar
particles, as this does not affect the phenomenology.
Note that the neutral and charged components have equal
masses at tree level. Loop corrections induce a mass
splitting between both components, making the charged
component 166 MeV heavier at one loop [31].
The neutrino loop in Fig. 1 can be calculated analytically

resulting in the following formula for the neutrino mass
matrix:

ðMνÞij ¼
1

32π2
Xns
l¼1

λim6 λjn6 ðOηÞlnðOηÞlm

×
Xnf
k¼1

ðUχÞ�k32
m3

χ0k

m2
η0l
−m2

χ0k

m2
χ0k

m2
η0l

≕
1

32π2
Xns
l¼1

λim6 λjn6 ðOηÞlnðOηÞlmAl: ð8Þ

Here, ns is the number of neutral scalars and nf is the
number of neutral fermions. In our model with two
generations of a real scalar triplet, ns ¼ 2. This implies
that the rank of the matrix Mν ≤ 2. Thus this model only
allows for two massive neutrinos. One could consider the
case with three massive neutrinos, which requires a mini-
mum of ns ¼ 3. For our model with two massive neutrinos,
Eq. (8) can be inverted, leading to the Casas-Ibarra
parametrization [43]

λim6 ¼ Uij
PMNS

ffiffiffiffiffiffiffi
mνj

p
Rjl

ffiffiffiffiffi
Al

p −1Olm
η : ð9Þ

mνj are the eigenvalues of the neutrino mass matrixMν, and
UPMNS the PMNS matrix [1]. R is a 3 × 2 matrix fulfilling
the condition

RRT ¼

0
B@

0 0 0

0 1 0

0 0 1

1
CA; ð10Þ

meaning that R can be parametrized as

R ¼

0
BB@

0 0

cosðθÞ − sinðθÞ
sinðθÞ cosðθÞ

1
CCA ð11Þ

by an angle θ, which is allowed to take any value between 0
and 2π.

TABLE I. New fields in the model T1-3-B with α ¼ 0.

Field Type Generations SUð3ÞC SUð2ÞL Uð1ÞY Z2

Ψ Majorana spinor 1 1 1 0 −1
ψ Weyl spinor 1 1 2 −1 −1
ψ 0 Weyl spinor 1 1 2 1 −1
ϕ Real scalar 2 1 3 0 −1
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III. SPIN INDEPENDENT AND SPIN DEPENDENT
CROSS SECTIONS

After discussing the particles in the model, as well as
the generation of neutrino masses, it is now time to turn to
the interactions with SM particles through scattering. In
order for DM to be captured in the Sun, it needs to lose
energy by scattering off nuclei inside the Sun. The spin
dependent (SD) and spin independent (SI) cross sections
determine the scattering rate of WIMPs on nucleons.
Experiments such as XENON1T and PICO-60 search for
signals from the nuclear recoil of a DM-nucleon scatter-
ing, and they have put stringent bounds on the cross
sections of these processes [1,2,19–22]. Both the SD
and SI cross sections determine the capture rate of DM
in the Sun. Therefore, they have a large impact on the
neutrino flux from DM annihilations. The model we
consider here contains a scalar as well as a fermionic DM
candidate, both of which have different scattering
phenomenology.
In our case, scalar DM can only scatter via the SI process

through the Higgs boson. The SD scattering contribution
with a Z0 boson as mediator is not present here, resulting in
a lower cross section. As we will show later, this has a clear
effect on the IceCube event rate. For fermionic DM there is
one diagram contributing to the SI and SD cross sections
each [44]. The diagram for spin (in)dependent scattering is
a t-channel diagram with a (Higgs-) Z0 boson as mediator
as illustrated in Fig. 2. Scattering processes through
s-channel diagrams are not possible, since none of the
new particles couples to quarks. As it turns out, the SI and
SD cross sections are correlated with each other, as both are
dependent on the mixing between the fermion singlet and
doublet, governed by λ4 and λ5. The explicit Feynman rules
for the DM-mediator vertices as well as the impact of
singlet-doublet mixing on the cross sections are discussed
in Appendix.

IV. DETECTING NEUTRINOS FROM DM
IN THE SUN WITH ICECUBE

In order to determine the event rate in IceCube, we
start from the differential neutrino flux at Earth, which is
given by

dϕν

dEν
¼ 1

4πd2⊙
Γχχ

X
f

Brff̄
dNf

dEν
ð12Þ

with the distance Earth-Sun d⊙, the annihilation rate Γχχ ,
the branching fractions Brff̄ of final annihilation particle
states f, and the corresponding differential neutrino energy

spectra dNf

dEν
. This neutrino flux is related to the differential

expected signal event number by the relation

dNs

dE
¼ te

�
dϕνμ

dE
AνμðEÞ þ

dϕν̄μ

dE
Aν̄μðEÞ

�
; ð13Þ

where te is the exposure time and Aνμðν̄μÞ is the muon
neutrino (muon antineutrino) effective area of the detector.
To evaluate the expected event rate numerically, we

implement a new routine in micrOMEGAs 5.0.8 [45] that
computes the expected number of signals in the IceCube
detector configuration IC86. A routine based on the now
obsolete configuration with 22 strings (IC22) was already
implemented, so that we could use it as a basis for our new
routine. We modify it by convoluting the neutrino spectra
with the effective area for IC86 instead of IC22. Eight DeepCore
strings are part of the IC86 configuration. Including that
their effective area lowers the energy threshold to 10 GeV.
We extrapolate the data points linearly to fit our energy
range, as shown in Fig. 3. The corresponding data points
have been taken from Ref. [24]. In the region where both
selections overlap, we use the IceCube effective area, as it is
larger than the one of the DeepCore selection.

FIG. 2. Feynman diagrams for DM scattering on quarks
(nucleons) through Z0 (left) and Higgs boson exchange (right).

FIG. 3. The νμ and ν̄μ effective areas for the DeepCore and the
IceCube detector configuration IC86 as a function of the neutrino
energy. The data points are taken from Ref. [24] (triangles and
crosses) and linearly extrapolated (black line). Individual effec-
tive areas are calculated using data from Ref. [46] (blue dashed
and red dotted lines). Both the IceCube and DeepCore selections of
the effective area are used in our work.
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For deep-inelastic scattering of neutrinos with nucleons,
the energy-dependent cross sections for νμ and ν̄μ are
different. The combined effective area was split up into
individual effective areas by taking these differences into
account and with data from Ref. [46] and the relation

Aνμðν̄μÞ ¼
Acombined

1þ σν̄μðνμÞ
σνμðν̄μÞ

: ð14Þ

In Table II we show the parameters for a typical
benchmark point. This benchmark point gives an expected
event rate at IceCube of 16 events per year. Figure 4 shows
the differential neutrino and antineutrino fluxes, which
differ due to absorption (also oscillation and regeneration)
effects in the Sun [47], and the expected event rate at
IceCube at different energies. The neutrino flux is highest
for energies below 50 GeV, but even when taking into
account the DeepCore effective area from Fig. 3, the amount
of events from these neutrinos is suppressed by the small
effective area. There is no neutrino flux for Eν > mDM,
since the neutrinos cannot have more kinetic energy than
the mass of the annihilating particle. The velocities of the
annihilating DM particles are negligible. For a typical point
such as this benchmark point, there are almost no mono-
chromatic neutrinos with Eν ¼ mDM. Thus we do not
expect to measure a neutrino line at IceCube. It turns
out that direct annihilation of fermion DM into a SM
neutrino line is also suppressed in general by the Yukawa

couplings λ6, restricted to be small by the neutrino masses
and LFV (see below) [26]. However, a continuous signal
spectrum as shown in Fig. 4 is indeed expected from the
Sun. For the benchmark point chosen above, the SI cross
section is σpðSIÞ ¼ 1.75 × 10−8 pb and already excluded
by the XENON1T limits, but as we will see in the following,
this statement does not generalize.

V. NUMERICAL RESULTS

We explore the parameter space of our model by
means of a numerical scan. We use SPheno 4.0.3 [48,49] to
calculate the masses of the new particles and the branching
ratios (BRs) for lepton flavor violation (LFV). The SPheno

module is generated using SARAH 4.14.0 [50]. The relic
density, spin (in)dependent cross sections, and the neutrino
flux from the Sun are subsequently calculated using
micrOMEGAs 5.0.8 [45]. The determination of the relic density
by micrOMEGAs follows from the numerical integration of
the Boltzmann equation describing the number density nχ
of a DM particle χ [51]

dnχ
dt

þ 3Hnχ ¼ −hσAvi½n2χ − ðneqχ Þ2�; ð15Þ

with the Hubble constant H and the thermally averaged
annihilation cross section in the early Universe hσAvi. This
includes possible co-annihilation processes that are present
in this model and will be discussed later. We require the

FIG. 4. (Anti-)neutrino flux from the Sun (left) and expected event rate at IceCube (right) for the benchmark point given in Table II.
The dashed lines indicate the value of the DM mass.

TABLE II. Parameters used for our benchmark point (masses in GeV). The matrix elements not mentioned (e.g., λ121 ) are set to zero.

MΨ Mψψ 0 ðM2
ϕÞ11 ðM2

ϕÞ22
362 614 2.4 × 106 4.3 × 107

λ4 λ5 λ111 λ221 λ116 λ126 λ216 λ226 λ316 λ326

−0.17 −0.65 0.011 0.012 −1.74 × 10−5 −5.28 × 10−5 0.90 × 10−5 −18.67 × 10−5 5.36 × 10−5 11.91 × 10−5
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relic density to be Ωh2 ¼ 0.12 [37], allowing it to vary
by �0.02.
We now scan over the parameter space of the model. The

mass parameters MΨ;ψψ 0;ϕ are varied between 100 GeVand
10 TeV. As was mentioned before, M2

ϕ is chosen to be
diagonal. The couplings jλ1;4;5j are varied between 1 × 10−3

and 10, where λ1 is chosen to be diagonal. The signs of
these couplings are chosen randomly. λ6 is calculated using
the Casas-Ibarra parametrization Eq. (9), which requires the
other model parameters as input. The neutrino mass
differences and the PMNS angles are varied in the 3σ
ranges [52], where we assume normal ordering. The angle θ
from the Casas-Ibarra parametrization is varied from zero
to 2π. In addition we require the Higgs mass to be
(125� 2.5) GeV. LFV constrains the parameter space
further. We impose the current limits on BRðμ → eγÞ <
4.2 × 10−13 [53] and BRðμ → 3eÞ < 1.0 × 10−12 [54], as
they impose usually the most stringent constraints. As a
cross-check, we have reproduced the results shown in
Figs. 7 and 10 of Ref. [26].

A. Spin independent scattering

Our spin independent cross section results for both
fermion (below about 1 TeV) and scalar (above about
1 TeV) DM are shown in Fig. 5. The two kinds of dark
matter are clearly divided by their allowed mass ranges. In
the case of scalar triplet DM, the thermally averaged cross
section in the early Universe is dominated by the annihi-
lations of the triplet components into the electroweak gauge
bosons, e.g., η01η

0
1 → WþW−, but co-annihilation processes

with the charged component such as η01η
þ
1 → ZWþ need

also to be included due to the small mass splitting between
the triplet components. An extensive overview of the
possible (co)-annihilation diagrams is given in Ref. [30].
For this case, Ref. [31] computed the thermally averaged
cross section as well as the DM abundance and freeze-out
temperature for a general SUð2ÞL n-plet, resulting in a DM
mass of 2.0� 0.05 TeV for n ¼ 3. The freeze-out temper-
ature Xf ¼ mDM=Tf ∼ 26 is in line with the results of

micrOMEGAs for this model of Xf ≈ 26. In principle,
annihilation into two Higgs bosons is also possible, but
it only starts to become relevant for DM masses above
2 TeV [28]. Nonetheless, the triplet-Higgs coupling λ1 does
affect the mass range for which the DM satisfies the relic
density constraint already at smaller masses. This has been
observed in Refs. [26,29–31], all of which placed the scalar
triplet DM in a mass range around 2 TeV.
For singlet-doublet fermion DM the situation is depen-

dent on the mixing between the fermion fields. This
scenario is similar to MSSM neutralino DM, in the case
the Bino mixes with the Higgsinos. In the early Universe,
the thermally averaged annihilation cross section is domi-
nated by the coupling of the fermions to the Higgs and Z
boson. Through s-channel processes the DM can annihilate
into SM quarks. These couplings depend on the parameters
λ4 and λ5, as is shown in Appendix. Further processes
include the direct annihilation of the neutral doublet
component into W boson pairs through the t-channel
exchange of the charged doublet component, as well as
co-annihilations between the neutral and charged doublet
components into aW boson, of which the cross sections are
given in Ref. [36]. Additionally, an expression for the relic
density depending on the cross section is given. The masses
presented in Ref. [36] are in the range of a few hundred
GeV. However, as a Higgs mass of 500 GeV was assumed,
a direct comparison is difficult. An overview of annihilation
diagrams, as well as the relation to direct detection is
presented in Ref. [33], which also placed a lower bound on
the mass range of the doublet component of ∼1 TeV.
Moreover, it was found that in the case where the DM is
mostly doublet in nature, the relic density constraint is
satisfied for masses ∼1.1 TeV. More generally, the authors
presented a numerical scan satisfying relic density con-
straints in the 40 to 500 GeV mass range. The results
obtained in Ref. [26] extend further in both directions, from
around 10 GeV up to the purely doublet case around
1.1 TeV. Taking into account a slightly different spread of
the points due to differing scan ranges and the already
imposed LFV limits, the results agree with those in Figs. 7
and 10 of Ref. [26].
For indirect detection purposes the branching ratios of

DM annihilations in the galactic halo are important. Hence
the points in Fig. 5 are color coded according to their
dominant decay channel. A point is marked by its dominant
channel when a single branching ratio exceeds 50%. If this
is not the case, then a point is marked as having no

FIG. 5. The spin independent (SI) cross section with ANTARES

[23], IceCube [24], Super-Kamiokande [25], and XENON1T [19]
exclusion limits as a function of the DM mass for both fermion
(below about 1 TeV) and scalar DM (above). All points and lines
are color coded according to the main annihilation channel,
provided there is one with a branching ratio of over 50%. Also
shown is the neutrino floor [55].
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dominant channel. The scalar DM candidates, all located
around 2 TeV, mainly decay into a pair of W bosons. For
fermionic DM the situation is mixed. At masses below the
W boson mass, the main channel is through bb̄ production,
after which the dominant channel becomes WþW−. For
masses above the top mass, there is mainly tt̄ production,
except for the points around 1 TeV, where W-boson
production is the only dominant channel. This can be
explained by the singlet-doublet nature of the fermionic
DM, where the parameter points located around 1 TeV are
those that have a large doublet contribution and therefore
couple more strongly to the electroweak gauge bosons. In
contrast, the points for which the DM candidate is mainly a
singlet with only a small doublet admixture couple less to
the gauge bosons and relatively more to the top quark via
the SM Higgs boson. The charged fermions are always
heavier than 102 GeV, so that the limits by the LEP
experiments [56] do not restrict the parameter space. We
see that the previous limits by the ANTARES [23], IceCube
[24], and Super-Kamiokande [25] Collaborations from DM
annihilations in the Sun are several orders of magnitude
weaker than the XENON1T [19] direct detection bound, with
the bb̄ limits being less stringent compared to the WþW−

ones. We also show the atmospheric and diffuse supernova
background (DSNB) neutrino “floor” [55], which may
render DM direct detection difficult.

B. Spin dependent scattering

In Fig. 6 we show the spin dependent cross section for
singlet-doublet fermion DM in our model and compare it to
direct and indirect detection limits. Different annihilation
channels are again color coded as before. For certain
channels, ANTARES [23] and IceCube [24] impose
stronger constraints than XENON1T [20], while the full
dataset of PICO-60 [22] has similar sensitivity as the indirect
detection experiments. In a combined analysis, IceCube
and PICO-60 have removed the Standard Halo Model
assumption and published velocity independent limits
following the suggestion in Ref. [57], which are, however,
significantly weaker [58]. Also shown is the neutrino floor
for bb̄ andWþW− final states due to high-energy neutrinos
from cosmic-ray interactions with the solar atmosphere,
which may render indirect detection difficult [59–61] and
leaves little room for the bb̄ channel at low mass beyond the
PICO-60 limits.

C. Limits from the Galactic Center

Figure 7 shows the thermally averaged cross section hσvi
for the same points with fermionic and scalar DM as in
Fig. 5. Here, we assume the NFW DM halo profile [62].
The expectation for a thermal relic is indicated by a dashed
line [63]. For fermionic DM, it represents an upper limit,
while for scalar DM it is rather a lower limit. All points are
several orders of magnitude below the bounds established

by IceCube [13], ANTARES, [14] and their combination [15]
as well as by Super-Kamiokande [16], meaning that these
measurements do not constrain the model. For heavy scalar
DM, the IceCube ANTARES sensitivity must be improved
less than for lighter fermion DM, i.e., by only a few orders
of magnitude.

FIG. 6. The spin dependent (SD) cross section with PICO-60
[22], XENON1T [20], ANTARES [23], IceCube [24], and Super-
Kamiokande [25] exclusion limits as a function of the DM mass for
singlet-doublet fermion DM. All points and lines are color coded
according to the main annihilation channel, provided there is one
with a branching ratio of over 50%. Also shown are the neutrino
floors from cosmic ray interactions in the solar atmosphere in
their regions of applicability, i.e., assuming that they become
indistinguishable when the neutrino rates are equal to those of
DM annihiliation into bb̄ and WþW− pairs in the Sun [59–61].

FIG. 7. Thermally averaged cross section hσvi with combined
IceCube ANTARES [15] and Super-Kamiokande [16] exclusion limits
as a function of the DM mass for both fermion (below about
1 TeV) and scalar DM (above). All points are colored according
to the main annihilation channel, provided there is one with a
branching ratio of over 50%. Also shown is the expected cross
section for a thermal relic [63].
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D. Expected IceCube event rates

In Fig. 8 we show the expected event rate at IceCube for
all model points of our numerical scan. For the triplet scalar
DM case (green points), the spin dependent cross section is
always zero. Thus in our model the accumulation of scalar
DM in the Sun is only determined by the spin independent
cross section, which lies below the current XENON1T bound.
As can be seen, this leads to less than one event per year in
the current IceCube configuration with 86 strings (IC86),
whose sensitivity would therefore have to be improved by a
few orders of magnitude.
For singlet-doublet fermion DM (blue and other points),

the expected event rates reach values of up to 1000 events
per year. However, we have to impose all previous direct
and indirect detection constraints, marked by different
symbols and colors in Fig. 8. Not shown previously, but
also imposed are the XENON1T limits on spin dependent
scattering off neutrons, which occurs rarely in the Sun. For
indirect detection, we have always used the limits for the
main annihilation channel. As expected, viable models
(blue) lie in particular below the rates excluded previously
by IceCube (black x symbols). They can reach rates of up to
ten events per year at IC86, making indirect detection
competitive with respect to the direct detection limits
imposed in particular by PICO-60 (orange triangles). A
considerable fraction of the parameter space with high
rates is excluded by the limits on the spin independent cross
section set by XENON1T (red squares) due to the correlation
of the spin dependent and spin independent cross sections
through λ4 and λ5 (see Appendix). Note, however, that the
correlation of spin dependent and spin independent cross

sections is absent in fine-tuned scenarios where the relation
between λ4 and λ5 is fixed as described in the Appendix.

VI. SUMMARY AND OUTLOOK

To summarize, we have studied in this paper the
prospects to probe radiative seesaw models with neutrino
signals from DM annihilation and detectors such as
ANTARES, Super-Kamiokande and, in particular, IceCube,
focusing on the model T1-3-B with α ¼ 0 with either
scalar triplet or singlet-doublet fermion DM. Both DM
candidates can, in principle, directly annihilate into neu-
trinos. However, the relevant Yukawa couplings involved
are usually strongly constrained to be small from neutrino
masses and LFV processes, which are always present in
these models. A sharp neutrino line at an energy corre-
sponding to the DM mass is therefore not expected.
Continuous neutrino spectra are, however, produced

from DM annihilation into decaying SM particles such
as W and Z bosons, b and t quarks as well as (at least in
principle) μ and τ leptons. When boosted through DM
accumulation in celestial bodies such as the Earth, the Sun
or the Galactic Center, the rates are observable in neutrino
telescopes. Focusing on the most promising case of the
Sun, we performed a detailed analysis of the expected event
rates in IceCube. In the case of scalar triplet DM, there
exists no spin dependent scattering process, and the spin
independent scattering cross section is too small to obtain
enough accumulation inside the Sun. Because of this, the
event rate of neutrino signals in IceCube would lie below
one event per year, making scalar triplet DM currently
undetectable with neutrino telescopes.
For singlet-doublet fermionic DM, the situation is differ-

ent. In this scenario, the DM candidate can scatter via both
the spin independent as well as the spin dependent process,
leading to rates of up to 1000 events per year. Through our
approximation of the fermion mixing matrix for small
Yukawa couplings λ4;5, we showed then that the DM-
mediator vertices in the spin (in)dependent processes, i.e.,
with Z0 (Higgs) bosons, both depend on these Yukawa
couplings, so that the two scattering processes become
correlated. This was confirmed in a numerical scan
and resulted in a considerable fraction of the parameter
space with large event rates being excluded by the stringent
XENON1T limits on the spin independent cross section.
Previously obtained results by ANTARES, IceCube, and
Super-Kamiokande from the Sun and the Galactic Center were
instead found to be much weaker. Constraints on the spin
dependent cross section from PICO-60 and previous analyses
by IceCube and ANTARES limited the viable models further
to event rates of up to ten per year, leaving indirect
detection with the IceCube neutrino telescope still com-
petitive with respect to direct detection experiments.
Our results generalize to models with either real scalar

triplet DM or fermion DM with singlet doublet mixing
only, where scattering in the Sun is governed by similar

FIG. 8. The expected number of events per year in the current
IceCube configuration with 86 strings (IC86) as a function of the
DM mass for singlet-doublet fermion (blue) and triplet scalar
(green) DM. Allowed points are shown together with points
excluded by direct and indirect detection (other colors and
symbols). The blue line marks one event per year for orientation.
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relationships. The model points of our scan are available
at Ref. [64].
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APPENDIX: ANALYTIC RESULTS FOR
SINGLET-DOUBLET FERMION MIXING

AND VERTICES

The spin (in)dependent cross sections mainly depend on
the three point vertex between two DM particles and the
(Higgs-) Z0 boson. We focus on the fermion DM case since
the spin dependent cross section for a scalar triplet is
always zero and its coupling to the Higgs boson is given by
λ1. The vertices for the mass eigenstates of the fermions can
be calculated by SARAH [50]:

ðA1Þ

ðA2Þ

Since the three mass eigenstates are generally not mass
degenerate, only the elastic case where g ¼ g0, with χg
being DM, contributes to the spin (in)dependent cross
section. Both vertices depend on the mixing matrix Uχ

between the fermion singlet and doublet. Since the singlet-
doublet mixing is induced by λ4;5 as can be seen from the

fermionic mass matrix in Eq. (4), the mixing matrix Uχ

depends on λ4;5.
Diagonalizing the fermionic mass matrix proves to be

difficult and gives quite unwieldy results. We can however,
expand the problem for small λ4,

Mf ¼ M0 þ λ4Mλ ¼

0
B@

MΨ 0 0

0 0 Mψψ 0

0 Mψψ 0 0

1
CAþ λ4

0
BBB@

0 λ̃vffiffi
2

p vffiffi
2

p

λ̃vffiffi
2

p 0 0

vffiffi
2

p 0 0

1
CCCA ðA3Þ

and then (keeping λ̃ ¼ λ5
λ4
fixed) use perturbation theory to diagonalize this matrix approximately. At second order in λ4 we

obtain for the mixing matrix

Uχ ¼

0
BB@

1 0 0

0 − 1ffiffi
2

p 1ffiffi
2

p

0 1ffiffi
2

p 1ffiffi
2

p

1
CCAþ ðA4Þ
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0
BBBBBB@

v2
ðλ2

5
þλ2

4
ÞðM2

ΨþM2

ψψ 0 Þþ4λ4λ5MΨMψψ 0

4ðMΨ−Mψψ 0 Þ2ðMΨþMψψ 0 Þ2 − ðλ4−λ5Þv
2ðMΨþMψψ 0 Þ − ðλ4þλ5Þv

2ðMΨ−Mψψ 0 Þ
ðλ4Mψψ 0þλ5MΨÞvffiffi

2
p ðMΨ−Mψψ 0 ÞðMΨþMψψ 0 Þ

v2
ðλ2

4
−λ2

5
ÞMΨþ2λ4Mψψ 0 ðλ4−λ5Þ

8
ffiffi
2

p
Mψψ 0 ðMΨþMψψ 0 Þ2

v2
ðλ2

4
−λ2

5
ÞMΨ−2λ4Mψψ 0 ðλ4þλ5Þ

8
ffiffi
2

p
Mψψ 0 ð−MΨþMψψ 0 Þ2

ðλ4MΨþλ5Mψψ 0 Þvffiffi
2

p ðMΨ−Mψψ 0 ÞðMΨþMψψ 0 Þ
v2

ðλ2
4
−λ2

5
ÞMΨþ2λ5Mψψ 0 ðλ4−λ5Þ

8
ffiffi
2

p
Mψψ 0 ðMΨþMψψ 0 Þ2

v2
ðλ2

5
−λ2

4
ÞMΨ−2λ5Mψψ 0 ðλ5þλ4Þ

8
ffiffi
2

p
Mψψ 0 ð−MΨþMψψ 0 Þ2

1
CCCCCCA

ðA5Þ

and for the diagonalized mass matrix

0
BBBBBB@

MΨ þ v2ðλ2
5
MΨþ2λ4λ5Mψψ 0þλ2

4
MΨÞ

2ðMΨ−Mψψ 0 ÞðMΨþMψψ 0 Þ 0 0

0 −Mψψ 0 − ðλ4−λ5Þ2v2
2ðMΨþMψψ 0 Þ 0

0 0 Mψψ 0 − ðλ4þλ5Þ2v2
2ðMΨ−Mψψ 0 Þ

1
CCCCCCA
: ðA6Þ

One can see that in the case MΨ < Mψψ 0 (assuming
λ24;5v

2 < M2
ψψ 0 −M2

Ψ),
2 χ1 is the lightest fermion whereas

in the case Mψψ 0 < MΨ, χ3 is the lightest one. Now we can
use the result forUχ to calculate how the vertices depend on
λ4;5 and the mass parameters MΨ;Mψψ 0 . We expand the
results again for small λ4;5, omitting all terms that contain
higher orders than λ24; λ

2
5, or λ4λ5. The results are

χ1χ1h0∶ −
ivðMΨλ

2
5 þ 2Mψψ 0λ5λ4 þMΨλ

2
4Þ

M2
Ψ −M2

ψψ 0
þOðλ34;5Þ;

ðA7Þ

χ2χ2h0∶
ivðλ4 − λ5Þ2

2ðMΨ þMψψ 0 Þ þOðλ34;5Þ; ðA8Þ

χ3χ3h0∶
ivðλ4 þ λ5Þ2

2ðMΨ −Mψψ 0 Þ þOðλ34;5Þ; ðA9Þ

χ1χ1Z
μ
0∶ ½g1 sinðθWÞ þ g2 cosðθWÞ�

iv2

4ðM2
Ψ −M2

ψψ 0 Þ
× ðλ24 − λ25Þγ5γμ þOðλ34;5Þ; ðA10Þ

χ2χ2Z
μ
0∶ ½g1 sinðθWÞ þ g2 cosðθWÞ�

−iv2

8Mψψ 0 ðMΨ þMψψ 0 Þ
× ðλ24 − λ25Þγ5γμ þOðλ34;5Þ; ðA11Þ

χ3χ3Z
μ
0∶ ½g1 sinðθWÞ þ g2 cosðθWÞ�

iv2

8Mψψ 0 ðMΨ −Mψψ 0 Þ
× ðλ24 − λ25Þγ5γμ þOðλ34;5Þ: ðA12Þ

FIG. 9. Spin dependent (orange) and independent (blue) cross sections calculated numerically and the vertex factors squared (red and
blue) for both χ1 (left) and χ3 (right) as DM. The vertex factors have been rescaled so they agree with the cross sections at λ4 ¼ 0. The
scalar singlet has been decoupled by setting mϕ ¼ 10 TeV and λ1 has been set to zero (cf. Ref. [27], Fig. 7.1).

2Otherwise a more careful analysis is required. E.g., if λ4λ5>0

or λ4;5 < λ5;4
MΨ
Mψψ 0

, the statement above is also true.
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We include the vertices for χ2 even though χ2 is never the
lightest fermion and thus not abundant. The spin dependent
cross section becomes zero if jλ4j ¼ jλ5j. If χ3 is the DM
candidate, then the spin independent cross section vanishes

for λ4 ¼ −λ5. For χ1 the spin independent cross section

vanishes for λ4 ¼ λ5ð�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMψψ 0
MΨ

Þ − 1

q
− Mψψ 0

MΨ
Þ. We can com-

pare these results with the cross sections calculated by
SPheno 4.0.3 [48,49] and micrOMEGAs 5.0.8 [45]. Figure 9
shows the numerical results and our rescaled vertex factors
squared. For χ3 the results agree remarkably well. For χ1
the qualitative behavior is the same, but we see some
deviations, which become larger for larger jλ4j. This is
not surprising since we expanded the vertex factors for
small λ4;5 and thus our formulas are only correct for
λ24;5 ≪ 1.
From Eqs. (A7)–(A12) it is clear that, except from

special cases such as jλ4j ¼ jλ5j, both cross sections scale
with the larger of the two Yukawa couplings λ4;5. This
yields a correlation between the spin dependent and spin
independent cross section. This correlation can be made
explicit using the data from our scan in Sec. V as shown in
Fig. 10. This relation explains how the limits on the spin
independent cross section set by XENON1T also indirectly
restrict the spin dependent cross section.
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