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Outline

• Dark matter searches from the Sun – 
WIMP scenario (for review)

• Neutrinos and gamma rays from long-
lived mediator decays

• Backgrounds



Ways to search for 
dark matter



Accelerator searches Direct searches

Indirect searches
• Gamma rays from the galaxy

• Neutrinos from the Earth/Sun

• Antiprotons from the galactic halo

• Antideuterons from the galactic 
halo

• Positrons from the galactic halo

• Dark Stars

• ...

• LHC (ATLAS, 
CMS...)

• Rare decays

• ...

• Spin-independent 
scattering

• Spin-dependent scattering
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Neutrinos from the
Sun and the Earth
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Pythia
6.4.26

Public WimpSim code available that treats the annihilation and neutrino propagation/oscillations.



Neutrino
oscillations

• Numerical calculation of interactions and oscillations in a fully three-flavour 
scenario. Regeneration from tau leptons also included.

• Publicly available code: wimpsim.astroparticle.se

• Main results are included in DarkSUSY.

Neutrino interactions

Similar to analysis of 
Cirelli et al, but 
event-based.

M. Blennow, J. Edsjö and 
T. Ohlsson, JCAP01 (2008) 021

WimpSim

http://wimpsim.astroparticle.se


General search setup

Pick model  ⇒ σSI, σSD, σann, mχ, …

Calculate:  Γcap, ΓA, Φν, Γν→μ, Φμ, …

Compare with data

Constrain:  
(or model-specific parameters)

Γcap, ΓA, Φν, Γν→μ, Φμ, …



Long-lived mediators



Long lived mediators

• What happens if 
the DM does not 
annihilate directly 
to standard model 
particles in the 
core of the Sun?

Niblaeus, Beniwal and Edsjö, arXiv:1903.11363, JCAP, in press
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Figure 1. An illustration of how the solar DM searches are affected when DM particles do not
annihilate directly into SM particles but rather into a pair of long-lived mediators which decay further
away from the solar core. Decays away from the centre reduce the impact of neutrino interactions
with the solar materials. In particular, decays outside the Sun opens up a new window to searches
for gamma rays and charged cosmic rays.

In our local DM halo, DM particles can be gravitationally captured by the Sun and
accumulate at its centre [20, 21]. The capture of DM particles is initiated by a scattering
process where they lose enough energy to fall below the escape velocity of the Sun, and thus
become gravitationally bound to it. In subsequent scatterings with the solar material, they
lose more energy and eventually sink to the centre of the gravitational well where they can
thermalise and annihilate into SM particles. As both the scattering leading to capture and
the annihilation depend on cross sections of a DM model, searching for annihilation products
from the Sun can probe the particle nature of DM.

In general, DM particles can annihilate into various SM particles that can decay or
hadronise into stable decay products, e.g., gamma rays, neutrinos and/or charged particles.
Out of these, only neutrinos can escape the dense core of the Sun and give rise to an observ-
able DM signal that can be detected using Earth-based telescopes. In this respect, neutrino
telescopes offer a unique way of searching for a DM signal from the Sun. However, neutrinos
from DM annihilation near the solar core have to pass through much of the solar material
on their way out of the Sun. Due to the neutral-current (NC) and charged-current (CC)
neutrino-nucleon interactions, the neutrino fluxes are significantly attenuated for energies
above ⇠ 100GeV. Thus, traditional solar DM searches at neutrino telescopes [22] are limited
to neutrino energies in the range 1–1000 GeV.

In this paper, we will investigate a scenario that goes beyond the usual WIMP scenario
by assuming that our DM particles � do not annihilate directly into SM particles, but in-
stead into long-lived mediators Y that subsequently decay into SM particles, see figure 1 for
an illustration. We typically get this phenomenology in secluded DM models [23–29]. This
scenario has been studied in more general scenarios for the Sun in refs. [30–35], but here we
will extend previous analyses and provide a tool for future studies.

With long lifetimes, the mediators can propagate away from the point of DM annihilation
in the Sun before they decay. As the solar DM density falls (approximately) exponentially
with the solar radius, the resulting neutrino fluxes suffer from much less attenuation due to
CC interactions than in the standard WIMP scenario. This leads to an enhancement of the
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Analysis choice
Specific models, like 
specific secluded 
dark matter models, 
dark photons, etc

Phenomenological 
modelsor

Some of the earlier studies:
• Batell et al, ’10 - gamma rays from Sun in secluded models
• Bell and Petraki, ’11, neutrinos from Sun in mediator models (enhancements as 

core is avoided)
• Arina et al, ’17, gamma rays from the Sun in models with long-lived mediator
• Leane, Ng and Beacom, ’17, solar signatures of long-lived mediators, neutrinos and 

gammas, focus on one decay length
• Albert et al (HAWC), ’18, constraints on models from gamma rays from the Sun
• Adrian-Martinez (ANTARES), ’16, Secluded dark matter searches with Antares
• Ardid et al, ’17, Secluded dark matter searches with IceCube data, muon and pion 

channels

In this study we try to be more general and provide a public tool that can be used by 
others



Model parameters

• We assume that the DM scatters and accumulate 
in the Sun (via some process) and then annihilate 
to the mediator which later decays

Parameters Description

m� Dark Matter (DM) mass
mY Mediator mass
�L Boosted mediator decay length
– Mediator decay channel
�A DM annihilation rate in the Sun

Table 1. Parameters used in our analysis to describe the spectra of neutrinos and gamma rays from
long-lived mediator decays.

these studies, we complement the analysis, in particular by considering other values for the
mediator decay length (where our inclusion of the effect of neutrino interactions in the Sun
is crucial for short decay lengths), and by investigating the complementarity between gamma
ray and neutrino searches more explicitly.

The rest of the paper is organised as follows. In section 2, we define the relevant model
parameters, and outline key observations and constraints for the long-lived mediator sce-
nario. After giving a brief review of the standard WimpSim code in section 3, we discuss
our new additions for the long-lived mediator scenario. Sections 4 and 5 describe how we
perform our simulations and extract neutrino and gamma ray limits on the DM annihilation
rate respectively. Our final results such as the effects of varying the boosted mediator decay
length and its mass on the muon neutrino fluxes, and complementarity between gamma ray
and neutrino searches are presented in section 6. We conclude in section 7. In Appendix A,
we provide more details on our method for extracting the neutrino telescope limits in the
long-lived mediator scenario.

2 Model definition and constraints

2.1 Model definition

Using a phenomenological approach, we do not model the details of the dark sector. Instead,
we focus on the parameters that are needed to obtain the spectra of neutrinos and gamma rays
from the long-lived mediator decays, and to compare them against experimental searches. In
a study of a specific particle physics scenario, one can constrain the fundamental parameters
by mapping them onto the ones we use in this study.

In table 1, we show the parameters that we use in our study. The DM mass m� sets
the absolute scale of the spectrum and limits the maximal energy in a DM annihilation. The
main importance of the mediator mass mY is to determine the kinematically allowed decay
channels — it has a smaller impact on the spectrum shape than the other parameters, as we
will show in section 6. We parametrise the mediator lifetime by the parameter �L, i.e., the
Lorentz boosted vacuum decay length L, defined as

�L = �c⌧0 = (m�/mY )c⌧0, (2.1)

where ⌧0 is the vacuum lifetime and � = m�/mY is the Lorentz boost of the mediator for DM
annihilations at rest. For the mass combinations that we are interested in, the mediators are (in
general) highly boosted when they emerge from the DM annihilation. Thus, the combination
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 χχ → YY, Y → …

 γL = γcτ0 =
mχ

mY
cτ0



Constraints on model

• The mediator decay can give observable 
fluxes of other particles, focus on

- neutrinos (constraints from e.g. IceCube 
and Super-Kamiokande), and

- gamma rays (constraints from e.g. Fermi-
LAT and HAWC)

• Also constraints from BBN (too long 
lifetime can lead to energy injection in the 
thermal plasma)



Methodology

• Use public code WimpSim and add the 
possibility of mediator decays

• Simulate decays with Pythia, and keep 
track of gamma rays, neutrinos (and 
charged particles) K2/B�iQ` /2+�v

.J �MMX
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Figure 2. Geometry of the long-lived mediator decays. DM particles annihilate into two long-lived
mediators (denoted Y ) near the solar core. The mediators are emitted back-to-back and propagate
out from the core before decaying (inside or outside the solar surface) into pairs of SM particles.
The resulting decay chain contains neutrinos and other particles of interest that travel towards the
Earth. We obtain fluxes of these particles using our code. The impact parameter b indicates how far
out the particle from the mediator decay is from the Earth-Sun axis (in units of R�). For instance,
b = 1 gives a path that just grazes the solar edge, whereas b = 0 is a path through the solar core. The
length ` specifies how far along the path (defined by b) the particle is as measured from the line that
goes straight out from the core such that ` = 0 is the point in the upper left (right angle) corner of
the triangle in this figure.

WimpSim is split up into two parts, WimpAnn that takes care of the DM annihilations and
propagation out of the Sun and to 1 AU, and WimpEvent that takes care of the final propa-
gation and interactions near the detector. In this latter program, one can create simulations
for detectors at different locations on the Earth and for different time periods.

In an earlier study [49], some of us (CN, JE) investigated neutrinos from cosmic ray
interactions in the Sun which resulted in a modification to WimpSim by an addition of a new
module to be run before WimpEvent. In the current paper, we adopt a similar approach by
adding a new module for long-lived mediator decays.

3.2 Simulation of the long-lived mediator scenario

To make it possible to simulate long-lived mediator decays in WimpSim, we have included a
new particle that represents the mediator with a mass and decay channel as specified by the
user. For the long-lived mediator scenario, we then call a different event generation routine
in WimpSim that generates two boosted mediator decays for each DM annihilation.

In figure 2, we show the geometry of our setup. The DM particles annihilate at a
point near the solar centre into two long-lived mediators which travel some distance before
they decay into a pair of SM particles. We parametrise the path of these particles from
the mediator decays with coordinates b and ` where b is the impact parameter (i.e., the
perpendicular distance from the solar centre to the path), and ` is the length along that path
as measured from a point straight outwards from the centre (the upper left corner of the
triangle in figure 2). Thus, ` can be positive or negative, but it always increases as particles
propagate towards the Earth.

– 7 –



Note
• For neutrinos,

- we include interactions (charged and neutral current) 
and oscillations (matter and vacuum)

- we include annihilation channels/decay products that 
produce neutrinos outside of the Sun, but not inside 
(e.g. kaons, pions and muons)

• For gamma rays,

- we include absorption in the Sun if mediator decays 
inside of the Sun (but include the decay tail that 
happens outside of the Sun)

• For both,

- we discard mediator decays further away than the Earth



Simulation scenarios

Scenario Decay channel m� (GeV) mY (GeV) �L/R�

A) Varying �L/R� Y ! bb 1000 20 [0.01, 10]
Y ! ⌧+⌧� 1000 20 [0.01, 10]

B) Varying mY Y ! bb 5000 {20, 200, 2000} 1
Y ! ⌧+⌧� 5000 {20, 200, 2000} 1

C) 3D treatment Y ! ⌧+⌧� 5000 4900 0.3

D) �-⌫ comparison Y ! ⌧+⌧� [100, 104] 20 [0.01, 10]

Y ! bb [100, 104] 20 [0.01, 10]

Y ! ⌧+⌧� [10, 104] 4 [0.01, 10]

E) Muon channel Y ! µ+µ� [10, 104] 1 [0.01, 106]

Table 3. Simulation parameters for studying the effect of varying �L/R� where � ⌘ m�/mY = 50
(Scenario A), the effect of varying the mediator mass mY (Scenario B), the effect of using a full three-
dimensional (3D) treatment of the mediator decay geometry (Scenario C), the gamma ray-neutrino
comparison (Scenario D), and the muon channel to compare against a previous work [35] (Scenario
E).

In table 3, we summarise our choice for the simulation parameters used to study various
scenarios. Each of these scenarios are described in more detail below.

Varying �L/R� (Scenario A): In this scenario, we study the effect of different mediator
boosted decay lengths �L on the muon neutrino and gamma ray fluxes at 1 AU. This
is done for both a soft (bb) and hard (⌧+⌧�) decay channel. A DM mass of 1000GeV
is chosen to illustrate the impact of CC and NC interactions with the solar material
on the neutrino fluxes. Thus, for large �L values, a higher neutrino flux is expected as
neutrinos suffer less absorption and interactions on their way to the solar surface.

Varying mY (Scenario B): This scenario is used to test the importance of the mediator
mass mY on the muon neutrino and gamma ray fluxes at 1 AU. The simulation param-
eter used are based on ref. [32]. There it was pointed out that the mediator mass has a
small effect on the gamma-ray fluxes. We check this point for both the muon neutrino
and gamma ray fluxes.

3D treatment (Scenario C): In all our simulations, we take into account the fact that
the decay products of the mediator do not follow exactly the trajectory of the decaying
mediator. To test the effect of the 3D treatment relative to the 1D approximation where
one assumes the same trajectory for the mediator and the decay products, we simulate
the same scenario with our standard 3D treatment and the 1D approximation. As the
relative angle between the mediator and its decay products is on average larger for a
smaller boost � of the mediator, we study a scenario where � = m�/mY ⇠ 1. The spread
in the neutrino direction in the 3D treatment causes the neutrinos to pass through a
different amount of solar matter as compared to the one-dimensional approximation.
As we expect a large difference in the case of higher neutrino absorption, we choose a
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Sensitivity study

• For each model point, we calculate the 
(approximate) limit on the annihilation rate   
from

- the neutrino limits from IceCube and Super-
Kamiokande,  

- the gamma ray limits from Fermi-LAT, HAWC 
and ARGO,  

• We then define

ΓA

Γν
A

Γγ
A

here. For IceCube, we expect this method to be good to about a factor of 2, whereas for
Super-Kamiokande we expect the method to be good to about 25%. Even though a proper
full analysis by the experimental collaborations should be able to produce more accurate
limits, we will see below that this is good enough for our purpose here. This is due to a very
strong �L dependence (in the region of interest) of our gamma ray fluxes that makes small
uncertainties in the way we extract limits less important.

For the gamma rays, we estimate approximate limits by just assuming that the measured
gamma ray flux is an upper limit on the contribution from mediator decays from the Sun.
This is rather conservative as we know that there are other sources of the gamma ray flux,
namely cosmic ray interactions in the solar atmosphere and inverse Compton scattering of
electrons on solar photons. However, as the measured gamma ray flux from the Sun is not
fully understood, we will just assume that our gamma ray flux from mediator decays cannot
be larger than the measured fluxes.

For both the neutrino and gamma ray fluxes, our WimpSim simulations will give us an
estimate of the neutrino and gamma ray flux per annihilation. By comparing against the
limits as outlined above, we can then translate this into a limit on the DM annihilation rate
in the Sun, �⌫

A and ��
A respectively. For this comparison, we define the ratio

⌘ ⌘ �⌫
A/�

�
A. (5.1)

The stronger the limit, the lower the respective value of �A will be. Hence, ⌘ > 1 will mean
that the gamma ray limit is stronger, while ⌘ < 1 will mean that the neutrino limit is stronger.

For the gamma ray fluxes, we can use a simple analytical scaling to convert the flux
between different �L values. This is because the spectrum is just the fully decayed spectrum
from Pythia, normalised to account for the probability that the decay happens between the
Sun and Earth.2 For a given �L, the probability for the mediator decaying between the solar
surface and 1AU is given by the exponential decay probability in eq. (3.1) integrated between
R� and the Earth, e.g. for �L = R�, ⇠ 37% of the mediators are expected to decay outside
the Sun and contribute to the visible gamma ray signal. The spectra for different �L values
are then related by the ratio of their respective decay probabilities. Thus, one can obtain the
spectrum at one value of �L by scaling the flux at another �L value with the ratio of the two
probabilities.

The above scaling neglects the small effect from the fact that DM particles annihilate in
a region around the centre of the Sun, and assumes that mediators travel from the centre of
the Sun and radially outwards. The size of the annihilation region depends on the DM mass
but is typically confined to at most a few percent of the solar radius. We therefore expect this
to affect the scaling procedure only for �L/R� values of the order of a few percent. However,
in this case, the tail of the probability distribution that we integrate over in eq. (3.1) is (in
any case) so small that the gamma ray flux is negligible.

In our figures that show ⌘ and limits on �A from gamma ray searches in the (�L, m�)
plane (see section 6), we have (to get better statistics) scaled our results for the gamma ray
fluxes from our �L/R� = 1 simulations to lower �L values according to the probability of
the mediator to decay outside of the Sun. We have verified that we get the same result (but
noisier) when using simulations without scaling for lower �L values.

2
For the neutrino fluxes, we do not use this scaling as one gets non-zero contributions from mediator decays

in the solar interior; one also needs to account for the effect of absorption.
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 η > 1 ⇒ γ more sensitive

 η < 1 ⇒ ν more sensitive



Main question

Which signal is most sensitive to constrain the model?

 ν  γ



Dependence on   – neutrinosγL

Figure 3. Muon neutrino fluxes at 1 AU from Y ! bb (left panel) and Y ! ⌧+⌧� (right panel)
for various boosted decay lengths �L (in units of the solar radius R�). Our choice for the simulation
parameters are shown in table 3 (Scenario A).

Figure 4. Same as figure 3 for gamma rays fluxes.

6.2 Effect of varying the mediator mass mY

In figures 5 and 6, we show the effect of varying the mediator mass (mY ) on the muon neutrino
and gamma ray fluxes at 1 AU. We can see that in accordance with the conclusions in ref. [32],
the fluxes are not very sensitive to the value of the mediator mass. However, there are some
differences especially in the case of the bb decay channel, where the flux is softened for higher
mediator mass, due to more particles being produced in the hadronisation.

In comparison with figure 3, we can see in figure 5 the effect of neutrino oscillations due
to higher neutrino energies, especially in the right panel for the ⌧+⌧� decay channel. Apart
from the oscillations due to �21, showing at low z ⌘ E/m�, we clearly see the impact of
oscillations due to �3i for z & 0.4.

We also emphasise that the neutrino flux from a long-lived mediator decay is not sup-
pressed by neutrino absorption in the Sun to the same extent as in the standard scenario.
This absorption leads to an almost complete suppression of the neutrino flux above neutrino
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Increase for large  :
• less absorption in Sun’s core
• contribution from decay products usually stopped in 

the Sun (mainly pions, kaons and muons)

γL



Dependence on   – gammasγLFigure 3. Muon neutrino fluxes at 1 AU from Y ! bb (left panel) and Y ! ⌧+⌧� (right panel)
for various boosted decay lengths �L (in units of the solar radius R�). Our choice for the simulation
parameters are shown in table 3 (Scenario A).

Figure 4. Same as figure 3 for gamma rays fluxes.

6.2 Effect of varying the mediator mass mY

In figures 5 and 6, we show the effect of varying the mediator mass (mY ) on the muon neutrino
and gamma ray fluxes at 1 AU. We can see that in accordance with the conclusions in ref. [32],
the fluxes are not very sensitive to the value of the mediator mass. However, there are some
differences especially in the case of the bb decay channel, where the flux is softened for higher
mediator mass, due to more particles being produced in the hadronisation.

In comparison with figure 3, we can see in figure 5 the effect of neutrino oscillations due
to higher neutrino energies, especially in the right panel for the ⌧+⌧� decay channel. Apart
from the oscillations due to �21, showing at low z ⌘ E/m�, we clearly see the impact of
oscillations due to �3i for z & 0.4.

We also emphasise that the neutrino flux from a long-lived mediator decay is not sup-
pressed by neutrino absorption in the Sun to the same extent as in the standard scenario.
This absorption leads to an almost complete suppression of the neutrino flux above neutrino
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Increase for large  :
• more decays happen outside of the Sun

γL



Dependence on   – neutrinosmY

Figure 5. Muon neutrino fluxes at 1 AU from Y ! bb (left panel) and Y ! ⌧+⌧� (right panel) for
�L = R� and various mediator masses. Our choice for the mediator masses are summarised in table 3
(Scenario B).

Figure 6. Same as figure 6 for gamma ray fluxes.

energies of ⇠ 1TeV in the standard scenario, regardless of the value of m�, whereas in the
long-lived mediator scenario there is a significant flux also at higher energies, as evident in
figure 5. Here the flux extends up to several TeV in neutrino energy. This leads to a signifi-
cant increase in the expected event rate in neutrino telescopes and much more sensitivity to
larger m�, due to the fact that these telescopes are most sensitive to high energy neutrinos.

6.3 Effect of a full three-dimensional decay treatment

We use the full three-dimensional direction in all our simulations. As we do not save the
individual positions for gamma rays and charged particles from the decays, this effect is
relevant only for neutrinos, where we follow the trajectory of each individual neutrino. In
figure 7, we show the impact of a full three-dimensional calculation relative to the one-
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• For  : some mediator mass dependence,  
higher  more energy in the hadronic jets

• Fro  : very small mediator mass dependence

bb̄
mY ⇒

τ+τ−



Dependence on   – gammasmY
Figure 5. Muon neutrino fluxes at 1 AU from Y ! bb (left panel) and Y ! ⌧+⌧� (right panel) for
�L = R� and various mediator masses. Our choice for the mediator masses are summarised in table 3
(Scenario B).

Figure 6. Same as figure 6 for gamma ray fluxes.

energies of ⇠ 1TeV in the standard scenario, regardless of the value of m�, whereas in the
long-lived mediator scenario there is a significant flux also at higher energies, as evident in
figure 5. Here the flux extends up to several TeV in neutrino energy. This leads to a signifi-
cant increase in the expected event rate in neutrino telescopes and much more sensitivity to
larger m�, due to the fact that these telescopes are most sensitive to high energy neutrinos.

6.3 Effect of a full three-dimensional decay treatment

We use the full three-dimensional direction in all our simulations. As we do not save the
individual positions for gamma rays and charged particles from the decays, this effect is
relevant only for neutrinos, where we follow the trajectory of each individual neutrino. In
figure 7, we show the impact of a full three-dimensional calculation relative to the one-
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• For  : some mediator mass dependence,  
higher  more energy in the hadronic jets

• Fro  : very small mediator mass dependence

bb̄
mY ⇒

τ+τ−



Main question

 ν  γ

here. For IceCube, we expect this method to be good to about a factor of 2, whereas for
Super-Kamiokande we expect the method to be good to about 25%. Even though a proper
full analysis by the experimental collaborations should be able to produce more accurate
limits, we will see below that this is good enough for our purpose here. This is due to a very
strong �L dependence (in the region of interest) of our gamma ray fluxes that makes small
uncertainties in the way we extract limits less important.

For the gamma rays, we estimate approximate limits by just assuming that the measured
gamma ray flux is an upper limit on the contribution from mediator decays from the Sun.
This is rather conservative as we know that there are other sources of the gamma ray flux,
namely cosmic ray interactions in the solar atmosphere and inverse Compton scattering of
electrons on solar photons. However, as the measured gamma ray flux from the Sun is not
fully understood, we will just assume that our gamma ray flux from mediator decays cannot
be larger than the measured fluxes.

For both the neutrino and gamma ray fluxes, our WimpSim simulations will give us an
estimate of the neutrino and gamma ray flux per annihilation. By comparing against the
limits as outlined above, we can then translate this into a limit on the DM annihilation rate
in the Sun, �⌫

A and ��
A respectively. For this comparison, we define the ratio

⌘ ⌘ �⌫
A/�

�
A. (5.1)

The stronger the limit, the lower the respective value of �A will be. Hence, ⌘ > 1 will mean
that the gamma ray limit is stronger, while ⌘ < 1 will mean that the neutrino limit is stronger.

For the gamma ray fluxes, we can use a simple analytical scaling to convert the flux
between different �L values. This is because the spectrum is just the fully decayed spectrum
from Pythia, normalised to account for the probability that the decay happens between the
Sun and Earth.2 For a given �L, the probability for the mediator decaying between the solar
surface and 1AU is given by the exponential decay probability in eq. (3.1) integrated between
R� and the Earth, e.g. for �L = R�, ⇠ 37% of the mediators are expected to decay outside
the Sun and contribute to the visible gamma ray signal. The spectra for different �L values
are then related by the ratio of their respective decay probabilities. Thus, one can obtain the
spectrum at one value of �L by scaling the flux at another �L value with the ratio of the two
probabilities.

The above scaling neglects the small effect from the fact that DM particles annihilate in
a region around the centre of the Sun, and assumes that mediators travel from the centre of
the Sun and radially outwards. The size of the annihilation region depends on the DM mass
but is typically confined to at most a few percent of the solar radius. We therefore expect this
to affect the scaling procedure only for �L/R� values of the order of a few percent. However,
in this case, the tail of the probability distribution that we integrate over in eq. (3.1) is (in
any case) so small that the gamma ray flux is negligible.

In our figures that show ⌘ and limits on �A from gamma ray searches in the (�L, m�)
plane (see section 6), we have (to get better statistics) scaled our results for the gamma ray
fluxes from our �L/R� = 1 simulations to lower �L values according to the probability of
the mediator to decay outside of the Sun. We have verified that we get the same result (but
noisier) when using simulations without scaling for lower �L values.

2
For the neutrino fluxes, we do not use this scaling as one gets non-zero contributions from mediator decays

in the solar interior; one also needs to account for the effect of absorption.
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Figure 8. The ratio ⌘ = �⌫
A/�

�
A in the (�L, m�) plane for Y ! bb (left panel) and Y ! ⌧+⌧�

(right panel). In both panels, the mediator mass is mY = 20 GeV. We also show the limit from BBN,
eq. (2.3), for ⌧⇤ = 1 s. Note that in the left panel of these figures, ⌘ is much smaller than 10�4, while
in the lower right of the left panel, ⌘ is larger than 104. We only include the range ⌘ 2 [10�4, 104] in
the color scale to show the differences in the most interesting region more clearly.
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Figure 9. Same as figure 8 but with mY = 4GeV and only for Y ! ⌧+⌧�.

• The transition between neutrino and gamma ray domination is not very sensitive to the
DM mass m� nor the decay channel. As we have seen before, we also do not expect a
strong dependence on the mediator mass mY ;

• The BBN constraint (shown here for ⌧⇤ = 1 s) is not ruling out large parts of this
parameter space.
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Figure 8. The ratio ⌘ = �⌫
A/�

�
A in the (�L, m�) plane for Y ! bb (left panel) and Y ! ⌧+⌧�

(right panel). In both panels, the mediator mass is mY = 20 GeV. We also show the limit from BBN,
eq. (2.3), for ⌧⇤ = 1 s. Note that in the left panel of these figures, ⌘ is much smaller than 10�4, while
in the lower right of the left panel, ⌘ is larger than 104. We only include the range ⌘ 2 [10�4, 104] in
the color scale to show the differences in the most interesting region more clearly.
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Figure 9. Same as figure 8 but with mY = 4GeV and only for Y ! ⌧+⌧�.

• The transition between neutrino and gamma ray domination is not very sensitive to the
DM mass m� nor the decay channel. As we have seen before, we also do not expect a
strong dependence on the mediator mass mY ;

• The BBN constraint (shown here for ⌧⇤ = 1 s) is not ruling out large parts of this
parameter space.
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Figure 10. The ratio ⌘ = �⌫
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A versus �L for mY = 20 GeV, Y ! bb (left panel), mY = 20 GeV,
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Figure 11. Upper limits on the DM annihilation rate, �A from neutrino and gamma ray searches
for mY = 20 GeV, Y ! bb (left panel), mY = 20 GeV, Y ! ⌧+⌧� (centre panel) and mY = 4 GeV,
Y ! ⌧+⌧� (right panel). The region above the curves is excluded.

For the sake of completeness, we show in figure 9 the results for Y ! ⌧+⌧� with mY = 4
GeV (note that the vertical scale here extends to an order of magnitude lower DM masses
than in figure 8). As expected, the results for mY = 4 GeV are very similar to those for
mY = 20 GeV. The BBN limit is less constraining in this case though, as expected from
eq. (2.3).

As can be seen in figures 8 and 9, neutrino searches are more constraining in the left
regions (low �L values). This is easy to understand as the probability for the mediator to
decay outside of the Sun drops significantly for low �L values, whereas the neutrino fluxes
are less affected. In fact, ⌘ can be arbitrarily small in the left part of these figures.

To explore this in more detail, in figure 10, we show the ratio ⌘ versus �L for a few
different DM masses m� and the cases shown in the previous figures. It is evident that
the transition between gamma ray domination (to the right in the figures) and neutrino
domination (to the left in the figures) is very sharp. We also see that for high �L, the ratio
⌘ is significantly larger for small DM masses m�. This makes sense as the sensitivity of
neutrino telescopes rises approximately as E2

⌫ where E⌫ is the neutrino energy. The typical
neutrino energies will be proportional to m� and hence we expect proportionally stronger
limits from neutrino telescopes for higher masses, which is what we see. In spite of this
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Figure 12. Upper limits on the DM annihilation rate, �A versus the DM mass m� from neutrino
and gamma ray searches respectively for mY = 4 GeV, Y ! ⌧+⌧� and �L = 0.1R�. Note that if we
increase (decrease) �L, the most significant effect in this figure is that the �A curves for gamma rays
move down (up). The region above the curves is excluded.

though, the transition from gamma ray to neutrino domination happens at roughly the same
�L ' 0.1R�.

To get a more clear picture of the actual numbers and strengths of the signals involved,
we show in figure 11 the limits on the DM annihilation rate �A from neutrinos and gamma
rays for our three different cases. From this figure it is evident that the limit on �A from
gamma rays depend strongly on �L. This is of course expected as essentially we are seeing
the inverse of the probability that the mediator decays outside of the Sun. On the other hand,
the limits on �A from neutrinos does not show an equally strong dependence on �L. We can
understand this from the fact that the main effect we expect for neutrinos is that for large
DM masses m�, we get significantly less absorption for larger �L values since the mediator
(in this case) decays away from the very dense region in the solar centre. In figure 11, this
is clearly seen as the neutrino curves give significantly better �A limits at high �L values for
large DM masses. The difference in the limits at high and low �L values is more than two
orders of magnitude for a DM mass of m� = 104 GeV.

In figure 12, we finally show the limit on the DM annihilation rate �A versus the DM
mass m� for Y ! ⌧+⌧� and mY = 4 GeV. In this figure, we have set �L = 0.1R�, i.e.,
close to the transition region between gamma ray and neutrino domination. We can clearly
see that at low DM masses, the gamma ray limits are the strongest, and for higher masses
we get stronger limits from neutrino telescopes, first from Super-Kamiokande and then from
IceCube. We also see that the most constraining gamma ray experiment for the DM masses
we have considered is Fermi -LAT, except at the very high DM masses, where HAWC starts
being more constraining. Note that if we increase (decrease) �L, the most significant effect in
this figure is that the �A curves for gamma rays move down (up). If we decrease �L to very
low values, the neutrino curves move up for the highest masses (due to absorption effects).
This means that in most of the parameter space in figures 8 and 9, the strongest limits mostly
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Comparisons with recent earlier study 
(muon channel)

• Qualitatively, we get very similar results, but quantitatively, there is a 
difference of a factor of a few

• Still unsure why this difference is there (we use different methods and 
different data though)

• We have validated our results in the limit where mediator decay mimics 
WIMP models
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Figure 13. Upper limits on the DM annihilation rate, �A versus the boosted decay length �L for
mY = 1 GeV, Y ! µ+µ�. In the left panel, we show our results as solid curves and the results from
ref. [35] as dashed curves. In the right panel, we again show our results as solid curves, but compare
with the limits coming from gamma ray searches as dashed curves. The region above the curves is
excluded.

come from IceCube for neutrinos and Fermi -LAT for gamma rays. The exceptions are the
lowest DM masses where the Super-Kamiokande limits are more constraining than IceCube
for neutrinos, and the highest masses where HAWC is more constraining than Fermi-LAT for
gamma rays.

6.5 The muon channel

In refs. [34, 35], the authors investigate limits on secluded DM models from ANTARES and
IceCube in a similar setup as we do here. However, they focus on mediator decay channels
where neutrinos are expected to dominate. For instance, in ref. [35], the authors focus on
direct decay to neutrinos, decay to ⇡+⇡� and decay to µ+µ�. To compare with the latter
study, we will focus on the muon channel, i.e., Y ! µ+µ�.

In the left panel of figure 13, we show the limit on the annihilation rate, �⌫
A versus the

boosted decay length �L. Note that we obtain qualitatively very similar results as in ref. [35].
However, our limits are a factor of 2–3 worse. We believe this is due to our (quite different)
method for estimating upper limits.

On the other hand, we want to point out that even in case of mediator decay to muons,
we do expect final state radiation off the muons. In our Pythia simulations, this effect is
included. In the right panel of figure 13, we compare our neutrino limits with the gamma ray
limits. Interestingly, we find that the gamma ray limits are stronger than the neutrino limits
also in this scenario. This is particularly evident at smaller DM masses, where the difference
is more than an order of magnitude. At higher masses, the limits are more comparable.
Compared to figure 11 we here show results for much larger �L values (to compare with the
results in ref. [35]). At high �L values, the increase in the �A limits is caused by a reduction
in the flux at Earth due to the mediators decaying after 1 AU more often.
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Figure 14. The ratio ⌘ = �⌫
A/�

�
A in the (�L,m�) plane for Y ! µ+µ�. In this figure, the mediator

mass is mY = 1 GeV. We also show the limit from BBN, eq. (2.3), for ⌧⇤ = 1 s.

To relate with the previous subsection, we show the ratio ⌘ = �⌫
A/�

�
A in the (m�, �L)

plane in figure 14. This figure looks quite different compared to figures 8 and 9. The reason
is that in the muon channel, only mediator decays outside the Sun contribute and hence the
neutrino and gamma ray fluxes scale with �L in the same way. When we lower �L, we will
get less muons decaying outside of the Sun, thus producing less gamma rays and neutrinos,
whereas in figures 8 and 9, we get neutrinos also from the decays happening inside of the Sun.

7 Conclusions

In this paper, we have considered a scenario where DM particles annihilate at the centre of
the Sun into a pair of long-lived mediators. These mediators are emitted back-to-back and
propagate away from the annihilation point before decaying into a pair of stable SM particles.
For a given value of the DM mass, mediator mass, mediator boosted decay length and decay
channel, we predicted the energy spectra of neutrinos and gamma rays using our new version
of the WimpSim code. This code allows us to handle the DM annihilations in the solar centre,
and propagation and decay of resulting mediators. It also stores each neutrino produced in the
mediator decay and propagates it from the mediator decay point to the detector, and handles
all neutrino interactions and oscillations including interactions with the detector material.
For gamma rays and charged cosmic rays, the differential fluxes from mediator decays are
collected and stored.

In comparison with the standard scenario where DM particles annihilate in the centre
of the Sun into short-lived SM particles that inject neutrinos close to the solar centre, we find
that the long-lived mediator scenario leads to a harder neutrino spectra. As the boosted decay
length �L of the mediators is increased, the mediators decay on average further out from the
centre. Thus, the resulting neutrinos are subjected to much less interactions with the solar
material before reaching the solar surface, thereby leading to a harder energy spectrum. This

– 21 –



Neutrino limits



A note on neutrino limits

• We have used published limits on WIMPs 
from IceCube and Super-Kamiokande to 
set limits on our mediator models

• How can we do that when the models, and 
hence the neutrino spectra, are different?
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Figure 15. Upper limits on the neutrino-to-muon conversion rate �⌫!µ+µ� from IceCube [22] (left
panel) and on the muon neutrino flux �⌫µ from the low-mass analysis of Super-Kamiokande [51] (right
panel), both versus the DM mass and for generic annihilation channels.

(e.g., hard spectras like ⌧+⌧� or W+W�, or soft spectra like bb). The latest results derived in
such a setting are the IceCube 3-year data [22] and the Super-Kamiokande low-mass analysis
[51]. Exceptions to this assumption is the IceCube 79-string data [75] where results are instead
provided in a likelihood formalism applicable to any DM model. Unfortunately, results like
these are not available for the latest results from neither IceCube nor Super-Kamiokande.

To use the latest results, we will instead develop a method to derive approximate limits
on more general DM models using the published results for generic WIMP models. We first
note that our spectra from mediator decays will not be dramatically different than the generic
WIMP models in most cases considered in refs. [22, 51]. However, especially for larger �L, our
spectra will be harder (due to less absorption), thus we cannot use the results presented in the
mass-channel plane (e.g., table 4 in ref. [22]) directly. In figure 15, we reproduce the limits on
the neutrino-to-muon conversion rate �⌫!µ+µ� (including both neutrinos and antineutrinos)
from IceCube [22]3 and on the muon neutrino flux �⌫µ (not including anti-neutrinos) from
the low-mass analysis of Super-Kamiokande [51]. Here �⌫µ is defined as the flux of muon
neutrinos per area, whereas �⌫!µ+µ� is defined as the number of muons and antimuons
produced per volume element from neutrino and anti-neutrino nucleon interactions. In these
figures, it is evident that the limits for a given mass are quite dependent on the annihilation
channel (i.e., on the actual shape of the neutrino spectrum). This makes it difficult to use
these limits for more general DM models. Here we will try to map these limits onto another
quantity that contains information about the (shape of the) spectrum in a better way, i.e., we
need a normalising quantity that contains information about the spectrum in a more general
way than the mass and annihilation channel.

To find this normalising quantity, we first note that what we are really after is a quantity

3
In this process, we found inconsistencies in table 4 of ref. [22]. We have received updated values for the

limits from the IceCube collaboration. These are shown in figure 15 and are the ones we will use in our

analysis.
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What is the problem with different channels?

• Different channels have different spectra, 
their shapes differs.

• Can we include this in some way and use a 
different quantity than DM mass and 
annihilation channel to specify the DM 
model?



Normalizing quantities

• Define

• These essentially contain information on 
the number of events per neutrino flux
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Figure 16. Upper limits on the neutrino-to-muon conversion rate �⌫!µ+µ� from IceCube [22] versus
Ā (left panel) and on the muon neutrino flux from the low-mass analysis of Super-Kamiokande [51]
versus hE2

⌫µ
i (right panel). The black dashed lines (�⇤

IC(Ā) and �⇤
SK(hE2

⌫µ
i) respectively) correspond

to our fit functions for the limit curves (see text for more details).

that contains the shape of the neutrino spectrum, or rather how detectable it is in a neutrino
telescope. That is, for a given total neutrino flux, how many events do we actually expect? A
harder spectrum will be easier to detect than a softer one, even if the total number of neutrinos
would be the same and hence, the limit on the harder neutrino flux would be stronger than
on the softer one. The detectability of a neutrino is roughly proportional to the energy of the
neutrino squared, E2

⌫ . Here one factor of E⌫ comes from the neutrino-nucleon cross section
being proportional E⌫ , and the other comes from the muon range being proportional to the
muon energy and hence also to E⌫ . We then define the following normalising quantity

hE2
⌫µi ⌘

Rm�

Emin
E2

⌫µ

�
d�⌫µ/dE

�
dE

Rm�

Emin

�
d�⌫µ/dE

�
dE

(A.1)

that we will use for Super-Kamiokande. For IceCube, we can actually do a little bit better
as they publish the effective area of the detector as a function of energy [22]. Thus, we define
the following normalising quantity

Ā ⌘
Rm�

Emin
Ae↵(E)

�
d�⌫µ/dE + d�⌫µ/dE

�
dE

Rm�

Emin

�
d�⌫µ/dE + d�⌫µ/dE

�
dE

. (A.2)

In both cases, we will use Emin = 1 GeV. Note that in eq. (A.1), we only include muon
neutrinos, whereas in eq. (A.2), we also include muon anti-neutrinos. This is because Super-
Kamiokande gives results only for muon neutrinos, whereas IceCube gives results on the sum
of muon neutrinos and muon anti-neutrinos.

In figure 16, we show the same limits as in figure 15, but now versus our normalising
quantities Ā for IceCube and hE2

⌫µi for Super-Kamiokande. We can clearly see that with this
procedure, we have managed to reduce the spread of upper limits for different masses and
annihilation channels.
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Figure 16. Upper limits on the neutrino-to-muon conversion rate �⌫!µ+µ� from IceCube [22] versus
Ā (left panel) and on the muon neutrino flux from the low-mass analysis of Super-Kamiokande [51]
versus hE2

⌫µ
i (right panel). The black dashed lines (�⇤

IC(Ā) and �⇤
SK(hE2

⌫µ
i) respectively) correspond

to our fit functions for the limit curves (see text for more details).

that contains the shape of the neutrino spectrum, or rather how detectable it is in a neutrino
telescope. That is, for a given total neutrino flux, how many events do we actually expect? A
harder spectrum will be easier to detect than a softer one, even if the total number of neutrinos
would be the same and hence, the limit on the harder neutrino flux would be stronger than
on the softer one. The detectability of a neutrino is roughly proportional to the energy of the
neutrino squared, E2

⌫ . Here one factor of E⌫ comes from the neutrino-nucleon cross section
being proportional E⌫ , and the other comes from the muon range being proportional to the
muon energy and hence also to E⌫ . We then define the following normalising quantity
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that we will use for Super-Kamiokande. For IceCube, we can actually do a little bit better
as they publish the effective area of the detector as a function of energy [22]. Thus, we define
the following normalising quantity
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Rm�

Emin
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In both cases, we will use Emin = 1 GeV. Note that in eq. (A.1), we only include muon
neutrinos, whereas in eq. (A.2), we also include muon anti-neutrinos. This is because Super-
Kamiokande gives results only for muon neutrinos, whereas IceCube gives results on the sum
of muon neutrinos and muon anti-neutrinos.

In figure 16, we show the same limits as in figure 15, but now versus our normalising
quantities Ā for IceCube and hE2

⌫µi for Super-Kamiokande. We can clearly see that with this
procedure, we have managed to reduce the spread of upper limits for different masses and
annihilation channels.

– 24 –

S-K

IceCube



Limits as function of   and  ⟨E2
νμ

⟩ Ā
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Figure 16. Upper limits on the neutrino-to-muon conversion rate �⌫!µ+µ� from IceCube [22] versus
Ā (left panel) and on the muon neutrino flux from the low-mass analysis of Super-Kamiokande [51]
versus hE2

⌫µ
i (right panel). The black dashed lines (�⇤

IC(Ā) and �⇤
SK(hE2

⌫µ
i) respectively) correspond

to our fit functions for the limit curves (see text for more details).

that contains the shape of the neutrino spectrum, or rather how detectable it is in a neutrino
telescope. That is, for a given total neutrino flux, how many events do we actually expect? A
harder spectrum will be easier to detect than a softer one, even if the total number of neutrinos
would be the same and hence, the limit on the harder neutrino flux would be stronger than
on the softer one. The detectability of a neutrino is roughly proportional to the energy of the
neutrino squared, E2

⌫ . Here one factor of E⌫ comes from the neutrino-nucleon cross section
being proportional E⌫ , and the other comes from the muon range being proportional to the
muon energy and hence also to E⌫ . We then define the following normalising quantity
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that we will use for Super-Kamiokande. For IceCube, we can actually do a little bit better
as they publish the effective area of the detector as a function of energy [22]. Thus, we define
the following normalising quantity
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In both cases, we will use Emin = 1 GeV. Note that in eq. (A.1), we only include muon
neutrinos, whereas in eq. (A.2), we also include muon anti-neutrinos. This is because Super-
Kamiokande gives results only for muon neutrinos, whereas IceCube gives results on the sum
of muon neutrinos and muon anti-neutrinos.

In figure 16, we show the same limits as in figure 15, but now versus our normalising
quantities Ā for IceCube and hE2

⌫µi for Super-Kamiokande. We can clearly see that with this
procedure, we have managed to reduce the spread of upper limits for different masses and
annihilation channels.
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Solar atmospheric neutrinos, SAν

• CR-solar 
atmosphere 
interactions 
simulated with 
public code MCEq

Edsjö, Elevant, Enberg and Niblaeus,  
JCAP 06 (2017) 033, arXiv:1704.02892

CR ν

• Propagation and oscillation through the Sun and to 
the Earth with public code WimpSim

• Interactions at the detector with WimpSim

First studied by Moskalenko et al & Seckel et al in 1991, but we now have better 
CR understanding, better solar models and know that neutrinos oscillate. We can 
also make the calculation more carefully as we have better tools.



Compared to Earth atmospheric neutrinos

• The Sun blocks CR:s and reduce the Earth  
atmospheric neutrino flux in the Sun’s direction

• But, we instead get neutrinos from CR interactions in the Sun. 
Is it higher or lower?

- the Sun has lower density where  
interactions take place, more particles 
decay before they lose energy  
⇒ higher flux

- the produced neutrinos pass 
through the Sun which is opaque  
to high energy neutrinos (≳ 100 GeV)  
⇒ lower flux

• Need a more careful calculation to see how it goes
Note: Magnetic fields complicate things further…



The Sun in neutrinos and neutrino-induced muons

Neutrinos Neutrino-induced
muons



Neutrino fluxes
νe νμ ντ



Compared to Earth atmospheric neutrinos

Figure 9. The muon neutrino flux from the Sun compared to the Earth atmospheric neutrino
background (both are given per solid angle). The Earth atmospheric fluxes are given both for
horizontal and vertical fluxes (with a shaded red region in between). For an actual detector, the
Earth atmospheric fluxes will be between these two extremes (and slightly reduced in the direction
of the Sun due to the Sun blocking some cosmic rays). The Sun and Earth fluxes are both calculated
with MCEq with the same set of parameters.

different sources (cosmic ray model, atmospheric interaction model, solar model, etc). We
have though compared with their production fluxes for different impact parameters (their
figure 1). Our production fluxes are in reasonable agreement, except at b = 1 where they
get significantly more neutrinos. We also get more neutrinos for large impact parameters,
but not to the extent IT96 gets them. We also note that IT96 calculates the fluxes at three
impact parameters (b = 0, b = 2/3 and b = 1) and then interpolate between these to get the
total flux from the Sun. As the flux is so much higher at b = 1, the way the interpolation
is done will largely affect the result. We have generated MCEq tables for more values of b
(especially close to 1) to make sure we get small interpolation errors and then draw events
for all b. Our integration over the Sun should therefore be more accurate.

In the previous figures we showed the fluxes integrated over the Sun, but it is also
interesting to look at the angular distributions and compare to the Earth atmospheric
neutrino fluxes. One way to view this is that the cosmic rays hit an atmosphere and
produce cascades and eventually neutrinos. If it were not for interactions, oscillations and
atmospheric differences we would expect to get essentially the same flux of neutrinos (per
solid angle) from the Sun’s and Earth’s atmospheres. In principle, the Sun blocks some
cosmic rays to reach the Earth and we would naively expect to get a reduction of Earth
atmospheric neutrinos in the direction of the Sun, and an equal increase from the cosmic ray
interactions in the Sun. However, including atmospheric differences (the Sun’s atmosphere
is considerably less dense), interactions and oscillations, this no longer holds true and the
solar cosmic ray neutrinos could be both larger or smaller than the Earth atmospheric ones.

In figure 9 we show the differential muon neutrino (⌫µ + ⌫̄µ) fluxes (per solid angle)
from the solar cosmic ray neutrinos (i.e. our calculation in this paper) and compare with the
Earth atmospheric neutrinos. Our shown fluxes in this plot are very similar to those shown
in figure 6, with the difference being that here we show the fluxes propagated all the way
to the detector and we include oscillations. An actual detector will of course be at a given
latitude and the Sun will then be in a range of directions on the sky, so depending on the
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Event rates

Table 2. Number of events per year (lifetime) in IceCube. The neutrino flux above 50 GeV has
been used in calculating these event rates for IC-79 and IC3.

Events per year
Oscillation scenario IC-79 IC3

Normal ordering 1.17 2.26
Inverted ordering 1.40 2.70

Figure 13. The differential event rate dR/dE⌫ for normal and inverted neutrino mass ordering
for the effective areas of IC3. In this figure we have included lower energies than our usual 50 GeV
limit even if these are more uncertain.

rates in table 2 are to this lower energy limit. To test this, we can look at the differential
rate, which for IC3 can be written as

dR

dE⌫
=

✓
d�⌫µ

dE⌫
+

d�⌫̄µ

dE⌫

◆
A⌫µ+⌫̄µ (4.1)

In figure 13 we show this as a function of energy. We can see that our event rate is dominated
by neutrinos of energies in the 100–300 GeV range and hence our calculated event rates are
not very sensitive to the lowest energy of 50 GeV. This can be understood from the effective
area, which is very small at low energies and then rises steeply as the energy goes up. In this
interplay between the steeply falling neutrino spectrum and the increasing effective area we
get a peak, which in this case happens to be in the 100–300 GeV region. The feature at
around 40 GeV comes from the switch from the DeepCore to the IceCube selection in IC3

and the kink at 140 GeV is due to a kink in the IceCube effective area, whereas the wiggles
at higher energies are due to oscillations.
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We predict a few events per year 
from the SAν flux

νe νµ ντ

Interactions in Sun damp flux 
at Eν >1 TeV, oscillations change 
flavour ratio and cause wiggles 2-3 events/year

Aeff from IceCube [1612.05949] 
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Publicly available code: wimpsim.astroparticle.se

New WimpSim 4
WimpSim code layout

In the Sun* At the Earth

WimpAnn
Simulates WIMP 
annihilations and 
propagates neutrinos

Pythia
Simulates annihilation 
events and tau decay

nusigma
Simulates 
neutrino-nucleon 
interactions

DarkSUSY
Provides solar models

Pythia
Simulates tau decay

MCEq
data files

solar_crnu
Generates solar 
atmospheric neutrinos 
and propagates them

nusigma
Simulates 
neutrino-nucleon 
interactions

DarkSUSY
Provides solar models

At 1 AU

Summary files with 
fluxes

Event files

Event files

Summary files 
with fluxes

WimpEvent
Distributes the 
neutrinos in time, 
propagates them to 
the detector and lets 
them interact

Event files

Summary files 
with fluxes

Detector simulation
(not part of WimpSim)

At detector

*) WimpAnn can also 
be run for annihilations 
in the Earth

+ med_dec option
+ option to read event files

M. Blennow, J. Edsjö and T. Ohlsson, [arXiv: 0709.3898] for the original WIMP annihilation calculation
J. Edsjö J. Elevant, R. Enberg and C. Niblaeus, [arXiv: 1704.02892] for the new version including the solar_crnu addition
C. Niblaeus, A. Beniwal and J.Edsjö, [arXiv: 1903.11363] for the new version including the mediator decay addition

http://wimpsim.astroparticle.se
http://arxiv.org/abs/0709.3898
http://arxiv.org/abs/1704.02892
http://arxiv.org/abs/1903.11363


Su
m

m
ar

y • Compared to the regular WIMP scenario, the long-lived 
mediator scenario can lead to

- higher neutrino fluxes

- gamma rays

- charged particles (not analyzed yet)

• Gamma rays “win” for  

• Created method to easily use published 
IceCube and Super-Kamiokande limits on 

arbitrary DM models

• Cosmic ray interactions create 
solar atmospheric neutrinos

γL > 0.1R⊙

Is anyone interested in looking at the charged particles? Let me know



EXTRA



Neutrino sensitivity floor
We can adjust the spin-dependent scattering cross section so that 
the number of events from WIMPs and SAν matches

NWIMP = NSAν

b b-bar W+ W- τ+ τ-

The actual floor depends quite a lot on assumptions on background rejection


