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 New signal    
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Features on  
known spectra

 New signal    

Cosmo/Astro effects
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 New signal    
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DM annihilations or decays

Annihilation of 
captured DM in 
the Sun/Earth 

Sensitive to scattering 
cross section 

Only for m > few GeV

Annihilations/decays 
in halos 

Sensitive to annihilation 
cross section (link to 

thermal production in the 
early Universe?) and lifetime
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Dark Matter capture in the Sun/Earth

by Joakim Edsjö
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J. Silk, K. A. Olive and M. Srednicki, Phys. Rev. Lett. 55:257, 1985
T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986
M. Srednicki, K. A. Olive and J. Silk, Phys. B279:804, 1987
K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.257
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
http://M.%20Srednicki,%20K.%20A.%20Olive%20and%20J.%20Silk,%20Phys.%20B279:804,%201987
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
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Dark Matter capture in the Sun/Earth
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J. Silk, K. A. Olive and M. Srednicki, Phys. Rev. Lett. 55:257, 1985
T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986
M. Srednicki, K. A. Olive and J. Silk, Phys. B279:804, 1987
K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987

Local DM particles elastically scatter with the nuclei of the 
Sun to a velocity smaller than the escape velocity, and they 
can get gravitationally bound and finally trapped inside 

   

  Additional scatterings give rise to an isothermal distribution 

Trapped DM particles can annihilate into SM particles 

After some time, annihilation and capture rates typically 
equilibrate 

Only neutrinos can escape

W. H. Press and D. N. Spergel, Astrophys. J. 296:679, 1985

A. Gould, Astrophys. J. 321:571, 1987K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987;A. Gould, Astrophys. J. 321:560, 1987;

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.257
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
http://M.%20Srednicki,%20K.%20A.%20Olive%20and%20J.%20Silk,%20Phys.%20B279:804,%201987
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
https://ui.adsabs.harvard.edu/abs/1985ApJ...296..679P/abstract
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
https://ui.adsabs.harvard.edu/abs/1987ApJ...321..571G/abstract
https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
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Limits from the Sun
SK: (3902.7 + 4206.7) days IceCube: 532 days 

Baksan: 24.12 yrs 
M. M. Boliev et al., JCAP 09:019, 2013

ANTARES: 5 yrs 

S. Navas, D. López-Coto and J. D. Zornoza [KM3NeT Collaboration], PoS(ICRC2019)536, 2020

K. Choi et al. [Super-Kamiokande Collaboration],  
Phys. Rev. Lett. 114:141301, 2015

S. Adrián-Martínez et al. [ANTARES Collaboration],  
Phys. Lett. B759:69, 2016

M. G. Aartsen et al. [IceCube Collaboration],  
Eur. Phys. J. C77:146, 2017

7

Baikal: 1038 days 
A. D. Avrorin et al. [Baikal Collaboration], 
Astropart. Phys. 62:12, 2015

PoS(ICRC2019)536
Dark Matter from the Sun - KM3NeT-ORCA D. Lopez-Coto

Figure 4: WIMP-proton SD (left) and SI (right) scattering cross-sections limits as a function of
WIMP mass for the three annihilation channels considered. Comparative between 5 years of ORCA
simulated data, 5 years of ANTARES data [16], Ice Cube 3 years of data [22], Super Kamiokande
16 years [23] and PICO-60 C3F8 [24] 1 year.
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Prospects for INO

Prospects for DUNE

Using KamLAND

PoS(ICRC2017)912

Latest results and sensitivities for solar dark matter searches with IceCube Seongjin In1

events and as such depend on the correct modeling of the detector response and particle physics
uncertainties, such as oscillation parameters and neutrino cross section in the transition region to
deep inelastic scattering. Astrophysical uncertainties, like the local dark matter density and local
velocity, are also important.

Figure 6: Upper limits and sensitivities for the bb̄ and t+t� channels.

The dominant detector re-
lated uncertainty, especially at
low energies, is the absolute
DOM light detection efficiency
of roughly 10%. Its effect on
the signal was assessed by the
productin of datasets with artifi-
cially lowered and increased ef-
ficiencies, leading to asymmet-
ric uncertainty estimates. The
total uncertainty, including ef-
fects from the ice model, neu-
trino cross sections and oscilla-
tions,ranges between 16.6% and 21%, slightly depending on the annihilation channel and assume
WIMP mass. For this study a local dark matter density of r0 = 0.30 GeV/c2/cm3 was adapted. The
results can be easily rescaled as the limits scale inversely with the assumed matter density (larger
densities yield sensitivities to smaller WIMP scattering cross sections).

4. Solar WIMP sensitivity for IceCube-Gen2/PINGU

IceCube-Gen2/PINGU is a proposed extension of IceCube envisioned to include the deploy-
ment of 20 densely instrumented strings in the central region of IceCube. IceCube-Gen2/PINGU
is expected to significantly improve the sensitivity for WIMP masses in the energy range between
5 and 50 GeV. Building on the experience gained with DeepCore analyses we perform a straight-

Figure 7: Sensitivity of the 26⇥ 192 IceCube-Gen2/PINGU baseline geometry to sp,SD (left figure) and
sp,SI (right figure) for hard (solid lines) and soft (dashed lines) annihilation channels over a range of WIMP
masses for livetimes of one (magenta) and five (green) years. The sensitivities are compared to the present
IceCube limits [3] and limits from Super-K [14], as well as limits projected to the year 2025 to compare to
the IceCube-Gen2/PINGU sensitivities.
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Prospects for IceCube

Limits from the Sun
SK: (3902.7 + 4206.7) days IceCube: 532 days 

Baksan: 24.12 yrs 
M. M. Boliev et al., JCAP 09:019, 2013

ANTARES: 5 yrs 

S. Navas, D. López-Coto and J. D. Zornoza [KM3NeT Collaboration], PoS(ICRC2019)536, 2020

K. Choi et al. [Super-Kamiokande Collaboration],  
Phys. Rev. Lett. 114:141301, 2015

S. Adrián-Martínez et al. [ANTARES Collaboration],  
Phys. Lett. B759:69, 2016

M. G. Aartsen et al. [IceCube Collaboration],  
Eur. Phys. J. C77:146, 2017
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Baikal: 1038 days 
A. D. Avrorin et al. [Baikal Collaboration], 
Astropart. Phys. 62:12, 2015

PoS(ICRC2019)536
Dark Matter from the Sun - KM3NeT-ORCA D. Lopez-Coto

Figure 4: WIMP-proton SD (left) and SI (right) scattering cross-sections limits as a function of
WIMP mass for the three annihilation channels considered. Comparative between 5 years of ORCA
simulated data, 5 years of ANTARES data [16], Ice Cube 3 years of data [22], Super Kamiokande
16 years [23] and PICO-60 C3F8 [24] 1 year.
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Figure 4: WIMP-proton SD (left) and SI (right) scattering cross-sections limits as a function of
WIMP mass for the three annihilation channels considered. Comparative between 5 years of ORCA
simulated data, 5 years of ANTARES data [16], Ice Cube 3 years of data [22], Super Kamiokande
16 years [23] and PICO-60 C3F8 [24] 1 year.
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Baksan ττ
Baikal ττ

S. Choubey, A. Ghosh and  
D. Tiwari, JCAP 05:006, 2018

C. Rott et al., JCAP 07:006, 2019

J. Kumar and P. Sandick, 
JCAP 06:035, 2015

S. In and K. Wiebe [Icecube Coll.], 
PoS(ICRC2017)912, 2018
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Usually only considered annihilations into  
heavy quarks, gauge bosons or tau leptons... 

What about annihilations into light quarks, muons or even electrons?

Electrons/positrons do not produce neutrinos... 

Muons lose energy electromagnetically very rapidly 
and decay at rest  

Light-quark hadrons, as pions, are stopped via nuclear 
interactions and decay at rest 

 
τ stop ≈ 3 ⋅10−10 E

10 GeV
⎛
⎝⎜
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What about the low-energy (tens of MeV) neutrinos 

from pion and muon decays at rest? 

C. Rott, J. Siegal-Gaskins and J. F. Beacom, Phys. Rev. D88:055005, 2013 

N. Bernal, J. Martín-Albo and SPR, JCAP 08:011, 2013  

from kaon decays: C. Rott et al., JCAP 11:039, 2015; JCAP 01:016, 2017
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N. Bernal, J. Martín-Albo and SPR, JCAP 08:011, 2013 

C. Rott et al., JCAP 11:039, 2015; JCAP 01:016, 2017
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Fig. 6. Excluded regions in the DM mass and spin-independent cross section param-
eter space from neutrino telescopes160 (red dotted contours), from cosmic-ray con-
straints161,162 (green solid contours), from high-altitude experiments as collected in
Ref.163 (orange dashed contours), from constraints from the Earth’s heat163 (cyan
dot-dashed contours) and from surface and underground direct detection experiments as
collected and computed in Ref.164 (gray solid contours). From Ref.164 Available under
the terms of the Creative Commons Attribution 4.0 International License.

larger cross sections, these limits might not apply, as the DM particles would
su↵er so many scatterings that would not settle to the core and annihila-
tions might not be e�cient.163,166 For very large cross sections or for lower
DMmasses, other observations can be used to set bounds.161,162,166–171 Dif-
ferent constraints on the (mDM, �) parameter space are depicted in Fig. 6.

4.1.3. Self-interacting DM

In addition to couplings between DM and SM particles, it is natural to ex-
pect that interactions within the DM sector would also occur. Indeed, some
of the scenarios discussed in section 3 include (or can easily accommodate)
self-interactions among the DM particles themselves.

Strong DM self-interactions would modify the inner structure of halos,

10

B. J. Kavanagh, Phys. Rev. D97:123013, 2018

strongly interacting (heavy) dark matter
I. F. M. Albuquerque, L. Hui and E. W. Kolb, Phys. Rev. D64:083504, 2001
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q < 1: efficient energy 
transfer ➙ capture rate scales 

with inverse of DM mass 

q > 1: very frequent collisions, 
but result similar to the thin 
regime ➙ capture rate scales 

with inverse of DM mass squared 

I. F. M. Albuquerque and C. Pérez de los Heros, Phys. Rev. D81:063510, 2010
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For applicability of model independence:  
M. C. Digman et al., Phys. Rev. D100:063013, 2019
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What about interactions with electrons?
J. Kopp et al, Phys. Rev. D80:083502, 2009

smaller mass of targets thermal motion is crucial

Introduction

• If DM (�) has a non vanishing ��T , it can be captured in the Sun.

Griest and Seckel ’86, Gould ‘87

• Dynamics governed by the equation

dN�

dt
= C� � E�N� � A�N

2
�

N� =

✓
C�

A�

◆1/2
tanh (t�/⌧)

+
1

2E�⌧ tanh (t�/⌧)
.

Dark Matter in the Sun: scattering o↵ ,
electrons vs nucleons Introduction 3 / 26

R. Garani and SPR, JCAP 05:007, 2017

Figure 1. Capture rates as a function of the DM mass, for DM-electron interactions (solid
red curves), DM-nucleon SD interactions (dashed green curves) and DM-nucleon SI interactions (dot-
dashed blue curves). Left panels: capture rates for the three types of interactions. The geometric
capture rate is also shown (dashed black curves.) Right panels: ratio of capture rates with respect
to the limit of targets at rest (T�(r) = 0). Top panels: constant (velocity-independent and isotropic)
scattering cross section with �i,0 = 10�40 cm2. Middle panels: v

2
rel-dependent scattering cross section

with �i,0 = 10�42 cm2. Bottom panels: q
2-dependent scattering cross section with �i,0 = 10�42 cm2.
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constant 
scattering 

cross section

velocity-
dependent 
scattering  

cross section

11

In leptophilic scenarios, DM-nucleon could occur 
at loop level. Yet, in some cases DM-electron 
could be more important than DM-nucleon

R. Garani and SPR, in preparation

Strong bounds on the DM-electron scattering cross section

R. Garani, P. Mastrolia, SPR and A. Primo, in preparation
using the 2-loop calculation of

Preliminary Preliminary
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Fig. 7. Upper limits, at 90% confidence level, on the DM self-scattering cross section
as a function of the DM mass, using IC79176 and DeepCore177 data. The results assume
annihilations into W

+
W

� and ⌧
+
⌧
� and a DM-nucleon cross section � = 10�47 cm2.

Above the dashed green line, small-scale observations can be alleviated. The hatched and
shaded regions are excluded from a Bullet cluster analysis178 and of halo shapes.179 Fig-
ure from Ref.174 c� SISSA Medialab Srl. Reproduced by permission of IOP Publishing.
All rights reserved.

4.1.4. Secluded DM

Modifications of the simple scenario with contact interactions and constant
scattering cross sections have also been considered. For instance, a sim-
ple realization of self-interacting DM models includes the presence of light
mediators which couple to SM particles and keep the DM secluded from
the SM.34 In these scenarios, the correct relic density can be obtained via
annihilations into mediators in the early Universe, but keeping the coupling
to the SM su�ciently small to evade experimental constraints. Yet, this
implies non-trivial momentum and velocity dependence of the scattering
o↵ nuclei and of self-scatterings and Sommerfeld-enhanced DM annihila-
tions.175,180–182 Therefore, in this type of scenarios, the self-scattering and

I. F. M. Albuquerque, C. Pérez de los Heros and D. S. Robertson, JCAP 02:047, 2014

A. R. Zentner, Phys. Rev. D80:063501, 2009

D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84:3760, 2000

Self-interacting Dark Matter

Suppresses small-scale structure

FIG. 27: Left: Linear matter power spectra for four ETHOS models that differ in the DM coupling strength
to dark radiation, resulting in different damping and acoustic oscillation scales. ETHOS-1, 2, 3 have
�/m� & 5 cm2/g on dwarf scales, while ETHOS-4 has �/m� ⇠ 0.1 cm2/g. CDM and thermal-relic
warm DM models are also shown. Right: The number of subhalos as a function of their maximal circular
velocity for four different ETHOS models, compared to observed satellites of the MW with a sky coverage
correction [583]. DM acoustic damping can reduce the tension between the number of observed satellites
and simulated CDM subhalos. Reprinted from [125].

decoupling temperature Tkd [570, 571, 572, 573, 574, 575]. To estimate Tkd, one equates the
Hubble rate to the momentum transfer rate for scattering

� = nr h��rvreli
T

m�

, (38)

where nr ⇠ T
3 is the radiation number density, h��rvi is the velocity-weighted scattering cross

section between DM and radiation, and T is the temperature of the thermal bath. Parametrizing
the cross section to be h��rvi = T

2
/m

4

�
, where m� represents the mediator mass scale for DM-

radiation interactions, yields29

Tkd ⇠ 10 MeV
⇣

m�

100 GeV

⌘⇣
m�

100 GeV

⌘1/4

. (39)

For WIMPs, the mediator � represents weak-scale degrees of freedom that couple DM � to SM
radiation, with all masses m�,m� set by the weak-scale. Thus, the damping scale is O(10 pc),
much smaller than current observational limits.

van der Aarssen, Bringmann & Pfrommer [380] suggested that a light mediator coupled to both DM and neutrinos
will generate DM self-interactions and DM-neutrino interactions to solve these issues plus the core-cusp problem.
However, couplings between SM neutrinos and the dark sector are subject to various experimental constraints [567,
568, 569].

29 If the two sectors have different temperatures, Tkd also depends on the temperature ratio, see, e.g. [124, 141].

68

C. Boehm, P. Fayet and R. Schaeffer, Phys. Lett. B518:8, 2001

M. Vogelsberger et al., 
MNRAS 460:1399, 2016

FIG. 9: Left: Density profiles for halo with mass ⇠ 1010 M� (dubbed “Pippin”) from DM-only simulations
with varying values of �/m. Right: Rotation curves for Pippin halo with �/m & 0.5 cm2/g are broadly
consistent with measured stellar velocities (evaluated at their half-light radii) for field dwarf galaxies of the
Local Group. Reprinted from Ref. [111].

50 cm2
/g, leads to an increasing central density, indicating this halo has entered core collapse.

Nevertheless, core collapse is mild. Density profiles with �/m = 0.5 � 50 cm2
/g, spanning

two orders of magnitude, vary in their central densities by only a factor of ⇠ 3. Comparing with
data for field dwarfs in the Local Group, Fig. 9 (right) shows that predicted SIDM rotation curves
for 0.5 � 50 cm2

/g are consistent with the velocities and half-light radii inferred from several
observed galaxies. This illustrates not only how SIDM affects both the core-cusp and TBTF
problems simultaneously, but that �/m need not be fine-tuned to address these issues.

The conclusion from these studies is that �/m & 0.5 cm2
/g can produce O(kpc) cores needed

to resolve dwarf-scale anomalies [111]. However, the upper limit on �/m at these scales—due to
core collapse producing a too-cuspy profile—remains unknown.

Cluster scales: Next, we turn to clusters (Mhalo ⇠ 1014�1015 M�). The first cosmological sim-
ulations at these scales were performed by Yoshida et al. [101], which studied a single 1015 M�
halo for �/m = 0.1, 1, and 10 cm2

/g. More recently, Rocha et al. [94] performed simulations
targeting similar scales, but over much larger cosmological volume, for �/m = 0.1 and 1 cm2

/g.
The best-resolved halos in their volume span 1012�1014 M�. For 1 cm2

/g, the central density pro-
files are clearly resolved for the Yoshida halo and for ⇠ 50 Rocha halos. On cluster scales, SIDM
halos have O(100 � 200 kpc) radius cores and central densities ⇢0 ⇠ few ⇥ 10�3 M�/pc3. For
�/m = 0.1 cm2

/g, the simulations lack sufficient resolution to fully resolve the cored inner halo,
though O(30 kpc) radius cores seem a reasonable estimate. For �/m = 10 cm2

/g, the Yoshida
halo has a similar density profile compared to 1 cm2

/g, although the former is considerably more
spherical (ellipticity is discussed below).

It is important to note that SIDM halos exhibit variability in their structure. Within the Rocha
et al. [94] halo sample, SIDM halos, with fixed �/m = 1 cm2

/g and fixed Vmax, show an order-of-
magnitude scatter in their central densities. The dwarf halo samples from Davé et al. [102] show a

28

FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5� 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers

18

M. Boylan-Kolchin, J. S. Bullock and 
M. Kaplinghat, MNRAS 422:1203, 2012

O. D. Elbert et al., MNRAS 453:29, 2015

Capture in the Sun

12

Self interactions enhance the capture rate

DM could reach equilibrium, even if it 
wouldn’t without self-interactions

R. A. Flores and J. R. Primack, 
Astrophys. J. 427:L1, 1994
B. Moore, Nature 370:629, 1994

M. Boylan-Kolchin, J. S. Bullock  
and M. Kaplinghat,  
MNRAS 415:L40, 2011; MNRAS 422:1203, 2012

317 days IC79

https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/047
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.063501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.84.3760
https://www.sciencedirect.com/science/article/abs/pii/S0370269301010607?via=ihub
https://academic.oup.com/mnras/article/460/2/1399/2609055
https://academic.oup.com/mnras/article/422/2/1203/1033710
https://academic.oup.com/mnras/article/453/1/29/1747632
https://ui.adsabs.harvard.edu/abs/1994ApJ...427L...1F/abstract
https://www.nature.com/articles/370629a0
https://academic.oup.com/mnrasl/article/415/1/L40/965196
https://academic.oup.com/mnras/article/422/2/1203/1033710


Sergio Palomares-RuizSergio Palomares-Ruiz
Searching for dark matter with neutrinosSergio Palomares-Ruiz

Alleviates cusp-core, too-big-to-fail problems

June 18, 2019 0:9 ws-rv9x6 Book Title DMchapter page 34

34 S. Palomares-Ruiz

Fig. 7. Upper limits, at 90% confidence level, on the DM self-scattering cross section
as a function of the DM mass, using IC79176 and DeepCore177 data. The results assume
annihilations into W

+
W

� and ⌧
+
⌧
� and a DM-nucleon cross section � = 10�47 cm2.

Above the dashed green line, small-scale observations can be alleviated. The hatched and
shaded regions are excluded from a Bullet cluster analysis178 and of halo shapes.179 Fig-
ure from Ref.174 c� SISSA Medialab Srl. Reproduced by permission of IOP Publishing.
All rights reserved.

4.1.4. Secluded DM

Modifications of the simple scenario with contact interactions and constant
scattering cross sections have also been considered. For instance, a sim-
ple realization of self-interacting DM models includes the presence of light
mediators which couple to SM particles and keep the DM secluded from
the SM.34 In these scenarios, the correct relic density can be obtained via
annihilations into mediators in the early Universe, but keeping the coupling
to the SM su�ciently small to evade experimental constraints. Yet, this
implies non-trivial momentum and velocity dependence of the scattering
o↵ nuclei and of self-scatterings and Sommerfeld-enhanced DM annihila-
tions.175,180–182 Therefore, in this type of scenarios, the self-scattering and

I. F. M. Albuquerque, C. Pérez de los Heros and D. S. Robertson, JCAP 02:047, 2014

A. R. Zentner, Phys. Rev. D80:063501, 2009

D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84:3760, 2000

Self-interacting Dark Matter

Suppresses small-scale structure

FIG. 27: Left: Linear matter power spectra for four ETHOS models that differ in the DM coupling strength
to dark radiation, resulting in different damping and acoustic oscillation scales. ETHOS-1, 2, 3 have
�/m� & 5 cm2/g on dwarf scales, while ETHOS-4 has �/m� ⇠ 0.1 cm2/g. CDM and thermal-relic
warm DM models are also shown. Right: The number of subhalos as a function of their maximal circular
velocity for four different ETHOS models, compared to observed satellites of the MW with a sky coverage
correction [583]. DM acoustic damping can reduce the tension between the number of observed satellites
and simulated CDM subhalos. Reprinted from [125].

decoupling temperature Tkd [570, 571, 572, 573, 574, 575]. To estimate Tkd, one equates the
Hubble rate to the momentum transfer rate for scattering

� = nr h��rvreli
T

m�

, (38)

where nr ⇠ T
3 is the radiation number density, h��rvi is the velocity-weighted scattering cross

section between DM and radiation, and T is the temperature of the thermal bath. Parametrizing
the cross section to be h��rvi = T

2
/m

4

�
, where m� represents the mediator mass scale for DM-

radiation interactions, yields29

Tkd ⇠ 10 MeV
⇣

m�

100 GeV

⌘⇣
m�

100 GeV

⌘1/4

. (39)

For WIMPs, the mediator � represents weak-scale degrees of freedom that couple DM � to SM
radiation, with all masses m�,m� set by the weak-scale. Thus, the damping scale is O(10 pc),
much smaller than current observational limits.

van der Aarssen, Bringmann & Pfrommer [380] suggested that a light mediator coupled to both DM and neutrinos
will generate DM self-interactions and DM-neutrino interactions to solve these issues plus the core-cusp problem.
However, couplings between SM neutrinos and the dark sector are subject to various experimental constraints [567,
568, 569].

29 If the two sectors have different temperatures, Tkd also depends on the temperature ratio, see, e.g. [124, 141].
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FIG. 9: Left: Density profiles for halo with mass ⇠ 1010 M� (dubbed “Pippin”) from DM-only simulations
with varying values of �/m. Right: Rotation curves for Pippin halo with �/m & 0.5 cm2/g are broadly
consistent with measured stellar velocities (evaluated at their half-light radii) for field dwarf galaxies of the
Local Group. Reprinted from Ref. [111].

50 cm2
/g, leads to an increasing central density, indicating this halo has entered core collapse.

Nevertheless, core collapse is mild. Density profiles with �/m = 0.5 � 50 cm2
/g, spanning

two orders of magnitude, vary in their central densities by only a factor of ⇠ 3. Comparing with
data for field dwarfs in the Local Group, Fig. 9 (right) shows that predicted SIDM rotation curves
for 0.5 � 50 cm2

/g are consistent with the velocities and half-light radii inferred from several
observed galaxies. This illustrates not only how SIDM affects both the core-cusp and TBTF
problems simultaneously, but that �/m need not be fine-tuned to address these issues.

The conclusion from these studies is that �/m & 0.5 cm2
/g can produce O(kpc) cores needed

to resolve dwarf-scale anomalies [111]. However, the upper limit on �/m at these scales—due to
core collapse producing a too-cuspy profile—remains unknown.

Cluster scales: Next, we turn to clusters (Mhalo ⇠ 1014�1015 M�). The first cosmological sim-
ulations at these scales were performed by Yoshida et al. [101], which studied a single 1015 M�
halo for �/m = 0.1, 1, and 10 cm2

/g. More recently, Rocha et al. [94] performed simulations
targeting similar scales, but over much larger cosmological volume, for �/m = 0.1 and 1 cm2

/g.
The best-resolved halos in their volume span 1012�1014 M�. For 1 cm2

/g, the central density pro-
files are clearly resolved for the Yoshida halo and for ⇠ 50 Rocha halos. On cluster scales, SIDM
halos have O(100 � 200 kpc) radius cores and central densities ⇢0 ⇠ few ⇥ 10�3 M�/pc3. For
�/m = 0.1 cm2

/g, the simulations lack sufficient resolution to fully resolve the cored inner halo,
though O(30 kpc) radius cores seem a reasonable estimate. For �/m = 10 cm2

/g, the Yoshida
halo has a similar density profile compared to 1 cm2

/g, although the former is considerably more
spherical (ellipticity is discussed below).

It is important to note that SIDM halos exhibit variability in their structure. Within the Rocha
et al. [94] halo sample, SIDM halos, with fixed �/m = 1 cm2

/g and fixed Vmax, show an order-of-
magnitude scatter in their central densities. The dwarf halo samples from Davé et al. [102] show a

28

FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5� 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers

18
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Metastable mediator (dark photon, dark scalar…)  
coupled to DM, that subsequently could decay into SM particles

Neutrino signals:  
Once captured, DM would annhilate into 

mediators, which would (partially) escape the 
Sun and decay into SM before reaching the Earth 
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Secluded Dark Matter

than the neutrino spectra because of the importance of
entering muons, which lose energy outside the detector.
Finally, to estimate the sensitivity, we compute the

number of signal and background events in two energy
bins. This is motivated by the realization that neutrino
telescopes can estimate the muon energy above ∼1 TeV,
when the muon energy loss becomes radiative [82]. The
sensitivity is determined when the signal counts reach the
background counts in either energy bin, similar to our
gamma-ray analysis. Here we also take Psurv to be ∼0.4
(γcτ ¼ R⊙). There is some freedom in choosing the precise
values for the energy bins. We find that the choice of
½101.8; 103# GeV and ½103; 106# GeV allows us to reproduce
the IceCube limit [43] up to factors of a few for the short-
lived cases. Our approach is simplifying: it is conservative
to require the signal to be as high as the background; but
this is compensated by the fact that we ignore the back-
grounds from atmospheric muons, various detector effects,
and reduction of signal efficiency from various data
reductions [83]. However, for our purpose of estimating
the improved sensitivity from long-lived mediators relative
to the “short-lived” case, this is sufficient.

B. Discussion of results

Figure 8 shows our estimated sensitivity compared with
current constraints for standard WIMPs (short-lived case)
from Super-K [71] and IceCube [43,70]. We also show
the result obtained by Antares [72], which searched for
secluded DM via the process χχ → YY → νν̄νν̄. We find
that IceCube and KM3NeT can offer a significant improve-
ment in sensitivity for the case of long-lived mediators,
especially for high DM masses. For the τ final state, at

lower masses, the long-lived mediator sensitivity is com-
parable to and even slightly weaker than the current limit.
This is expected from softer spectra and the Psurv factor.
Much of the improved sensitivity comes the high-energy
bin >1 TeV, which causes the kink near 1 TeV. Nominal
WIMPs are not expected to produce such high-energy
signals due to severe neutrino absorption in the Sun. Hence,
a detection of a high-energy muon from the Sun could
signal the existence of long-lived mediators in the dark
sector.
As neutrino telescopes improve, DM searches from the

Sun will eventually run into a sensitivity floor, due to the
background flux of neutrinos produced by cosmic-ray
collisions with the Sun [84–86]. (This newly noted indi-
rect-detection “neutrino floor” is different than the direct-
detection “neutrino floor” [87,88]; the latter is caused by
elastic scattering of MeV neutrinos produced in various
sources, such as fusion in the Sun.) The indirect-detection
neutrino floor is a hard floor, because of the large present
uncertainties in predicting the flux of solar atmospheric
neutrinos. In Ref. [85], it is shown that it is important to
separate neutrino signals above and below about 1 TeV, and
that this can be done by whether the muons they produce
have radiative losses or not. It is also shown that >1 TeV
muons from solar atmospheric neutrinos can be detected
soon. How could these be recognized as a signal of
DM with a long-lived mediator? A key test will be the

FIG. 7. The muon spectrum (enteringþ starting) for a gigaton
neutrino detector with 317 days of exposure, obtained with the
neutrinos fluxes from Fig. 6. Eμ is defined as the energy of the
muon when it first appears at the detector.

FIG. 8. Constraints and sensitivities for the spin-dependent DM
scattering cross section. The dashed lines are the sensitivities for
DM in the Sun annihilating to pairs of long-lived mediators that
decay to the particles labeled (γcτ ¼ R⊙). We also show current
limits on short-lived mediators (solid lines with shaded region)
from Super-K (SK), IceCube (IC), and PICO-60 C3F8, as well as
the limit from the search for secluded DM by Antares (ANT).
This highlights the significantly improved sensitivity that could
be achieved by long-lived mediators. See text for details about the
model assumptions for the limits and sensitivities.

POWERFUL SOLAR SIGNATURES OF LONG-LIVED DARK … PHYSICAL REVIEW D 95, 123016 (2017)
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rest, producing only low-energy neutrinos [58,73].)
However, if the mediators escape the Sun, the
neutrinos from pions and kaons will be emitted at
high energy, substantially increasing the flux.

(2) Less neutrino absorption from the solar matter.
High-energy neutrinos (>100 GeV) produced at
the core of the Sun are exponentially suppressed
due to absorption from the solar matter. If the
mediators decay outside the core, beyond which
the density falls exponentially, this suppression is
lifted and the high-energy neutrino flux is greatly
enhanced. This is especially important as neutrinos
with higher energies are more detectable, due to
increased cross section and decreased backgrounds.

These enhancements are especially significant for high-
mass DM, where the secondary multiplicity is large and
neutrino absorption is important. Therefore, we focus our
discussion on large neutrino telescopes such as IceCube
and KM3NeT. In any case, except for pure neutrino final
states, the sensitivity to gamma rays (Sec. IV) is much
stronger than that for neutrino detectors such as Super-K.

A. Procedure

We first consider the neutrino flux from DM annihila-
tions through long-lived mediators. The muon neutrino
flux at Earth is obtained from ðνe; νμ; ντÞ at production
(Sec. III D) multiplied with the weighting (0.27, 0.35, 0.38)

FIG. 5. Optimal sensitivity for DM scattering cross sections from current and future solar gamma-ray observations, for DM in the Sun
annihilating to pairs of long-lived mediators decaying to the particles labeled. Here the mediator decays just outside the Sun (γcτ ¼ R⊙).
Our new limits from Fermi-LAT solar gamma-ray data are shown (shaded, solid), while our calculations of the estimated 1-year
sensitivity from HAWC (dashed) and LHAASO (dotted) can be tested in future analyses. PICO-60 C3F8 [7] 90% C.L. limits are shown
in gray. See text for details about the model assumptions for the limits and sensitivities.

POWERFUL SOLAR SIGNATURES OF LONG-LIVED DARK … PHYSICAL REVIEW D 95, 123016 (2017)

123016-7

Higher energy neutrinos: 
mainly from pions/kaons if 
decays occur outside the Sun 

Less absorption:  
more important for higher 
energy neutrinos and thus, 
for larger DM masses

See also: D. S. Robertson and I. F. M. Albuquerque, JCAP 02:056, 2018
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Fig. 8. Upper limits, at 90% confidence level, on the spin-dependent scattering cross
section o↵ protons, as a function of the DMmass, in secluded DM scenarios. A mediator’s
decay length of 2.8 ⇥ 107 km is assumed. Results using IceCube192 and ANTARES191

data, as well as from direct searches,157,193 are shown. Figure from Ref.192 c� SISSA
Medialab Srl. Reproduced by permission of IOP Publishing. All rights reserved.

over, if the mediator is so long-lived that it decays outside the Sun or
the Earth (or other astrophysical objects), new signatures can be searched
for,189,190,194–199 and not only with neutrino detectors. If the mediator de-
cays into charged particles outside the Sun, they would radiate photons in
their path to the Earth, as well as electron-positron pairs, which can be
searched for in gamma-ray experiments.200,201

Finally, signals coming from the Earth probe a di↵erent range of life-
times, and only decays of the mediator very close to the detector contribute
to the high-energy signals.190 Otherwise, the produced muons (or other par-
ticles) stop inside the Earth, resulting in the absence of a signal in neutrino
telescopes.

M. Ardid et al., JCAP 04:010, 2017

136 days IC79
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DM Annihilations/Decays in Halos: 
where to look?
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Figure from J. Diemand, M. Kuhlen and P. Madau, Astrophys. J. 657:262, 2007
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Figure 4. Averaged neutrino flux from DM annihilations in a solid angle �⌦ = 2⇡ (1� cos ) around
the galactic center and in the logarithmic energy bin � log10 E0 = log10 (mDM/E0) = 0.3, as a function
of the angular distance from the galactic center, assuming the final state ⌫⌫̄, mDM = 1 TeV and
h�vi = 3 ⇥ 10�26 cm3 s�1. The black dotted line represents the contribution from DM annihilations
in the Milky Way halo, while the solid black (dashed magenta) line, refers to cosmological DM
annihilations for the combination I (IV) to determine the enhancement factor.

dominating the cosmological signal, stemming from DM annihilations in the halo of our own
galaxy. We consider the Milky Way DM halo to be described by the NFW profile, Eq. (2.1),
with rs = 20 kpc and with a local DM density ⇢(R�) = 0.4GeV cm�3, where R� = 8.5 kpc
is the distance from the Sun to the galactic center.

The differential energy flux, neglecting neutrino flavor mixing, in the direction forming
an angle  with respect to the galactic center is given by
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2
� � 2`R� cos + `2. The effect of neutrino oscillations can be included

using Eq. (2.13).
We compute the average flux in a solid angle �⌦ = 2⇡ (1 � cos ) and in the logarith-

mic energy bin � log10E0 = log10 (mDM/E0) = 0.3, and in Fig. 4 we compare the angular
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FIG. 8. Upper limits at 90% C.L. on the DM self-annihilation cross section h�AV i (the region above the lines is excluded)
obtained in the combined fit. SK limits for ⌫⌫̄, bb̄, W+W�, µ+µ� obtained for the NFW halo profile are compared to results
from IceCube [41] and ANTARES [42].

bution. The 1� 2� uncertainty was derived from pseudo
MC data sets constructed without any WIMP-induced
neutrinos.

Prior to fitting the data, MC studies assuming aWIMP
signal were used to determine a significance threshold
for the analysis. An excess above the atmospheric back-
ground with a local p-value greater than 3� was chosen
as the criterion for a possible WIMP signal. Figure 7
shows the p-value distributions for the obtained fit re-
sults. There is a⇠ 2� excess observed in theM� = 5 GeV
bb̄ channel (2.08�) , for the M� = 1 GeV µ+µ� (1.74�)
channel, and for the M� = 2 GeV ⌫⌫̄ (1.82�) channel.
Though all p-values are consistent with no WIMP con-
tribution, additional checks were performed for the most
significant result.

A fit in which the position of the GC was treated as a
free parameter moving in right ascension (RA), but fixed
in declination (DEC), was performed for the bb̄ annihi-
lation channel and M� = 5 GeV. Fixing the declination
allows us to use the same systematic uncertainties, as
they depend on the zenith angle, which itself is propor-
tional to the declination. This additional analysis found
a similar signal excess of approximately 2� for a WIMP
signal, but for a GC position of RA in range from 210�

to 260�, though the true GC position is at 266�. Accord-
ingly, we find no indication of a signal consistent with the
expectation for DM from the GC halo in this channel.

Based on the limit on the number of DM-induced neu-
trinos, the corresponding limit on the di↵use flux is de-

rived as a function of M� using Eq. 7 and translated into
a limit on the DM self-annihilation cross section h�AV i.
The latter is shown in Fig. 8 and compared to limits
obtained by other neutrino experiments. The line at
the h�AV i = 3 · 10�26 cm3 s�1 is the expectation for
WIMPs produced thermally during the evolution of the
Universe [40]. Despite the smaller e↵ective area of the SK
detector when compared to the IceCube detector [41],
the limits obtained in this analysis are stronger due to
the fact that the SK detector can probe the GC with
upward-going events. At the location of the SK detector,
the GC is below the horizon for ⇠ 64% of the year, while
for IceCube it is always above the horizon and can only
be directly probed with downward-going events which
typically su↵er from more backgrounds from cosmic ray
muons. ANTARES is operating in the same hemisphere
as SK and its limits [42] are stronger than the ones ob-
tained here for M� > 50 � 500 GeV (depending on the
annihilation mode) due to the larger e↵ective area of its
detector. Weaker constraints from ANTARES observed
forM� < 500 GeV for bb̄ and for theM� < 100�150 GeV
for W+W�/µ+µ� annihilation channels are due to the
di↵erent detection thresholds between ANTARES and
SK. In this M� range, a substantial part of the DM-
induced neutrino signal is expected below several tens of
GeV (cf. Fig 1), a region that is well covered by the SK
detector.

K. Abe et al. [Super-Kamiokande Collaboration], 
Phys. Rev. D102:072002, 2020

Annihilations in the Galaxy and others
SK: (5325.8 + 5629.1) days IceCube: 1007 days ANTARES: 3170 days 
K. Abe et al. [Super-Kamiokande Collaboration], 
Phys. Rev. D102:072002, 2020

A. Albert et al. [ANTARES Collaboration],  
Phys. Lett. B805:135439, 2020

M. G. Aartsen et al. [IceCube Collaboration],  
Eur. Phys. J. C77:627, 2017
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from IceCube [41] and ANTARES [42].

bution. The 1� 2� uncertainty was derived from pseudo
MC data sets constructed without any WIMP-induced
neutrinos.

Prior to fitting the data, MC studies assuming aWIMP
signal were used to determine a significance threshold
for the analysis. An excess above the atmospheric back-
ground with a local p-value greater than 3� was chosen
as the criterion for a possible WIMP signal. Figure 7
shows the p-value distributions for the obtained fit re-
sults. There is a⇠ 2� excess observed in theM� = 5 GeV
bb̄ channel (2.08�) , for the M� = 1 GeV µ+µ� (1.74�)
channel, and for the M� = 2 GeV ⌫⌫̄ (1.82�) channel.
Though all p-values are consistent with no WIMP con-
tribution, additional checks were performed for the most
significant result.

A fit in which the position of the GC was treated as a
free parameter moving in right ascension (RA), but fixed
in declination (DEC), was performed for the bb̄ annihi-
lation channel and M� = 5 GeV. Fixing the declination
allows us to use the same systematic uncertainties, as
they depend on the zenith angle, which itself is propor-
tional to the declination. This additional analysis found
a similar signal excess of approximately 2� for a WIMP
signal, but for a GC position of RA in range from 210�

to 260�, though the true GC position is at 266�. Accord-
ingly, we find no indication of a signal consistent with the
expectation for DM from the GC halo in this channel.

Based on the limit on the number of DM-induced neu-
trinos, the corresponding limit on the di↵use flux is de-

rived as a function of M� using Eq. 7 and translated into
a limit on the DM self-annihilation cross section h�AV i.
The latter is shown in Fig. 8 and compared to limits
obtained by other neutrino experiments. The line at
the h�AV i = 3 · 10�26 cm3 s�1 is the expectation for
WIMPs produced thermally during the evolution of the
Universe [40]. Despite the smaller e↵ective area of the SK
detector when compared to the IceCube detector [41],
the limits obtained in this analysis are stronger due to
the fact that the SK detector can probe the GC with
upward-going events. At the location of the SK detector,
the GC is below the horizon for ⇠ 64% of the year, while
for IceCube it is always above the horizon and can only
be directly probed with downward-going events which
typically su↵er from more backgrounds from cosmic ray
muons. ANTARES is operating in the same hemisphere
as SK and its limits [42] are stronger than the ones ob-
tained here for M� > 50 � 500 GeV (depending on the
annihilation mode) due to the larger e↵ective area of its
detector. Weaker constraints from ANTARES observed
forM� < 500 GeV for bb̄ and for theM� < 100�150 GeV
for W+W�/µ+µ� annihilation channels are due to the
di↵erent detection thresholds between ANTARES and
SK. In this M� range, a substantial part of the DM-
induced neutrino signal is expected below several tens of
GeV (cf. Fig 1), a region that is well covered by the SK
detector.
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Figure 6.9.: Comparing the limits (including systematic uncertainties) on the velocity-averaged
WIMP annihilation cross section from the combination of five dwarf galaxies for di�erent annihilation
channels. The markers denote which WIMP masses have been tested, the lines have been added to
guide the eye.

ments. In this section, the results of the analysis described in this thesis are compared to
other limits on the velocity-averaged WIMP annihilation cross section.

Figure 6.10.: Comparing the limits (including systematic uncertainties) on the velocity-averaged
WIMP annihilation cross section for the IceCube-59 analysis and the IceCube-86 analysis, for the
combination of dwarf galaxies, the M31 galaxy and the Virgo cluster.

First, the results of the analysis described in this thesis are compared to the previous Ice-
Cube analysis that considered (almost) the same targets. This analysis used data from an
incomplete version of the IceCube detector (IC59, containing 59 strings instead of 86). In
figure 6.10, the results from these two analyses are compared for the combination of dwarf
galaxies, the M31 galaxy and the Virgo cluster. One di�erence between the two analyses
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from IceCube [41] and ANTARES [42].

bution. The 1� 2� uncertainty was derived from pseudo
MC data sets constructed without any WIMP-induced
neutrinos.

Prior to fitting the data, MC studies assuming aWIMP
signal were used to determine a significance threshold
for the analysis. An excess above the atmospheric back-
ground with a local p-value greater than 3� was chosen
as the criterion for a possible WIMP signal. Figure 7
shows the p-value distributions for the obtained fit re-
sults. There is a⇠ 2� excess observed in theM� = 5 GeV
bb̄ channel (2.08�) , for the M� = 1 GeV µ+µ� (1.74�)
channel, and for the M� = 2 GeV ⌫⌫̄ (1.82�) channel.
Though all p-values are consistent with no WIMP con-
tribution, additional checks were performed for the most
significant result.

A fit in which the position of the GC was treated as a
free parameter moving in right ascension (RA), but fixed
in declination (DEC), was performed for the bb̄ annihi-
lation channel and M� = 5 GeV. Fixing the declination
allows us to use the same systematic uncertainties, as
they depend on the zenith angle, which itself is propor-
tional to the declination. This additional analysis found
a similar signal excess of approximately 2� for a WIMP
signal, but for a GC position of RA in range from 210�

to 260�, though the true GC position is at 266�. Accord-
ingly, we find no indication of a signal consistent with the
expectation for DM from the GC halo in this channel.

Based on the limit on the number of DM-induced neu-
trinos, the corresponding limit on the di↵use flux is de-

rived as a function of M� using Eq. 7 and translated into
a limit on the DM self-annihilation cross section h�AV i.
The latter is shown in Fig. 8 and compared to limits
obtained by other neutrino experiments. The line at
the h�AV i = 3 · 10�26 cm3 s�1 is the expectation for
WIMPs produced thermally during the evolution of the
Universe [40]. Despite the smaller e↵ective area of the SK
detector when compared to the IceCube detector [41],
the limits obtained in this analysis are stronger due to
the fact that the SK detector can probe the GC with
upward-going events. At the location of the SK detector,
the GC is below the horizon for ⇠ 64% of the year, while
for IceCube it is always above the horizon and can only
be directly probed with downward-going events which
typically su↵er from more backgrounds from cosmic ray
muons. ANTARES is operating in the same hemisphere
as SK and its limits [42] are stronger than the ones ob-
tained here for M� > 50 � 500 GeV (depending on the
annihilation mode) due to the larger e↵ective area of its
detector. Weaker constraints from ANTARES observed
forM� < 500 GeV for bb̄ and for theM� < 100�150 GeV
for W+W�/µ+µ� annihilation channels are due to the
di↵erent detection thresholds between ANTARES and
SK. In this M� range, a substantial part of the DM-
induced neutrino signal is expected below several tens of
GeV (cf. Fig 1), a region that is well covered by the SK
detector.
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Figure 6.9.: Comparing the limits (including systematic uncertainties) on the velocity-averaged
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channels. The markers denote which WIMP masses have been tested, the lines have been added to
guide the eye.

ments. In this section, the results of the analysis described in this thesis are compared to
other limits on the velocity-averaged WIMP annihilation cross section.

Figure 6.10.: Comparing the limits (including systematic uncertainties) on the velocity-averaged
WIMP annihilation cross section for the IceCube-59 analysis and the IceCube-86 analysis, for the
combination of dwarf galaxies, the M31 galaxy and the Virgo cluster.

First, the results of the analysis described in this thesis are compared to the previous Ice-
Cube analysis that considered (almost) the same targets. This analysis used data from an
incomplete version of the IceCube detector (IC59, containing 59 strings instead of 86). In
figure 6.10, the results from these two analyses are compared for the combination of dwarf
galaxies, the M31 galaxy and the Virgo cluster. One di�erence between the two analyses
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Dark matter searches with the IceCube Upgrade Sebastian Baur

Figure 4: Expected sensitivities on the dark matter self-annihilation cross-section hsvi with three years of
data with the IceCube Upgrade as a function of the dark matter mass mc . Shown are the annihilation channels
into µ+µ� (left) and nµ n̄µ (right) assuming an NFW halo profile. Upper limits obtained by IceCube [6] and
ANTARES [16] as well as the Fermi-LAT and MAGIC [17] telescopes and limits using data of the Voyager1
and AMS-02 satellites [18] are shown for comparison.

Figure 5: Expected sensitivities on the dark matter self-annihilation cross-section hsvi with three years
of data with the IceCube Upgrade as a function of the dark matter mass mc . Shown are annihilation into
µ+µ�, t+t�, bb̄, and nµ n̄µ assuming a 100% branching ratio each for the NFW (left) and Burkert (right)
halo profiles.
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Figure 3: Sensitivities of a first sub-block of KM3NeT-ARCA with 24 lines (top panel, dotted lines) and of
the full KM3NeT-ARCA with 2 blocks of 115 lines (bottom panel, dashed lines) to the thermally averaged
cross-section for WIMP pair-annihilation, for NFW profile [5], with 1 year of effective livetime. ANTARES
limits are shown with solid lines.
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Decays in the Galaxy and others
For E < 10 TeV, there are (almost) no limits on the neutrino 
flux from DM decays… by the experimental collaborations

First bounds considering the galactic flux 

SPR, Phys. Lett. B665:50, 2008
First bounds on the diffuse neutrino flux
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Figure 7: 90% C.L. exclusion region in the lifetime vs. mass plane for a decaying dark

matter candidate from the non-observation of an excess in the Super-K data. The bound

is stronger for a line signal, since there the spectrum is harder, resulting in a larger

muon flux due to the increasing neutrino–nucleon cross-section and muon range. For the

channels that contain Z0 or W± bosons in the final state the exclusion range is cut at

the threshold for their production.

of 1026 s and masses larger than 200GeV.

4.2 Rates and Bounds for Present and Future Experiments

Assuming decaying dark matter with a lifetime of 1026 s, we can now compute the

expected signal rates for present and future experiments. These results can be easily

generalised to arbitrary lifetimes, by recalling that the flux is proportional to 1/τDM.

We give the rates for some typical detectors of different sizes, i.e. Super-Kamiokande,

ANTARES/AMANDA and IceCube. The results for Super-K can be easily scaled up to

the Hyper-Kamiokande/UNO size by multiplying by a factor 10 or 20 (for a Hyper-K

mass of 500 kt and Hyper-K/UNO mass of 1Mt, respectively). The result for KM3NeT

will be very similar to that expected for IceCube.

We would like to stress here that Super-K is still taking data, and that the

full ANTARES detector was completed in summer 2008 and is also operational. The

AMANDA detector was decommissioned in summer 2009, but has since been substi-

tuted by the partial IceCube detector, which already had 59 strings deployed in the

ice in early 2009. The other experiments are still in the planning phase: KM3NeT is a
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Figure 8: 90% C.L. exclusion prospects in the lifetime vs. mass plane for a decaying dark

matter candidate from the non-observation of a significant excess in the total rate of

neutrino induced upward through-going muons observed at IceCube (left) or IceCube +

DeepCore (right) in one year. Clearly visible is the enhanced sensitivity of the DeepCore

extension in the low-mass region.

five bins per decade for shower events. These figures can be compared to Figures 4–6

which show the spectra unbinned and without finite energy resolution. Also shown is the

significance of the signal over the background in different bins for a lifetime of 1026 s for

the different channels using one year of data with an effective area of 1 km2 for upward

through-going muons and an effective volume of 1 km3 for contained muons and cascades.

All plots are available for both, scalar and fermionic, dark matter candidates.

We see that for nearly any of the spectra, the signal will appear with a large statistical

significance in more than one single bin and it will be clear that the neutrino signal is

not following a power law like the atmospheric one. Thus, it is clear that using spectral

information it will be possible to set much stricter limits on the decaying dark matter

parameter space than shown in Figure 8. In order to give an idea of the sensitivities

that can be obtained using spectral information, we show in Table 4 the values of the

dark matter lifetime for several decay channels that correspond to a 5 σ signal in the

most significant energy bin after one year of observation for an idealised detector with an

effective muon area of 1 km2 and an effective volume of 1 km3 for contained muons and

shower events. We see there that the limits from through-going and contained muons

are better but not far from those shown in Figure 8, while the shower events in principle

allow to reach even one order of magnitude larger lifetimes. Using not only the dominant
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the different channels using one year of data with an effective area of 1 km2 for upward

through-going muons and an effective volume of 1 km3 for contained muons and cascades.

All plots are available for both, scalar and fermionic, dark matter candidates.

We see that for nearly any of the spectra, the signal will appear with a large statistical

significance in more than one single bin and it will be clear that the neutrino signal is

not following a power law like the atmospheric one. Thus, it is clear that using spectral

information it will be possible to set much stricter limits on the decaying dark matter

parameter space than shown in Figure 8. In order to give an idea of the sensitivities

that can be obtained using spectral information, we show in Table 4 the values of the

dark matter lifetime for several decay channels that correspond to a 5 σ signal in the

most significant energy bin after one year of observation for an idealised detector with an

effective muon area of 1 km2 and an effective volume of 1 km3 for contained muons and

shower events. We see there that the limits from through-going and contained muons

are better but not far from those shown in Figure 8, while the shower events in principle

allow to reach even one order of magnitude larger lifetimes. Using not only the dominant

24

Super-Kamiokande data
Prospects with 1 year 
IceCube+DeepCore
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Figure 1: Bounds on the DM lifetime for a wide range of DM masses obtained using
different approaches: full-sky signal (dark area), angular signal (light area) and 90% CL
limit using SK data at low energies [22] (hatched area). Results are obtained for a NFW
profile and assuming two-body decays into relativistic particles (see text). Also shown the
bound obtained from CMB observations [6] and CMB plus SN data [7] (both at 2σ CL)
and the line τχ = tU .

and νe flux and the Michel electrons and positrons from the decays of sub-threshold muons.
Below 18 MeV, muon-induced spallation products are the dominant background, and below
∼ 10 MeV, the signal would be buried below the reactor antineutrino background.

Although for Eν
<
∼ 80 MeV the dominant interaction is the inverse beta-decay reaction

(with free protons), the interactions of neutrinos (and antineutrinos) with the oxygen nuclei
contribute significantly and must be considered. For our analysis we have included both the
interactions of νe with free protons and the interactions of νe and νe with bound nucleons,
by considering, in the latter case, a relativistic Fermi gas model [23] with a Fermi surface
momentum of 225 MeV and a binding energy of 27 MeV. We then compare the shape of
the background spectrum to that of the signal and perform a χ2 analysis so that we can
extract the limit on the DM lifetime in an analogous way as it was done to obtain an upper
bound on the annihilation cross section for the case of DM annihilation in Ref. [10], where

6
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Phys. Rev. D84:022004, 2011

J. Ellis et al., Nucl. Phys. B373:399, 1992
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FIG. 8. Relative difference in number of events in the on/off–
source region as a function of offset from the nominal posi-
tion. The regions are shifted by 60◦ steps to be centered at
∆RA+ δ. Error bars represent the statistical uncertainty in
the bin. Adjacent bins are correlated, as regions partially
overlap. Note the first bin corresponds to the result obtained
by this analysis. Bins 4-6 are closely related to bins 1-3, as
Non and Noff are swapped in them.

by Li and Ma to compute the significance of an on–source
observation [44]. The significance ξ is defined as

ξ =
Non − ηNoff

η
√
Non +Noff

≈
∆N√
2×Noff

. (13)

Here η is the ratio in exposure, or ratio of the size of the
two regions. For our case of an equally sized on– and
off–source region, η = 1.
Figure 9 shows the obtained exclusion limit compared

to the “natural scale”, for which dark matter candidates
are consistent with being a thermal relic [45, 46]. Larger
cross sections are possible if, for example, dark matter is
produced non-thermally or acquires mass only in the late
universe [47].
Applying the same procedure as that above for the

annihilation cross section, we compute a 90% C.L. lower
limit on the WIMP lifetime, τ , as function of the WIMP
mass, as shown in Fig. 10. We assume a line spectrum,
χ → νν and apply Eq. 9 for the expected neutrino flux.
If dark matter is a thermal relic and unstable, the only
requirement in order for it to be present today is that it
has a lifetime much longer than the age of the Universe
TU & 4× 1017 s.
Our limit calculation assumes smooth, spherically sym-

metric halo models. However, N-body simulations in-
dicate that dark matter in the halo should have some
substructure [50, 51]. While this will have negligible ef-
fects on the expected neutrino flux from dark matter de-
cay, the presence of substructure will enhance the self-
annihilation rate since it is proportional to the square
of the dark matter density. To quantify the average ex-
pected enhancement in the annihilation rate compared
to a smooth dark matter distribution, one can define a
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FIG. 9. (Color online) 90% C.L. upper limit on the dark mat-
ter self annihilation cross section for five different annihilation
channels. Also shown are the natural scale (red dotted line),
for which the WIMP is a thermal relic [45, 46], and unitarity
bound (blue line) [48, 49]. For the limit curves, the central line
is for the Einasto and NFW profiles, while the shaded width
identifies the extrema results from the Moore and Kravtsov
profiles. We consider only smooth halo profiles. The limits
for ττ and µµ overlay, due to their very similar high energy
neutrino spectra.
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FIG. 10. Lower limit on WIMP lifetime τ assuming χ → νν̄
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boost factor as a function of the distance from the Galac-
tic Center [52, 53]:

B(r) =

∫

ρ2dV
∫

(ρ̄)2dV
, (14)

where we defined ρ̄ as the mean density of the smooth
halo component. To determine the impact of a boosted

WUMPs K. S. Babu, D. Eichler and R. N. Mohapatra, 
Phys. Lett. B226 (1989) 34
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on the DM lifetime andNDM at 95% CL as a function of the DMmass, for all single-channel

DM decays in Table 1, plus an astrophysical flux. The best-fit values for (mDM, ⌧DM) and
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(c) Results in dark matter scattering.

Figure 2: Constraints for dark matter decay, annihilation, and scattering with neutrinos. The three main
results of this analysis are shown as a function of the dark matter mass, mc . (a): Constraints on dark matter
lifetime for different assumed decay modes shown as different line colors. (b): Constraints on the dark matter
annihilation cross section to different standard model particles. (c): Constraints on the neutrino dark matter
cross section via looking for signatures of neutrino scattering. In this analysis we assume the dark matter is a
fermion and the interaction mediator, f , is a vector. The vertical axis shows the assumed mediator mass, mf ,
and the color scale gives the maximum allowed log of the coupling. The magenta line signals the regions
where cosmological observations are more constraining and where this analysis constraints are dominant.
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Given that neutrinos are the least detectable particles in the SM, considering DM 
annihilations/decays into a pair of neutrinos is the most conservative scenario
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Figure 2: The landscape of dark matter annihilation into neutrinos. We show results from this work, as well as previously
published limits. Data and corresponding references are detailed in Sec. 3. Solid and dashed lines represent 90% CL limits and
sensitivities, respectively. Projected sensitivities assume five years of data taking for neutrino experiments and 100 hours of observation
for CTA. The dotted line corresponds to the value required to explain the observed abundance via thermal freeze-out. The straight
diagonal line, labeled as “Unitarity Bound,” gives the maximum allowed cross section for a non-composite DM particle. These results
assume 100% of the dark matter is composed of a given particle, if instead only a fraction, f , is considered these results should be
rescaled by 1/f2. The heart symbols, ~, indicate new results obtained in this work.
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High-Energy Fundamental Neutrino Physics Mauricio Bustamante
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Figure 5: Classification of models of new neutrino physics, according to at what stage they act — produc-
tion, propagation, detection — and what observables they affect — energy spectrum, arrival directions, flavor
composition, arrival times — shown as lines connected to the models. The list of models is representative.

Given the wide spread of models of new neutrino physics, it is useful to organize them. Figure
5 shows our proposed model classification scheme, applied to a representative list of new-physics
models. The scheme classifies a model according to two features: during what stage in the life
of the neutrino it acts — production, propagation, detection — and what neutrino observables it
affects. A model may act during more than one stage, and may affect more than one observable.
The representative list of models in Fig. 5 shows that many models are able to affect two or three
observables, and that most of them act during propagation.

5. How well can we measure the neutrino observables?

Statistical and systematic experimental limitations complicate extracting fundamental physics
from high-energy cosmic neutrinos. However, already today, these limitations are surmountable.
In the next decade, larger detectors and improved detection techniques will mitigate them further.

Presently, the main limitation is statistical: after 8 years, IceCube has only detected about
100 contained events, a large fraction of them from neutrinos most likely of cosmic origin. Several
larger neutrino telescopes, currently under construction, will vastly improve the situation: IceCube-
Gen2 [34] — with 5 times the volume of IceCube — KM3NeT [35], and Baikal-GVD [36]. Even
larger detectors [37, 38, 39], in planning, could discover neutrinos with energies 1000 times higher.

5
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⇢� = 0.4 GeV cm�3. A “cored” profile (↵ = 0.4) only
leads to slightly less suppression in the very center for a
range of cross sections; these to not significantly impact
the observables, as they would e.g. for DM annihilation,
which depends on the square of the DM density profile.

We take the incoming di↵erential neutrino flux, �(E),
to be isotropic. This is not an assumption that all sources
are the same: it is rather the statement that in any given
direction, the sum of contributions from neutrino sources
along the line of sight is the same as from any other di-
rection. We model �(⌧ = 0) as a power law in energy.
The propagation of the extragalactic high-energy neu-
trino flux towards the Earth, as they traverse the di↵use
DM halo, can be described by a cascade equation

d�(E)

d⌧
= ��(E)�(E) +

Z 1

E
dẼ

d�(Ẽ, E)

dE
�(Ẽ), (1)

where E is the neutrino energy. �(E) is the model-
dependent total cross section of ⌫ with energy E, while
d�(Ẽ, E)/dE is the di↵erential cross section from Ẽ to
E. ⌧ is the DM column density

⌧(b, l) =

Z

l.o.s.
n�(x; b, l) dx, (2)

b and l are respectively the galactic latitude and lon-
gitude, and n�(x; b, l) = ⇢�(r)/m� is the DM number
density along the line of sight (l.o.s). The DM column
density and the arrival direction of high-energy cosmic
neutrinos are shown in Fig 1.

Likelihood function We construct an extended un-
binned likelihood function for a given set of parameters
# = {m�,m�, g} and events of observed topologies t, en-
ergies E, and arrival directions, ~x = (b, l)

L({t, E, ~x}|#) = e�
P

b Nb

NobsY

i=1

X

a

NaPa(ti, Ei, ~xi|#), (3)

where the indices a, b run over the number of astro-
physical events (Nastro), atmospheric neutrinos (Natm),
and atmospheric muons (Nµ) in the model; while the
product in i runs over the observed events (Nobs = 53).
The probability of the astrophysical component is
proportional to the solution �(E, b, l) of Eq. (1). A sup-
pression from dark matter in the extragalactic neutrino
flux from the (b, l) = (0, 0) direction thus suppresses the
likelihood of observing astrophysical events from that
direction. The probability distributions of the neutrino
components in Eq. (3) are given in Appendix A of
Supplemental material [45].

Results The likelihood is incorporated into a custom-
built Markov Chain Monte Carlo (MCMC) code3, which

3 We use the publicly available emcee [46] sampler.

FIG. 2. E↵ect on the energy and spatial distribution of HESE
as seen at IceCube, due to interactions with the DM halo
of the Milky Way for three di↵erent examples representative
of the parameter space explored in this study. Pale grey
and purple lines represent atmospheric background fluxes.
Darker lines are: Black: standard astrophysical flux; yellow:
fermionic DM with a spin-1 mediator (g = 1,m� = 10 MeV,
m� = 10 MeV). Blue: the same model but with g =

p
5,

m� = 100 MeV; and orange: scalar DM with a fermionic
mediator (g =

p
10,m� = 20 keV, m� = 6 GeV). The new

physics models can be probed with our analysis of HESE neu-
trinos, but are not accessible to cosmological studies. We
show binned IceCube HESE data as gray crosses.

is used to produce posterior likelihood distributions in the
six-dimensional space of (g,m�,m�, Nastro, Natm, Nµ).
We note that posteriors on {Na} reproduce indepen-
dently obtained results [17, 39], with Nastro = 34.3 ±
6.5, Natm = 14.4± 4.6, and Nµ = 7.1± 2.8. We find that
these are completely uncorrelated with the other model
parameters.
Fig. 2 shows examples of the event distributions in

four di↵erent scenarios, as they would be expected in Ice-
Cube, in the case of an E�2 di↵use isotropic flux. The
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The detection of the high-energy neutrino event, IceCube-170922A, demonstrated that multimessenger
particle astrophysics triggered by neutrino alerts is feasible. We consider time delay signatures caused by
secret neutrino interactions with the cosmic neutrino background and dark matter and suggest that these can
be used as a novel probe of neutrino interactions beyond the standard model (BSM). The tests with BSM-
induced neutrino echoes are distinct from existing constraints from the spectral modification and will be
enabled by multimessenger observations of bright neutrino transients with future experiments such as
IceCube-Gen2, KM3Net, and Hyper-Kamiokande. The constraints are complementary to those from
accelerator and laboratory experiments and powerful for testing various particle models that explain
tensions prevailing in the cosmological data.

DOI: 10.1103/PhysRevLett.123.241102

The new era of multimessenger astroparticle physics has
started thanks to the recent detection of high-energy cosmic
neutrinos [1,2] and gravitational waves [3,4]. The detection
of the high-energy neutrino event, IceCube-170922A [5],
gave further motivation for time domain particle astro-
physics. Although the significance of the association with
the flaring blazar TXS 0506þ 056 is only ∼3σ, this flaring
blazar was observed at various wavelengths [5], including x
rays [6] and GeV-TeV γ rays [7], which demonstrated the
capability of multimessenger observations initiated by
high-energy neutrino observations.
Neutrinos have important clues to particle physics

beyond the standard model (BSM), as well as the asym-
metry between matter and antimatter. Since the discovery
of high-energy cosmic neutrinos in IceCube, not only
the properties of neutrinos but also different kinds of
BSM physics, including dark matter (DM) and non-
standard interactions, have been discussed (see, e.g.,
[8,9]). In the standard model (with a minimal extension
for finite neutrino masses), the time delay due to the finite
neutrino mass (mν) is estimated to be Δt≈m2

νD=ð2E2
νÞ≃

1.5×10−13 sðmν=0.1 eVÞ2ð0.1PeV=EνÞ2ðD=3GpcÞ, which

is much shorter than durations of known astrophysical
transients. Possible time delay between neutrinos and γ rays
have been discussed to place constraints on the weak
equivalence principle (WEP) and Lorentz invariance vio-
lation (LIV) [10–14]. A time delay of a few days was also
reported for IceCube-160731 coincident with a possible
γ-ray counterpart, AGL J1418þ 0008 [15].
Not only blazar flares but also various transients, such as

long and short γ-ray bursts (GRBs) [16,17], supernovae
(SNe) [18,19], transrelativistic SNe [20,21], and tidal
disruption events (TDEs) [22,23], are promising high-
energy neutrino emitters. It is natural that electrons and
ions are coaccelerated in these sources, and the temporal
and spatial coincidence between neutrinos and γ rays is
expected. Relevant characteristics of various extragalactic
transient sources considered in the literature are summa-
rized in Table I (see also Refs. [24,25]).
We explore delayed neutrino signatures induced by BSM

interactions (see Fig. 1) and suggest that they serve as new

FIG. 1. Schematic picture of neutrino “echoes” induced by
BSM interactions. See text for details.
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Figure 2. DSNB ν̄e spectra for model A (left panels) and model B (right panels), assuming gτ = 0.1
(upper panels) and gτ = 0.5 (lower panels). In the four panels, we assume mφ = mDM = 1MeV,
mN = mr = 6.5MeV (Dirac) and ge = gµ = 0, for NH (lower black lines at high energies) and IH
(upper red lines at high energies). The effect of the redshift-integrated absorption is depicted by the
thick solid lines. The case of no absorption is represented by thin solid lines, whereas dashed lines do
not include the redistribution of the flux to lower energies after the interaction (e.g., ν̄iφ → N → ν̄sφ).

We see that for gτ = 0.5 (lower panels), in all the cases, even for the SK threshold of
16MeV, the drop in the event spectrum below the resonance energy is very significant. For
gτ = 0.1, in the case of IH and model A, the dip is also very likely to be detectable (even
once backgrounds are properly added and a full analysis performed). This would signal
the presence of new physics producing a suppression with respect to the expected DSNB
flux. For the other cases and gτ = 0.1, the suppression of the expected flux is also significant.
However it might be non trivial to disentangle this signal from a spectrum with lower average
energies. For this less favorable case (gτ = 0.1) and the assumed parameters, we expect a
∼30% (∼20%) effect in the whole energy range considered in figure 3 for a threshold energy
of 10MeV (16MeV), whereas for gτ = 0.5, we expect a suppression of ∼55% (∼45%). On
the other hand, the suppression when only considering the bins affected by the resonant
interaction is ∼40% (∼35%) for gτ = 0.1, and ∼65% (∼70%) for gτ = 0.5. In the less
optimistic scenario, i.e., gτ = 0.1, model B and NH, HK would detect ∼8 (∼28) events/year
in the energy interval 16 MeV < Evis < 22 MeV (10 MeV < Evis < 22 MeV) as compared to
the ∼12 (∼40) events/year when no absorption occurs. In the most optimistic scenario, i.e.,
gτ = 0.5, model A and IH, HK would detect ∼10 (∼25) events/year as compared to the ∼35
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III. UPPER BOUND ON THE NEUTRINO-DM
INTERACTION AT DIFFERENT ENERGIES

The present bound on the scattering cross section
between neutrinos and DM is summarized in Table I.
The constraint from CMB and Lyman-α comes from the
small scale suppression of the density fluctuation that has
been caused before the last scattering of photons, when the
neutrino energy was around 100 eV. Our constraint from
IceCube-170922A is applied for a neutrino energy of
290 TeV.

A. Model of simple power law

As the scattering cross section could be energy depen-
dent, we explore simple power-law forms of the energy
dependence with n ¼ 0, 2, 4 as

σðEνÞ ¼ σ0

!
Eν

1 GeV

"
n
; ð6Þ

where σ0 is the cross section normalized at the neutrino
energy at Eν ¼ 1 GeV. In Fig. 1, we show the constraints
on the scattering cross section for different energy depend-
ence with n ¼ 0, 2, 4. For each case, we find the upper
bound on σ0 as

σ0=Mdm ≲ 10−33 cm2=GeV for n ¼ 0;

σ0=Mdm ≲ 6.3 × 10−34 cm2=GeV for n ¼ 2;

σ0=Mdm ≲ 7.5 × 10−45 cm2=GeV for n ¼ 4: ð7Þ

B. Model of complex scalar DM mediated by a fermion

For complex scalar DM with a fermionic mediator, the
interaction Lagrangian will be

Lint ¼ −gχN̄νL þ H:c:; ð8Þ

where g is the coupling for the Yukawa interaction between
complex darkmatter χ, fermionNR, and left-handed neutrino
νL. In this case, the mass of DM needs to be smaller than that
of the fermion for stable DM. The scattering cross section

has nontrivial dependence on the masses and neutrino
energy. The cross section scales as σ ∝ E2

ν for Eν ≲Mdm,
σ ∝ Eν for Mdm ≲ Eν ≲m2

N=ð2MdmÞ, and σ ∝ E−1
ν for

Eν ≳m2
N=ð2MdmÞ.

In Fig. 2, we show the scattering cross section versus
neutrino energy for this model [13]. Here, we fixedMdm ¼
1 keV and used mN ¼ 10 keV, 1 MeV, and 1 GeV, and
show the behavior of the cross section with the biggest
coupling that satisfies the experimental bounds in Table I.
In Fig. 3 (Left), we show the contour plot in the

(Mdm;MN) plane which touches the constraint Lyman-α
(Red) or IceCube (Blue) for given couplings g ¼ 0.1, 1, and
4π. In the green region DM is heavier than the fermion
and thus is not stable. For a given coupling, in the upper

TABLE I. Upper bound on the neutrino-DM scattering cross
section from different experiments. In the first column, we
specified the corresponding neutrino energy for which each
experimental constraint is applied.

Neutrino energy σ=Mdm½cm2=GeV& Exp. [Ref.]

∼100 eV 6 × 10−31 CMB [13–15]
∼100 eV 10−33 Lyman-α [11]
10 MeV 10−22 SN1987A [9]
290 TeV 5.1 × 10−23 IceCube-170922A [1]

FIG. 1. Upper bound on the scattering cross section for
different energy dependence of scattering of neutrinos with dark
matter. The points of “IceCube” and “Lyman-α” are the exper-
imental upper bounds on the cross section for Mdm ¼ 1 GeV at
the corresponding neutrino energy. Here, we used the power-law
form σðEνÞ ¼ σ0ð Eν

1 GeVÞ
n, with index n ¼ 0, 2, 4 for dotted,

dashed, and solid lines, respectively.

FIG. 2. The scattering cross section versus neutrino energy for
the model of complex scalar DM with a fermion mediation [13].
Here, we fixed Mdm ¼ 1 keV and used mN ¼ 10 keV, 1 MeV,
and 1 GeV, and show the biggest cross section that satisfies the
experimental bounds.

CONSTRAINING DARK MATTER-NEUTRINO INTERACTIONS … PHYS. REV. D 99, 083018 (2019)

083018-3

Distortion of high-energy neutrinos

Y. Farzan and SPR, JCAP 06:014, 2014
T. Franarin, M. Fairbairn and J. H. Davis, arXiv:1806.05015

J. Barranco et al., JCAP 10:007, 2011
M. M. Reynoso and O. A. Sampayo, Astropart. Phys. 82:10, 2016

S. Koren, JCAP 09:013, 2019
K. Murase and I. M. Shoemaker, Phys. Rev. Lett. 123:24, 2019

K. J. Kelly and P. A. N. Machado, JCAP 10:048, 2018

K. Choi, J. Kim and C. Rott, Phys. Rev. D99:8, 2019
J. B. G. Alvey and M. Fairbairn, JCAP 07:041, 2019

dφν (Eν , x)
dx

≈ −n(x) σ (Eν ) φν (Eν , x)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.043517
https://doi.org/10.1088/1475-7516/2014/06/014
https://arxiv.org/abs/1806.05015
https://doi.org/10.1088/1475-7516/2011/10/007
https://doi.org/10.1016/j.astropartphys.2016.05.004
https://iopscience.iop.org/article/10.1088/1475-7516/2019/09/013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.241102
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/048
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.083018
https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/041


Sergio Palomares-RuizSergio Palomares-Ruiz
Searching for dark matter with neutrinosSergio Palomares-Ruiz 22

Redshift-Integrated Resonances (zIRs)

SPR and T. J. Weiler, in preparation… since 2006

)6 !
1�
6

�Q8

<latexit sha1_base64="/34+CphRX7gKPwOD3OWf4N+gHB4="></latexit>

Dips in cosmic neutrino spectra



Sergio Palomares-RuizSergio Palomares-Ruiz
Searching for dark matter with neutrinosSergio Palomares-Ruiz

induce an effective mass or potential 

If neutrinos couple to ultra-light dark matter, 
these interactions can…

Y. Farzan and SPR, Phys. Rev. D99:051702(R), 2019

alter flavor ratios of 
high-energy neutrinos

suppress sterile neutrino 
production in the early Universe

induce time variations or distortions of masses and mixings

23

Neutrino-Dark Matter Interactions
Coherent effects

on high-energy neutrinos on solar neutrinos 
(DM in the Sun) 

on atmospheric 
neutrinos 

F. Capozzi, I. M. Shoemaker and L. Vecchi,  
JCAP 07:004, 2018

O. G. Miranda, C. A. Moura and A. Parada, 
Phys. Lett. B744:55, 2015
P. F. de Salas, R. A. Lineros and M. Tórtola,  
Phys. Rev. D94:123001, 2016

F. Capozzi, I. M. Shoemaker and L. Vecchi,  
JCAP 07:021, 2017
I. Lopes, Astrophys. J. 869:112, 2018

F. Bezrukov, A. Chudaykin and D. Gorbunov, JCAP 06:051, 2017
Y. Farzan, Phys. Lett. B797:134911, 2019
J. Cline, Phys. Lett. B802:135182, 2020

A .Berlin, Phys. Rev. Lett. 117:231801, 2016
G. Krnjaic, P. A. N. Machado and L. Necib, Phys. Rev. D97:075017, 2018
V. Brdar et al., Phys. Rev. D97:043001, 2018

S. Karmakar, S. Pandey and S. Rakshit, arXiv:2010.07336

A. Dev, P. A. N. Machado and P. Martínez-Miravé, arXiv:2007.03590
G.-Y. Huang and N. Nath, Eur. Phys. J. C78:922, 2018

dφν (Eν , x)
dx

= −i U  Hvac  U
† +Vm( )  φν (Eν , x)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.051702
https://iopscience.iop.org/article/10.1088/1475-7516/2018/07/004
https://linkinghub.elsevier.com/retrieve/pii/S0370269315001859
https://doi.org/10.1103/PhysRevD.94.123001
https://iopscience.iop.org/article/10.1088/1475-7516/2017/07/021
https://iopscience.iop.org/article/10.3847/1538-4357/aaeb2f/meta
https://doi.org/10.1088/1475-7516/2017/06/051
https://www.sciencedirect.com/science/article/pii/S0370269319306331?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319309049?via=ihub
https://doi.org/10.1103/PhysRevLett.117.231801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.043001
https://arxiv.org/abs/2010.07336
https://arxiv.org/abs/2007.03590
https://link.springer.com/article/10.1140/epjc/s10052-018-6391-y


Sergio Palomares-RuizSergio Palomares-Ruiz
Searching for dark matter with neutrinosSergio Palomares-Ruiz 24



Sergio Palomares-RuizSergio Palomares-Ruiz
Searching for dark matter with neutrinosSergio Palomares-Ruiz 24

Cosmo/Astro effects

O

<latexit sha1_base64="JPXSfEEXr4aET+GCmqZsGYTrSfc="></latexit>

4

<latexit sha1_base64="FOgRJB6JrU87Iy/N7wTd4zBr1H4="></latexit>

Neutrino-Dark Matter Interactions

R. J. Wilkinson, C. Boehm and J. Lesgourgues, 
JCAP 05:011, 2014

A. Moliné et al., JCAP 08:069, 2016

collisional and mixed damping 

CMB anisotropies CMB spectral distortions

MW satellites

Lyman-alpha

Galaxy surveys

2

In most cases, the scattering cross section between DM and
neutrinos, sDM�n, will have one of two distinct behaviours:
either constant (like Thomson scattering) or proportional to
the temperature squared (in analogy to neutrino–electron
scattering). This will depend on the particle physics model
that is being considered (see Ref. [37] for specific examples).

To quantify the effect of DM–neutrino interactions on the
evolution of primordial density fluctuations, we introduce the
dimensionless quantity

u ⌘


sDM�n
sTh

�h
mDM

100 GeV

i�1
, (2)

where sTh is the Thomson cross section.
Since the magnitude of the u parameter determines

the collisional damping scale [10], the efficiency of
small-scale suppression is essentially governed by the ratio
of the interaction cross section to the DM mass. For
temperature-dependent cross sections, we can write u =
u0 a

�2, where u0 is the present-day value and a is the
cosmological scale factor (normalised to unity today).

III. RESULTS

In this section, we present our constraints on the
DM–neutrino elastic scattering cross section from the CMB
angular power spectrum (Sec. III A) and LSS matter power
spectrum (Sec. III B) using the modified version of CLASS
described above.

A. Cosmic Microwave Background

The impact of DM–neutrino interactions on the CMB
angular power spectrum is illustrated in Fig. 1 for specific
values of the parameter u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1.
We consider a flat LCDM model (with the only addition
being the DM–neutrino coupling), where the cosmological
parameters are taken from the one-year data release of
Planck [32]. We show the impact of a constant cross
section in Fig. 1, however, the effects are similar for
temperature-dependent cross sections.

In the T T (top panel) and EE (middle panel) components
of the CMB spectrum, we see an increase in the magnitude of
the Doppler peaks and a slight shift to larger l with respect to
vanilla LCDM (u = 0), which can be understood as follows:

The shape of the CMB spectrum is affected by the
gravitational force felt by the coupled photon–baryon fluid
before decoupling. In principle, this force receives
contributions from the distribution of free-streaming neutrinos
and from that of slowly-clustering DM. In fact, when
decomposing the solution to the system of cosmological
perturbations into slow modes and fast modes [40, 41],
one sees that the photon–baryon and neutrino perturbations
are described by fast modes, while the DM perturbations
are described by slow modes. This implies that the
photon–baryon fluid only has significant gravitational
interactions with the free-streaming neutrinos.
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FIG. 1: The effect of DM–neutrino interactions on the T T (top),
EE (middle) and BB (bottom) components of the angular power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32].
The data points in the BB spectrum are recent measurements from
the SPTpol experiment [38], where the three datasets correspond
to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and (Ê150f̂CIB) ⇥ B̂150

c
respectively in Ref. [39]. The new coupling enhances the peaks in
the T T and EE spectra, while significantly damping the B-modes.

Diffuse neutrino flux  
from DM annihilations

4 C. Bœhm et al.

Figure 2. The simulated distribution of DM in a MW-like halo. The shading represents the DM density, with brighter colours indicating
higher densities. The panels show the halo in simulations of di↵erent cosmological models: CDM (top left), �CDM with �DM�� =
2⇥ 10�9 �Th (mDM/GeV) (bottom left), the equivalent model of WDM with mDM = 1.24 keV (top right) and �CDM’ with �DM�� =
10�7 �Th (mDM/GeV) (bottom right). The large number of subhaloes observed in the top-left panel illustrates the MW satellite problem.
By replacing CDM with WDM (top right), the number of subhaloes is reduced dramatically. A similar paucity of subhaloes is seen in
the bottom-right panel, in which the DM–photon interaction strength is just allowed by CMB constraints (Wilkinson et al. 2014). This
model underestimates the number of MW satellites. The model in the bottom-left panel has an interaction strength that is 1000 times
smaller than the CMB limit, in which the number of subhaloes is a much better match to the observed number of satellites.
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Figure 3. The number of satellite galaxies in a MW-like DM halo as a function of their maximal circular velocity: CDM (left), �CDM
with �DM�� = 2 ⇥ 10�9 �Th (mDM/GeV) (middle) and �CDM’ with �DM�� = 10�7 �Th (mDM/GeV) (right). The lines and shading
show the mean cumulative number counts of MW satellites for a simulated DM halo in the mass bin (2.3 � 2.7) ⇥ 1012M� and the 1�
uncertainty. Also plotted are the observational results (Willman 2010, solid black lines), which are then corrected for the completeness
of the Sloan Digital Sky Survey coverage (dashed lines). The maximal circular velocity, Vmax, is selected as a measure for the mass and
is determined directly from the simulations (it is derived from the observed stellar line-of-sight velocity dispersions using the assumption
that Vmax =

p
3�?; Klypin et al. 1999). The number of selected MW-like haloes are 11, 13 and 3 for CDM, �CDM and �CDM’,

respectively (the reduced scatter for �CDM’ is simply a result of the small-number statistics in this extreme model).

lead to even stricter constraints on the interaction cross
section. A future paper will present the non-linear struc-
ture formation for such models in greater depth to exam-
ine whether one can solve the other small-scale problems of
CDM (Schewtschenko et al. 2014).

Recent simulations with DM and baryons have shown

that baryonic physics can alter the appearance of the sub-
halo mass function (Sawala et al. 2014). A definitive calcula-
tion would include the full impact of these e↵ects, in particu-
lar, supernovae feedback and photoionization heating of the
interstellar medium, but this is deferred to a future paper.

c� 2014 RAS, MNRAS 000, 000–000

Figure 1. Transfer functions for the IDM scenario calculated with the Boltzmann solver CLASS [124]
(solid curves) and for the WDM and IDM scenarios using the fitting formula in Eq. (2.6), with
Eqs. (2.8) and (2.10) (dashed curves). We compare the results for two cases (see Tab. 1) corresponding
to the same half-mode length (i.e., the same half-mode mass Mhm) or, equivalently, to the same
breaking scale ↵X = 0.0020 Mpc/h (leftmost red curves) and ↵X = 0.0071 Mpc/h (rightmost green
curves). The corresponding values for the DM-photon elastic scattering cross section in IDM and
the DM mass in WDM scenarios are: ��DM = 6.3 ⇥ 10�10

�T (mDM/GeV) and mWDM = 2.15 keV
(leftmost red curves) and ��DM = 7.9⇥10�11

�T (mDM/GeV) andmWDM = 5.17 keV (rightmost green
curves). The wave-mode number corresponding to the half-mode length in each case is depicted by
the dotted vertical lines. Notice that the agreement is very good until the typical damping oscillatory
e↵ects in IDM models start to dominate and create oscillations in the power spectrum.

case, computed numerically by means of the Boltzmann solver code CLASS [124], where
we have introduced the DM-photon interactions as described in Refs. [70, 81]. Notice that
this parameterization provides an accurate description of the IDM transfer function until the
damped oscillatory e↵ects at small scales appear. However, the accuracy of this description
is enough for our purposes, as we are mostly interested in the region where the di↵erence
between IDM and CDM is maximal, and at the scale where the damped oscillations appear,
the height of the second maximum is already suppressed by more than one order of magnitude
(see Fig. 1 and also, e.g., Ref. [70]).

Even if the fits for the power spectrum in WDM and IDM look very similar for masses
above the half-mode mass, the oscillations in the power spectrum that appear at small scales
in IDM scenarios introduce di↵erences in the description of the number density of halos.
As was noticed in Ref. [48], as a consequence of these oscillations, the number of low-mass
structures in IDM is larger than in WDM scenarios and in order to reproduce the IDM
results for masses below the half-mode mass, and extra mass-dependent correction must be
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Combining results: interactions/annihilations

(vi) Indirect detection bounds are computed considering
the observed DM relic abundance, and a regener-
ation mechanism is assumed for the regions of the
parameter space where the DM would be under-
abundant otherwise.

We have checked that all the scenarios considered in this
paper predict a late kinetic decoupling (in agreement with
the way the collisional damping bound was derived) and
that the elastic cross section calculations are valid at low
energies (see Appendix B for the full expressions and their
approximations at low and high energies). The elastic
scattering cross section depends on the neutrino temper-
ature Tν. The latter differs from the photon temperature
after the standard neutrino decoupling; however, the differ-
ence can be neglected. Moreover, we note that DM-ν
interactions may modify the neutrino temperature by
reheating the neutrino sector due to DM annihilations, as
discussed in Sec. II C. However, the difference between the
neutrino and photon temperatures is bound to be small,
owing to the Neff constraint. Hence, we have approximated
the neutrino temperature to Tν ¼ Tγ throughout this work.

IV. RESULTS

We now discuss the main features of the scenarios
tabulated in Table I and the constraints associated with
them. We will discuss the scenarios with spin-1 mediators
separately from the scenarios with spin-0 and spin-1=2
mediators as they lead to different phenomenology.

A. Scenarios with scalar or fermion mediators

1. General considerations

Eight out of the 12 scenarios tabulated in Table I involve
spin-0 and spin-1=2 mediators. Many share common
properties, so we will articulate the discussion accordingly.
In all of these eight scenarios, a left-handed neutrino
couples directly to the DM candidate, and the mediator
must be heavier than the DM candidate to prevent DM from
decaying. This stability condition excludes half the param-
eter space of the (mDM, mmediator) plane, as shown in Fig. 2.
In all eight of these configurations, the DM annihilation

cross section never involves an s-channel and is therefore
never resonantly enhanced.8 Furthermore, in most cases,
we observe that the annihilation cross section is dominated
by a velocity-independent term, except for complex scalar
or Majorana DM, for which it is v2 suppressed, and for real
DM candidates, as it is v4 suppressed. As expected, a
velocity-suppressed cross section weakens the indirect
detection constraint (since vr ∼ 10−3 c in the halo), which
in turn opens up the parameter space, as shown explicitly in
Fig. 2 (right) (see Sec. II D for details).
The elastic scattering cross section associated with these

scenarios depends on the square of the neutrino energy

FIG. 2. Elastic scattering of Dirac DM (left) and Majorana DM (right) coupled to a scalar mediator in the mϕ −mDM plane for g ¼ 1.
Different regions are constrained by the collisional damping limit (dashed region and black line along the diagonal up to the orange dot),
a conservative bound from the antineutrino flux at Borexino [65] (in yellow), our analysis at SuperKamiokande (SK) described in
Sec. II D (in red), the analysis done in Ref. [1] using results from SK, Fréjus and Amanda (in green), and the analysis done by the SK
Collaboration for GeV neutrinos produced at the Galactic center [56] (in purple). The parameters that give rise to the right relic
abundance (brown line) are shown as a reference. The dashed line refers to the DMmass upper bound derived from Neff in Refs. [52,55]
as discussed in Sec. II C.

8In the case of a triplet scalar mediator, the annihilation cross
section proceeds via an s-channel, but we have not considered it
in the eight scenarios above.
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regions in the 1–100 TeV regime, depending on the
particular scenario [129].
The scalar and Majorana DM case is similar, except that

the annihilation cross section is v2 dominated and therefore
suppressed with respect to the Dirac DM case. Yet, despite
the v2-dependent suppression, indirect detection searches
rule out the parameter space where large collisional damp-
ing effects would be expected (see Appendix C).

2. Elastic scattering cross section

The elastic scattering cross section for spin-1 mediator
scenarios is independent of the DM mass. It reads

σel ≃ 4.4 × 10−41g2νg2χ

!
Tν

T0

"
2
!

mZ0

MeV

"−4
cm2; ð20Þ

which proceeds via a t-channel diagram and is proportional
to E2

ν, in contrast to previous scenarios in which the cross
section is energy independent in the regime of degenerate
DM and mediator masses. Moreover, in contrast to scenar-
ios with a spin-0 and a spin-1=2 mediator, the mZ0 < mDM
region could give rise to measurable collisional damping
for mDM > few MeV. However, for constant annihilation
cross sections, indirect detection constraints imply that only
DM masses above ≳100 GeV and mediators between
[1, 10] MeV would produce sizable collisional damping
for gν ¼ gχ ¼ 1. This is alleviated if the DM annihilation
cross section is velocity dependent (for Majorana, scalar,
and vector DM candidates). In such cases, collisional
damping could be important for mDM ∼ ½1; 10% MeV and
mDM ≳ 100 MeV with mZ0 ∼ ½1; 100% MeV. We disregard
the indirect detection constraints from the Z0 decay into a
neutrino/antineutrino pair since they are model dependent.
Moreover, for gχ ∼ gν ≪ 1, indirect detection constraints

weaken, allowing for sizable collisional damping for
mDM ∼ ½0.4; 1% GeV and OðfewÞ MeV mediators masses
for g ¼ 10−1, while mDM ≳ 100 MeV and sub-MeV medi-
ators are required for g ¼ 10−2.
For a thermal DM candidate and mDM ≪ mZ0 ,

σel ≃ 7.7 × 10−55
!
Tν

T0

"
2
!
mDM

MeV

"−2

×
!

hσvri
3 × 10−26 cm3=s

"
cm2; ð21Þ

so that, using the collisional damping and relic density
constraints, we obtain a lower limit on the DM mass
independent of the DM coupling to the mediator and
neutrinos (gχ and gν, respectively). More specifically, we
find mDM ≥ 9.2 keV. This lower bound is again less
constraining than the one derived by the change in Neff ,
which in turn also excludes observable collisional damping
for light DM candidates and mZ0 ∼ ½10; 103% MeV. Never-
theless, indirect constraints could still constrain a large
region of the parameter space when gν ≪ 1 if one considers
the annihilation channel into a pair of Z0 for a strongly
coupled dark sector (gχ ≃ 1).
Finally, if the DM candidate is heavier than the mediator,

to produce the correct DM relic density assuming onlyDM-ν
interactions, Eq. (16), requiresmDM≃4g2χð1þ 1

4ð
gν
gχ
Þ2Þ12 TeV.

Therefore, in the mDM ≫ mZ0 limit and for a thermal DM
candidate, the elastic cross section is

σel ≃ 1.2 × 10−47g2ν

!
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FIG. 4. Same as Fig. 2 but for complex DM with a Majorana mediator (left) and for Dirac DM with a vector mediator (right).
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regions in the 1–100 TeV regime, depending on the
particular scenario [129].
The scalar and Majorana DM case is similar, except that

the annihilation cross section is v2 dominated and therefore
suppressed with respect to the Dirac DM case. Yet, despite
the v2-dependent suppression, indirect detection searches
rule out the parameter space where large collisional damp-
ing effects would be expected (see Appendix C).
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region could give rise to measurable collisional damping
for mDM > few MeV. However, for constant annihilation
cross sections, indirect detection constraints imply that only
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so that, using the collisional damping and relic density
constraints, we obtain a lower limit on the DM mass
independent of the DM coupling to the mediator and
neutrinos (gχ and gν, respectively). More specifically, we
find mDM ≥ 9.2 keV. This lower bound is again less
constraining than the one derived by the change in Neff ,
which in turn also excludes observable collisional damping
for light DM candidates and mZ0 ∼ ½10; 103% MeV. Never-
theless, indirect constraints could still constrain a large
region of the parameter space when gν ≪ 1 if one considers
the annihilation channel into a pair of Z0 for a strongly
coupled dark sector (gχ ≃ 1).
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to produce the correct DM relic density assuming onlyDM-ν
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FIG. 4. Same as Fig. 2 but for complex DM with a Majorana mediator (left) and for Dirac DM with a vector mediator (right).
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Considering all (12) possible dimension-4 operators 
describing neutrino-dark matter interactions

Dirac DM - scalar mediatorscalar DM - Majorana mediator Dirac DM - vector mediator

A. Olivares-Del Campo, C. Boehm, SPR and S. Pascoli, Phys. Rev., D97:075039, 2018
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Fig. 5 Constraints on the DM mass mχ and the dark scalar mass mS .
We have fixed θe = 0.031, θµ,τ = 0; θµ = 0.011, θe,τ = 0; and
θτ = 0.044, θe,µ = 0 (from top to bottom), considering yL = 1 and
4π . Along the blue line the DM relic density matches the observed

value. The coloured shaded regions are excluded by different experi-
ments, while the hatched areas correspond to prospective sensitivities
of future experiments. The lower bound mχ ! 10 MeV is set by obser-
vations of the CMB and BBN. See text for further details
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Fig. 10 Constraints on the DM mass mχ and m Z2 . Along the blue
lines, computed with micrOMEGAs, the DM relic density matches the
observed value. The coloured shaded regions are excluded by different

experiments. The lower bound mχ ! 10 MeV is set by observations of
the CMB and BBN. See text for further details
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Gauge-invariant scenarios: 
neutrino-portals 

M. Blennow et al., Eur. Phys. J. C79:555, 2019
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Many indirect dark matter signatures with neutrinos 
(not all covered in this talk)…  some unique

Neutrino detectors: complementary to direct 
searches, to indirect searches with other 

messengers and to astro/cosmo observables

Many (potential)  
neutrino-dark matter connections

Conclusions


