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Cosmic messengers and Dark Matter

WIMP WIMP
non WIMP non WIMP WIMP
radio IR X gamma

Photons .

Cosmic rays electrons/positrons WIMP, non WIMP
antiprotons, antideuterium, antinuclei WIMP
Neutrinos WIMP, non WIMP

Gravitational waves non WIMP (DM = primordial BH)



Particle physics scales
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Non-WIMP WI

“Strong (-ish)”
Self-interacting
Technicolor DM

“EM (-ish)”
Millicharged DM
Electric/magnetic dipole

Weak
WIMP

Gravitational



The Multimessenger Landscape

X/gamma rays: IC on radiation fields
radio: synchro on ambient mag fields
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Where to search for a signal

DM is present in:

— Our Galaxy
* smooth component
e subhalos

— Satellite galaxies (dwarfs)

— Galaxy clusters
* smooth component
 individual galaxies

» galaxies subhalos

— “Cosmic web”




Targets

Earth and Sun
Milky Way halo
Nearby Galaxies and Clusters

Diffuse background




Targets and DM probes

Earth and Sun

Milky Way

Galactic center, halo

Local DM

Shares features with DM direct detection

Galactic DM halo

Shares features with galactic indirect detection signals
(gamma rays, antimatter; radio)

Nearby Galaxies and Clusters Inner DM halo

As specific targets

Diffuse background

As cumulative emission

Shares features with gamma ray and radio signals

Large scale structure

Shares features with extra galactic gamma ray and radio signals



Targets and particle probes

Earth and Sun

Milky Way

Nearby Galaxies and Clusters

Diffuse background

Scattering with nuclei
Self annihilation

Self annihilation
or
Decay



Spectral features

Continuum
Line

Features: size, endpoint, shape
Oscillations from source:

— Earth and Sun: vacuum, matter, absorption
— Milky Way and cosmological: VLBaseline
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Neutrinos from Earth and Sun

* (Capture

— Galactic DM particles that cross the
Earth and the Sun, can interact with the
nuclei in these bodies and loose enough Detector
energy to remain gravitationally
captured

e Accumulation

— After subsequent interactions they tend
to drop into the innermost parts of the
Earth and the Sun, where they
accumulate

e Annihilation

— When the energy density in the inner
parts of the Earth and the Sun increases
enough, they may start to annihilate

neutrino signal



Capture Rate

e Elastic scattering of the DM particle with a nucleus i
in a spherical shell at a distance r from the center of
the Earth (or Sun)

e [n order to be captured, the velocity of the DM
particle after the interaction must be smaller than the
escape velocity at the shell

o — 618 Km s~ 1

€SC

Earth __ -1
Vgoo = 11.2 Km s

at the surface

(v) ~ 300 Km s~ ! mean DM particle velocity



DM densitg

) DM velocitg clispersion
DM-nucleus cross section
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Capture rate on the Earth
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Solar bound orbits

* Numerical simulation of Near Earth Asteroids show
that many of these have life times in the solar system

less than 2 Myr

e After that, they are either:

— Driven into the Sun
— Escape the solar system

* |f this would occur also to the DM particles, this would
significantly reduce the number of these particles
bound to the solar system, and therefore reduce the

capture rate on Earth

and consequently the neutrino signal



Capture
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rate on the Sun
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Annihilation rate

Evolution equation d_N —C —2I'4s
dt
C 2 t()
Annihilation rate La= Etanh (a)
dN, AN
Neutrino Flux JE, 47TR2 ZBR xx — F) JE,

Capture rate C
Age of the body to = 4.6 Gyr
Relaxation time TA = [CCA]—l/Q

2
CA — <Uannv>0‘/2/vl
V}- — Cp (jmx/lo GeV)_3/2 cm®  Effective volumes of DM concentrations
cg = 1.8 1025 / 6.6 - 1028 More concentrated for larger masses

Earth Sun



Neutrino flux at production

X — v, U, qq, WTW —, ZZ, Higgses, Higgs + gauge

Productions in Earth
— Muons: stopped before decay — neutrinos below typical thresholds
— Taus: decay almost as in vacuum
— Light hadrons: typically stopped before decay
— Heavy hadrons: typically decay before loosing significant energy

Production in Sun
— Leptons: stopping power of medium is stronger — softer neutrino spectra
— Light hadrons: typically stopped before decay

— Heavy hadrons: energy losses important, need modeling



Spectra at production
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Oscillations and absorption

Earth Sun
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Correction due to propagation
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Correction due to propagation

0.3
-------- Z
3 10 30 100 300 1000 3 10 30 100 300 1000
v, energy in GeV v, energy in GeV
Earth:

— Affected only by “atmospheric” oscillation v, <> v, at E < 100 GeV
Sun:

— Affected by average “solar” and “atmospheric” oscillations

— Absorption suppresses neutrinos for E > 100 GeV (partially converted to lower
energy neutrinos (by NC and regeneration)

M. Cirelli, N.Fornengo, T. Montaruli, I. Sokalski, A. Strumia, F. Vissani, NPB 727 (2005) 99



Neutrinos from the Earth

Spin-independent cross section
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Neutrinos from the Sun

Spin-dependent cross section

o [Pb]

ANTARES b b (this work)

10710 ! | ! R |
10 10 1

—y

ANTARES

Adrian-Martinez et al (ANTARES Collab), 1603.02228

T 100
mmm |ceCube (2011-2014)

----- Super-K (1996-2012)
= = Antares (2007-2012)

Aartsen et al (IceCube Collab), 1612.05949

[pb]

Hard

Soft



Complementarity with DD
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Down-going tau neutrinos?
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Neutrinos from the Milky Way
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Line of sight integral
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Milky Way Halo
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Milky Way Halo

lceCube
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Neutrinos from Nearby Galaxies and
Galaxy Clusters

do, (0 av) dN,
dE 47 - 2m§< dE

x J(AQ)

J(AQ) = /AQ ds) /l p(1)?dl
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J Factor: Nearby Galaxies
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J-Factor: Galaxy Clusters
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Diffuse Neutrino Background

Decaying DM
C /dZ 1 Pdm dsS

d —

Annihilating DM
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PeV Neutrinos

* PeV neutrinos observed by IceCube triggered
discussion about their origin

* An excees at these energies can be related to
very heavy (PeV mass scale) decaying DM

e Alternative to the standard WIMP scenario



PeV Neutrinos

IceCube 4 years

54 high-energy events (HESE: 20 TeV — 2 PeV)
Expected atmospheric background: 20 events below 100 TeV
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PeV Neutrinos

lceCube 6 years

HESE interpretation with astro sources lead to a large spectra index, likely in tension with
gamma rays and 6yrs muon neutrino data

Adopting a spectra index in (2.0,2.2): 2.6sigma excess
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Events per bin

PeV Neutrinos

IceCube analysis combining:
6 yrs muon neutrino tracks from North hemisphere
2 yrs cascade events from full sky
No preference for DM signal over backgrounds
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Dark matter lifetime / sec
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PeV Neutrinos

See also:

Feldstein, Kusenko, Matsumoto, Yanagida, 1303.7320
Esmaili, Serpico, 1308.1105

Ema, Jinno., Moroi, 1312.3501

Zavala et al, 1404.2932

Higaki,Kitano, Sato, 1405.0013

Rott, Kohri, Park, 1408.4575

Fong, Minakata, Panes, Zukanovich Funchal, 1411.5318
Dudas, Mambrini, Olive, 1412.3459

Murase, Laha, Ando, Ahlers, 1503.04663
Anchordoqui et al, 1506.08788

Boucenna et al, 1507.01000

Re Fiorentin, NF, Niro, 1606.04445

Hiroshima, Kitano, Kohri, Murase, 1705.04419

(...)

The PeV neutrino DM interpretation has connections with neutrino mass models,
leptogenesis and cosmological reheating



Anisotropies

Due to the DM halo profile, a level of anisotropy
in the arrival distribution is expected

[T T Ii
MMM NN

—0.8 =04 0.0 0.4 0.8 1:2 1.6 2.0 3018
Log (ppar)

Bai et al, 1311.5864



Anisotropies

m=>~
Multipole decomposition F0,8)=> "> ap-Y(0,0)
L m=—¢
Combination of the power and A7 = ||ai|| cos (arg (af*) — (arg (a?f’sig)»

phase into a single coefficient
2
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Link to Multimessenger

Antiprotons
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Future — KM3NeT
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Future — IceCube/PINGU

Spin-dependent scattering
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Future - HyperK
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