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Multimessenger astrophysics

4+ Cosmic rays detected with

huge energies, above 100
EeV

Cosmic rays
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Multimessenger astrophysics

4+ Cosmic rays detected with

huge energies, above 100
EeV

4+ Detectors built for
astrophysical gamma-rays

' + Final step so far: high-
energy neutrino detection
Cosmic rays (IceCube, ~ 2013)
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High-energy neutrino detection

Damiano Fiorillo

+ High-energy neutrinos are few and
weakly interacting

+ Detection requires huge volumes, so
neutrinos have a chance to interact

4+ In IceCube, neutrino-nucleon collisions
produce charged particles

4+ Cherenkov light is detectable



lceCube High-Energy Starting Events (HESE)
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lceCube High-Energy Starting Events (HESE)
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Damiano Fiorillo



Ultra-high-energy (UHE) neutrinos

Askaryan effect - /

in-ice shower looks like a @
moving dipole, producing “‘7/
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Ultra-high-energy (UHE) neutrinos
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10 107 108 10° 10 10"

Neutrino energy E, [GeV]
Kotera, arXiv:2108.00032

4+ Above 10 PeV no detection yet

+ Expected cosmogenic neutrinos,
from py collisions

4+ Possible UHE v from astrophysical
SOUrces

4+ Highest energy and longest
baseline neutrinos

What do these neutrinos tel

us about particle physics?




Neutrinos probe (BSM) particle physics
g m’ Non-standard interactions (vv with relic

&2 neutrinos, vy with dark matter, ...)

.

Damiano Fiorillo



Neutrinos probe (BSM) particle physics

 ' Non-standard oscillations (sterile neutrinos,

\ invariance violation, ...)

Damiano Fiorillo



Neutrinos probe (BSM) particle physics

Non-standard production (dark matter
 ’ annihilatiOn, dark matter decay, ..)
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Dark matter

Observed rotation
curve

V. km s}

Centrifugal

100

G raVIty i > . Rotation curve expected
' - - without dark matter

5. . 10 R, kpc

- Zasov et al., arXiv:1710.10630

Gravitational lensing

Gravitational motion
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Cosmology

Damiano Fiorillo



Damiano Fiorillo

Dark matter
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Decaying dark matter

A

mpy ~ 100 TeV — 10 PeV lceCube range!

mpyv ~ 1 BeV — 100 ZeV £ - ~
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See also talk by
Diyaselis Delgado

Produce gamma-rays
and cosmic rays as
well!
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A

1. How many
neutrinos In a
decay?

Damiano Fiorillo

Decaying dark matter

2. Where are they

produced? How

do they

propagate? 3. Can we detect
them?
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A

1. How many
neutrinos In a
decay?
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Decaying dark matter
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A

1. How many
neutrinos In a
decay?
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Decaying dark matter

1%

Main parameters

Mpm sets the energy scale
DM sets the normalization
Y — ff sets the energy spectrum

12



A

1. How many
neutrinos In a
decay?
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Decaying dark matter

1%
1%

m
)(—)171/ 5(E— IZ)M)?

¥y — ff No neutrino produced?
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Flectroweak corrections

A |14

mpy 2 100 TeV

1. How many

neutrinos In a
decay? P ~ aW ?
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Flectroweak corrections

A |14

mpy 2 100 TeV

1. How many

neutrinos In a Mpm

decay? P ™~ aW 10g2 ( )
My
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Flectroweak corrections

A

mpy 2 100 TeV

1. How many
neutrinos In a
decay?

Energy cascade, treated by DGLAP equations ~ HDMSpectra (arXiv:2007.15001)
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A

Decaying dark matter

2. Where are they
produced? How
do they
propagate?
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Diffuse DM production
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

+ Slightly anisotropic
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Diffuse DM production

Galactic production

= P
dEdQ 471' TDM dE ’ MpM

* 4+ Depends on DM distribution

ddogs 1 1 dN, J 0(s, 1, b)
— _>,B dS

+ Slightly anisotropic

17
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Diffuse DM production

Galactic production

dpe s _ J PG 1b) 0(s, 1, b)
dEdQ a_hﬁ mDM

/ 4+ Depends on DM distribution

How fast does it + Slightly anisotropic
decay?

17
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

How fast does it + Slightly anisotropic

decay?

How many are
produced?

17
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

How fast does it + Slightly anisotropic

decay?

How many are  Neutrino
produced? mixing

17
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

How fast does it + Slightly anisotropic

decay?

How many are  Neutrino How many
produced? mixing DM

particles?

17

Damiano Fiorillo



Diffuse DM production

Galactic production

4+ Depends on DM distribution

+ Slightly anisotropic

Extragalactic production

4+ (Mostly) isotropic

4+ Redshifted, dominates at low
energies
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Diffuse DM production

Galactic production

d¢EG,ﬁ | | P dZ dN a Q)(p C
— a—p [E(l 1 Z)]
dEdQ 471' TDM H (Z) dE mDM

a

4+ Depends on DM distribution

+ Slightly anisotropic

Extragalactic production

4+ (Mostly) isotropic

4+ Redshifted, dominates at low
energies
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

How fast does it + Slightly anisotropic

decay?

Extragalactic production

4+ (Mostly) isotropic

4+ Redshifted, dominates at low
energies
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Diffuse DM production

Galactic production

dg 1 dN P,
EGP _ [ < Y1E(] + 7)==
/ 4+ Depends on DM distribution
How fast does it + Slightly anisotropic
decay?
, Extragalactic production
Neutrino
mixing 4+ (Mostly) isotropic

4+ Redshifted, dominates at low
energies

19
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Diffuse DM production

Galactic production

4+ Depends on DM distribution

How fast does it + Slightly anisotropic

decay?
Neutr Extragalactic production
eutrino
o Redshifted
MiXing heutrino + (Mostly) isotropic
spectrum

4+ Redshifted, dominates at low
energies

19
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Dn‘fuse Dl\/\ productlon

dz AN Galactic production

H() \dE

“1E(1 + z) .

4+ Depends on DM distribution

How fast does it + Slightly anisotropic
decay?
, Extragalactic production

Neutrino e
. Redshitte
mixing eutrinG Dark.matter 4 (MOStly) iSO’[I‘OpiC
spectrum denS|ty

4+ Redshifted, dominates at low
energies
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A

Decaying dark matter

3. Can we detect
them?
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UHE neutrinos
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UHE neutrinos
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Constraints from UHE neutrinos
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If no event is
detected, DM should
produce less than
2.71 expected events

(95% CL)
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UHE neutrinos

We may observe
some events of
astrophysical origin

\ 4

_ Weaker
| - constraints!

o :10—10:_ __
= 5 \7 N TO1T T3 15
10 10 10 10 10 10
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Constraints from UHE neutrinos

> If no event is
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Conclusions

4+ Astrophysical neutrinos are ideal probe for particle physics

4+ IceCube is already most competitive probe of neutrinophilic DM

4+ Radio telescopes will probe heavier DM (mpy ~ 1 EeV — 100 ZeV)

4+ Neutrinos are just one side, multimessenger approach coming to the front for
strong constraints

Damiano Fiorillo
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UHE neutrinos: constraints
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UHE neutrinos: constraints
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Flectroweak corrections

<
For mpy S 100 TeV PPPC 4 DM ID (arXiv:1012.4515)
perturbative approach

MonteCarlo simulating
shower (with some Pythia (arXiv:1401.5238)

limitations)

Full solution of DGLAP

. HDMSpectra (arXiv:2007.15001)
equations
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High-energy range: IceCube

DM flux
astro — (I)OE_

Atmospherlc
flux

Schneider, 1907.11266
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High-energy range: IceCube

DM flux —

Event rates

Astro ﬂux 4+ Energy binned
above 60 TeV
astro — (I)OE - + Effective areas

from IceCube
AtmOSPhe”C Collaboration

flux
Schneider, 1907.11266
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High—energy range: lceCube

Event rates ——l | ikelihood

Actro flux 4+ Energy binned 4+ Poisson
above 60 TeV likelihood
astro — (I)OE + Effective areas + Free parameters:

from lceCube ),
09 /s mDM? DM
AtmOSPhe”C Collaboration

flux
Schneider, 1907.11266

Damiano Fiorillo



High-energy range: IceCube

DM can improve fit to data in two ways
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High-energy range: IceCube

DM can improve fit to data in two ways
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lceCube

Neutrinos exclude too rapid decays

Best fit solution

g[S
10"

X—>VeVe :

10°

High-energy range

Excluded at 3¢

mpwm [GeV]

Exclusion from gamma-rays
(Cohen et al., arXiv:1612.05638)
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High-energy range: IceCube
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