Neutrino Astrophysics
(neutrino astronomy?)




| ecture outline

. (Some) neutrino properties

.. Solar neutrinos
s Supernova neutrinos

.. Astrophysical neutrinos (+ Atmospheric neutrinos)
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Neutrinos from Supernovae

For info about supernovae see Jaro Nekldre
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Neutrinos from Supernovae

For info about supernovae see Jaro Nekldre
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Astrophysical neutrinos
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Potential ExtraGalactic sources of cosmic rays &

A Nonthermal acceleration mechanism: Diffusive acceleration
GRB£d FANBO I

Active Galactic Nuclei

Observer sees blazar l t | Exte rnal
\ Ob nterna
\ radsisrl‘;eurds::ser - Photo- Shock
7 h Shock
< Observer sees A sphere /\/\,-)
radio galaxy w W
| = Q0= N\\~ N\~
Gas clouds in narrow \ W
line region . V - ” f
0", L8 e -7 Observer sees '
/ o ne Seyfert 2 galaxy
Jet ERRLIER © e

Accretion disk

Broad line region

Observer sees
Seyfert 1 galaxy
S~

S A Particles repeatedly cross a plasma shock

A Magnetic fields responsible for particles
returning to the shock

A Power law fluxdHdF °B, (garound-2)

A Tidal disruption Events

Cygnus A 5G A
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Particle jet
N\
N

TDESs are promising acceleration site:

ACKS GNARIKGE SYyOTdAiNER
Fields, etc.)

A In addition, a lot of mass injected

A A fuelling the shocks, mag. Fields

A A particles to accelerate

A Multiple options where acceleration can
happen




Potential ExtraGalactic sources of cosmic rays
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A Maximum energy limited by:

Magnetic fields able to confine particles
within the size of the acceleration region

Radiative loses in these magnetic fields
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AD: central regions of active
galaxies
RG powerful radio galaxies
BL blazars
Sy Seyfertgalaxies
K jet knots
HS hotspots
L jet lobes
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The messengerggrays and cosmic rays

s p+p—at. 70 K* K9 p n| A grayshadronicandleptonicorigin
AT e A They point back to the sources
P P N A Absorption, pair production
O \ — n+ 7 | A Detection: satellites (<50Ge\}, cherenkowvelescopes
N Z O 727
RN B 1o e
N~ \
R N
\ g
ISM,IBL ‘
0 ‘;Ws
X i The atmosphere
X A
Cosmic rays:
A Can interact on the way to Earth,
GZK horizon

Hadronicshower

A Deflected by magnetic fields, do
not point back to the sources

] n (atmo)
Surface detector
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AT High-energy neutrinos:
Y 0 E 0 A Produced in CR interactions
prp=g n A LR P R No absorpionon the way

p+y—=AT=p+7r’ | A No deflections, they point back to their sourt

jets

A promising messenger
for astroparticle physics

Tt - ,u.+ + Vy
et 7, + ve

T = p tyy
NeT 4y, 47,

(Other meson and n decays contribute as well)

Neutrino oscillations modify the flavor ratio:

(ne: n; ny) = (1:2:0) at the source to (1:1:1) at Earth.

A various effects can influence the initial flavor ratio,
the ratio from pion decays used above

19.4.2025 A. Christov

The atmosphere

Underground detector
(IceCubeg




Neutrino sources

[tFaaAolt aFaiNRLKFZS 0,7 S
¢ (N n.:n)=(1:2:0) Net 4o,
Muon dumped sources O e
¢ muon interacts before decay ey

¢ (n.:ng ) = (0:1:0)
Neutron decay:
¢ (n.: Ny n) = (1:0:0)
At highest energies seAgptonic charm g decay:
¢ Contribution of (. n; n,) = (1:1:0)
For Blazargn.: n; n;) close to (1:2:0) energy dependent
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After propagation?

ForlceCubeas detector

LO Source composition
Q@ (1:2: 0)g
O (0:1:0)s

WD
Fraction of v, 00
Uo 02 Og O O Ly
—— HESE with ternary topology ID v, : v, : v, at source — on Earth: o
% Best fit: 0.20 : 0.39 : 0.42 0:1:0 — 0.17 : 0.45 : 0.37 ve fraction (feo)

Global Fit (IceCube, APJ 2015) e 1:2:0—0.30:0.36: 0.34

Inelasticity (IceCube, PRD 2019) 1:0:0 — 0.55 : 0.17 : 0.28

3v-mixing 30 allowed region 1:1:0 -+ 0.36 : 0.31 : 0.33
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M.Markov :
we propose to install detectors deep in a lake or in the sea and to determine

the direction of charged particles with the help of Cherenkov radiation.
19.4.2025 A. Christov 13




(Baikal Deep Underwater Neutrino Telescope)
Gradual development since 1980

Latest upgrade :Gigaton Volume D
(BalkalGVD) N

19.4.2025 A. Christov
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BalkaiGVD

Cherenkov radiation, in ice a=41° surface Om “Dubna”
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Cherenkov radiation, in ice a~41°
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Absorption cross section, m’
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Effective area

¢ A way to quantify detector and analysis performance

(

Event rate: da®,
S N -ﬂ ff(E"’U")dE a0, dE, doO,

Astrophysical
Flux model

¢ AggIncludes the info: probability of reaching the detector, interacting :
being detected, of being selected in the analysis
Asz(Ev, 6‘,) = ch/(Ev,Hv) X PNA X U(Ev) X Pearth(Evrgv)

Number of N Cross Earth transmission
targets section probability
-y Nrec(Ey, 6,) Volume in whiclev. are generated,
Ve[f(Eva) = gen . . p
Ngen(Ey, 6y) Can be significantly larger than the detecto

Number (generated/recorded) events A Particle flux: N [m2 s7]
(detector performance, analysis code A To get N detected particles just
N=f A

19.4.2025 A. Christov



BalkalGVD Effective area
A IS not the full story

- All sky GVD cluster

How much background
iIncluded

Neutrino Area, m?
o o
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The quality of events
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ANTARES

2.5 km under the Mediterranean Sea near Toulon, Fr

3
3

500 m

=000 0000000
000 0000000

|} = ee00000000

)= o00c0c0ccee

o000 000n000

19.4.2025

La Seyne-sur-Mer, France

£

Glass pressure Sphere.

Hamamatsu PMT :
Size:10 inch

A. Christov

1st string 2006, as of 2008 12 strinc
Energy range: 10 GaV100TeV
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Effective area

Event selection: reducing backgrountlk,
nioluminescence)

Reconstruction: Get a track from the hits, energy,
direction, track quality

~ ~ - 4 y :\102§ - .
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2 1k
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Ongoing construction (HE ARCA, LE ORCA)

Several cubic kilometres distributed over three locations

KM3NeTFr (off Toulon, France)
KM3NeTt (off Portopalodi CapdPasserpSicily, Italy!”
(KM3NeIGr (off Pylos, Peloponnese, Greece))
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230 ARCA + 115 ORCA lines New Generation
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Neutrino oscillationg low energy

Normal ordering Inverted ordering 3 years of ORCA 115
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A Could solve the hierarchy problem
A So far slight preference for inverted ordering
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220PeVneutrino?

Recent result: 1204119 PeVmuon :

Highest energy so far

eeeeeeee

* Energy is measured from the
amount of light:

E, = 1201 PeV

= et I
siclly  “# 0 70
* The neutrino Energy is higher:
Sy * KM3NeT
_-ARCA
3 "—‘:'f-‘ﬂ
E, = 2201200 PeV e N
Azimuth : 260>  Malta s
Elévation : 0.6° : o %
( assuming an E* source spectrum) s B
il i1
X
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220PeVneutrino? =

l energy neutrino Possible origins:

~ | | A Blazar? No clear
e 0 ., association

T ol — A Cosmogenic?

w . I @Q -t

T ey g | e e A Exotic scenarios?

R e

= e [ T

% -1 ‘|‘ | == Upper limits

Q 17 == | KM3-230213A

:Iz IceCube fits

Ne 10719 4 | == NST (2022)

Ly

—}— HESE (2021)
—}— Glashow (2021)

10-11

104 IE)5 1&16 1(’)’ 163 1[59 10%° 101t
Neutrino energy [GeV]

E%¢, =58 x 1078 GeVem %s sr!

https://www.km3net.org/km3230213a/display®f-the-event/
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ThelceCubaletector

A Small neutrino interaction crossectionA Huge detector
A Detection principle: Cherenkov light from charged secondaries

Penetrator HV Divider

DOM
Mainboard

Mu-metal

IceCube Lab
e P lceTop
g 5 B 81 Stations
= = 324 optical sensors

50m — e

IceCube Array
86 strings including 8 DeepCore strings

5160 optical sensors R
Glass Pressure Housing
Amanda Il Array

5 (precursor to IceCube) « - -
ﬂ / ’ Cherenkov radiation, in ice %41
j eepCore
/ 8 strings-spacing optimized for lower energies

1450m [

480 optical sensors \’\\
\ sin @ = 1/n
c’“\ﬂ \\

<z > \\\

s = ct 1

2450 m \
SE.‘»
2820 m 1Y
2,7\

1 Bedrock

A. Christov
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lceCubeDOM
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effective absorption coefficient ag,s:(400) scattering coefficient b.(400)

Note: Opposite to water! Ice: small absorption, more scattering
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Event topologies

Cascaddike event

A Charged currenn, n, & all neutral current
Interactions

A Challenging for directional reconstructions

A Angular resolution at highest energies:

1520
A Calorimetric energy measurement
A Resolution8% @ 100TeV

19.4.2025
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Tracklike event

A Charged current,,interaction

A Long lever arm: good angular resolution
A 0.4 for high energies

A The vertex can be outside of the detector
A Larger effective area
A Challenging energy reconstruction

34
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Event topologies
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Tracks energy reconstruction

Muon energy loses:

¢ Continuous: Ionization

¢ Stochastic (dominate above 700 GeV): bremsstrahlung, photonucle
el. pair production

The average energy losses can be parametrized as:

iE
O —atbE, (2.4)

dax

where for ice a =~ 0.27GeV/mwe and b ~ 0.47 x 107 1/mwe with stochastic losses
included [123], “mwe” stands for “meter of water-equivalent”. For the reach of muons in
ice, this means that a|2TeV|muon on average penetrates[5km, fwhile a|10° TeV| muon
penetrates|20 km.
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Muon energy losses
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Tracks energy reconstruction

Simulation’ 20 40 [m]

5 TeV muon SRR /' -
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Cherenkov light from secondaries will dominate over the muon itself abohvevl ™~
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Tracks energy reconstruction
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A OK, but this is only how much
of its energy the muon lost.

A It leaves the detector.

A The question is how much
energy it caries.
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