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Neutrino Telescopes

PhysicgGoals



Physics with neutrino telescopes

Search for the sources of higgnergy cosmic rays

Dark Matter and Exotic Physics
A WIMPs

A Magnetic Monopoles and other superheavies

A Violation of Lorentz invariance

Neutrino and Particle Physics
A Neutrino oscillations

A Charm physics

A Cross sections at highest energies
Supernova Collapse Physics

A MeV neutrinos in bursts- early SN phase, neutrino hierarchy, ...

Cosmic Ray Physics

A Spectrum, compositiorand anisotropies shadowsof moon and Sun
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Physics with neutrino telescopes

Search for the sources of higgnergy cosmic rays
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Neutrino Telescopes

Detection Principles



The
traditional
method:
n_chargedcurrent




Detection Modes

Cherenkov cone spherical Cherenkov front
> o > o » o o » o o o 0 o »
Muon track from CC muon Cascade from CC electron and N(
neutrino interactions all flavor interactions
AAngularresolution 0.1° - 0.5° AAngularresolution 2° - 15°
AEnergyresolution from dEdx: AEnergy resolution ~ 15%

factor 2-3
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Neutrino Telescopes

The Detectors



Generationl devices (0.0020.02 kms3)
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Generation2 devices (km3 scalg
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Generation3 device (10 km3scalg
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Worldwide Common Bfort
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Thepioneer. NT200 in Lak8alkal

A 8 strings

A 192 PMTs

A Height 72 m
/A Diameter 42 m




Atextbook underwater neutrlno event
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lceCube Neutrino Observatory
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81 pairs of water Cherenkov tanks

lceCube

86 strings including 8 Deep Core strings
60 PMT per string

1450m it

DeepCore

A4 8 closely spaced strings

A ~220n/day

A Threshold
-lceCube ~ 100 GeV
- DeepCore ~10GeV



CosmicRaysand
Atmospheric Muons



CosmidRaysand AtmosphericMuons

Spectrumof CosmidRays (air showerswith IceTop)

Spectrum Compositionand Anisotropiesof Cosmic
Rays(muonswith IceCubeair showerswith IceTop

Shadowof moon and Sunwith muons(ANTARES
andlceCube)

a) detector calibration
(angularresolution and absolutepointing)

b) solarmagneticfields




Shadowof the moon

A lceCubewith the first 59 of the final 86 strings Phys Rev D 89, 102004 (2014}
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Shadowof the Sun

lceCube (2018, 2020) Temporadriation over sevenyears

late 2010
-early 2017

ApJ872(2019 133and
more recently arXiv:2006.16298




Shadowof the Sun

lceCube (2018, 2020) Temporadriation over sevenyears
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Atmospheric Neutrinos



Atmospheric neutrinos inceCub&a2years
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Atmospheric neutrinos inceCub&a2years
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Usingatmosphericneutrinosto measure ,at >TeV

lceCube Coll.: Measuremef the multi-TeVneutrino cross section
with lceCube using Earth absorptioRature 551(2017)596 andarXv:1711.08119
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Usingatmosphericneutrinosto measure ,at >TeV

lceCube Coll.: Measuremef the multi-TeVneutrino cross section
with lceCube using Earth absorptioRature 551(2017)596 andarXv:1711.08119
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DeepCOre Oscillationsfor atmophericneutrinos (E < 3040 Ge\)

Ratio to no osc.

|Amg| (1077 eV?)

—— Expectation: best fit
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Determining neutrino oscillation parameters from atmospheric muon neutrino
disappearance with three years of IceCube DeepCore data

«—— Phys.Rev D91, 072004 (2015)
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DeepCOre Oscillationsfor atmophericneutrinos (E < 3040 Ge\)

—— Expectation: best fit ! A
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The Discoveryof a Diffuse
CosmicNeutrino Flux



IC79/IC86




FO”OVV-Up AnaIySis: HE SEigh Ehergy Sarting Bvent)

Firstevidence for an extrderrestrial h.e. neutrino flux
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Follow~up Analysis: HESkEigh EnergySarting Event)

Firstevidence for an extrderrestrial h.e. neutrino flux
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Throughgoingmuons, IG79/86
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TheAstrophysicalNeutrino Flux

10
T leaCuibs cmscadas (2010.2018) High-energy starting events (HESE)

Interaction vertex in the detector

— All flavor, all sky
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TheAstrophysicalNeutrino Flux
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TheAstrophysicalNeutrino Flux
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Fluxmodeledwith simple
powerlaw.

EL’ —Yastro
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Differenteventssamples
(energy, topology, sky
hemisphere favorslightly
different indicesand
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Brokenspectrun®

A Needindependent
measurementswith different
systematics KM3NeT, GVD !



Flavorcomposition what do we expect?

1'( ! muon-suppressed
*——  pion decay
(0:1:0)

pion & muon

(\) € decay
(1:2:0)

neutron
decayv



Flavorcomposition what do we measure’

S T at source ~

. 2()
m 0:1:0 %
e 1:2:0 1.00

the best fit flavor
composition
disfavors 1:0:0
at source at 3.6




Individual Sources
and SourceClasses



lceCube : 1 @'e alsS PRI124, 051103 (20203rXiv:1910.08488

Someevidencefor nonuniform skymapin 10 years of lceCube data
(3.3 ). Mostly resulting from 4 extragalactic source candidates.

No indications for galactic sources
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CombiningANTARES&Nd IceCubedata

Here ANTARES and IceCube Combined Search for Neutrintkeoamid
Extendedsources in the Southern Sky Astrophys. J. 892 (2020) 92
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Similarcombinedsearchesxistfor galacticdiffuse emissionand galacticdark matter



Fireball model External Shock

The Flow decelerating into
the surrounding medium

Collisions betw. diff.
parts of the flow

t~190 A ?
t ~
-100 A -10s

Energy A



Constraintson the contribution to the diffuse flux

Constraining the contribution of
Gamma-Ray Bursts to the high
energy di use neut
10 years of ANTARES data
https://arxiv.org/pdf/2008.02127.pdf

1014 GRB individual fluences
- Stacking fluence

T T g

Individualb dzS yocalQikated for each of the 784 GRBs  =ve:1ag]o][=
(thin lines) and the corresponding stackedizS y(tiack recent ANTARE®sult

ine) (10timeslesssensitive
than IlceCubdimit !)



https://arxiv.org/pdf/2008.02127.pdf
https://arxiv.org/pdf/2008.02127.pdf

Constraintson the contribution to the diffuse flux

TR T e T T8
E,, (GeV)

Translatiorof the stackedfluenceto the corresponding quasi
RAGdza S Vv S(dalorddbgrl: minezEax. range)



Constraintson the contribution to the diffuse flux

10-° -~ ANTARES stacking (2007-2017): 784 GRBs
== ANTARES 90% CL upper limit (2007-2017)
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Other stackingsearches

Similarstackingsearchedavebeenperformedfor
Gammaloud blazars
Flatspectrumradio quasars(FSRQs)

X

with all IceCubeaearchegesultingin upperlimits

Seehowever, A.Plavin Y.KovaleyYu Kovaley S.Troitsky
Directionalassociation ofTeVto PeVastrophysical neutrinos

with active galaxies hosting compact radjets,
arxiv:2009.08914ubm to ApJ andyesterdaytalk of A. Plavin



https://arxiv.org/abs/2009.08914

Two Very Jecial Events



Thefirst candidatefor the Glashowresonance
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Thefirst candidatefor the Glashowresonance
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Partiallycontainedeventwith E = 6.3?eV
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Firstidentificationof a
clear candidatefor an
anti-electronneutrino

In anunderwaterdetector!
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First tau-neutrino candidate

Lookingfor double-bangevents
Two candidate events in 7.5 years of datakz1¥[e(sler=\Y(ale [{glEiaais 0N =1 822N

—— single cascade —— double cascade -+ -+ exp. data —— reco with bright DOMs --- reco without bright DOMs
o T ongmoow|| . oignoow
= R s
-6 M ‘ : A I
<
o
o b
o]
©
2 ,,,,,,,,,
[«
(]
o
o o 9
© ® d
© o o
© 0 4 o
e © ° S
e © © ° 3 2
e ¢ © Q e g
e g ¢
g o
° ()
© ¢ ¢ 5] 9 d
Q. <
© o
()
< 0 O § 9 o 2
© o ?
) ¢ O
o o
o
)
WORKIIN PROGRESS 0* Bright DOMs are excluded from this analysis




Multl -MessengerResults



Alertsto optical, radio and gammaray telescopes

andto x-ray detectorson satellites

REAL-TIME ALERTS FROM ICECUBE o s
Analysis 30 seconds!

(SMILARFORANTARES)

ICECUBE



The first point source candidate
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Thefirst point sourcecandidate

43 seconds later: first alarm with preliminary direction

Sequence of refined reconstruction algorithms

~ 4 hours later: GCN Circular i1ssued

Only 0.T off the position of the knowng-ray blazar
TXS 0506+056.

Most probable energy of the neutrino ~290eV.

Broad multtwavelength campaign



0506+056
.3365°0.0010




28. 9. Fermi-Satellite:
gurce: Active Galaxy TXS 0505+056,

el a flaring state




From 29 8 on

I\/IAGIC Iooks Ionger than the |n|t|al
hour to. TXS 05060+056 and
“observes itflaring
- W|th hlgh S|gn|f|cance o



http://www.miguelclaro.com/wp/wp-content/uploads/2013/10/MAGIC-LaPalma_4829-net.jpg




