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\ A IceCube and the discovery of Cosmic Neutrinos: First Surprises
\ / A The First Cosmic Accelerators: Active Galaxies
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no neutrinos observed by IceCube (electron accelerator)
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astronomy:

towards longer
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and shorter
(neutrinos)
wavelengths




energy in photons in the Universe as a function of their frequency

" Thermal o Nuclear fusion Accretion, acceleration, decay
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the Universe turns opadue to light at TeV energies: enter neutrinos




energy in photons in the Universe as a function of their frequency
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the Universe turns opadue to light at TeV energies: enter neutrinos



the Qpaque extreme Universe:
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TeV~ PeV photons interact with extragalactic -
background light (CMB and higher energy -
background photons pervading the Universe)
before reaching our telescopes S



- neutrinos as perfect messengers

by Standard model particle ph'ysics neutrinds reacﬁ Earth from'
the edge of the Universe and from the beginning of time
without absorption or deflectlon



. where do cosmic rays come from
and how are they accelerated?

high energy ad
high luminosity

LHC accelerator should have circumference
of Mercury orbit to reach 102°eV! -
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Cosmic Ray Spectra of Various Experiments
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LEAP - satellite
Proton - satallite
Yakustk - ground array
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Haverah Park - ground array

cosmic ray challenge

Akeno - ground array
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AGASA - ground array
Fly's Eye - air fluocrescence

Flux (m? sr GeV sec)™

HiRes1 mono - air fluorescence
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both the energy of the

particles and the total
luminosity of the

accelerators are large

HiRes2 mono - air fluorescence
HiRes Stereo - air fluorascence
Auger - hybrid
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gravitational energy from
collapsing object
IS converted into
particle acceleration?
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Energy (eV)




_active galactic nuclei a ray burst
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tidal disruption

cosmic strings
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n and gbeams : heaven and earth | cosmic accelerators powered by gravi
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COoSmic ray sources:
a gamma ray for
every neutrino

target 7Y

neutrino sources are
cosmic ray sources
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cosmic accelerators:

A protons accelerated near
a black hole are
submersed in
a target of radiation
and produce pions

A one photon for every
neutrino.

A neutrinos track cosmic.
ray (proton) accelerators
making pions
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A the pions decay
Il nto AGZKO
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A observation requires
cubic kilometer detector
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10,000 times too small to

do neutrino astronomye
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M. Markov
1960

B. Pontecorvo

M.Markov :
we propose to install detectors
deep ina lake or in the sea and

to determine the direction of
charged particles with the help
of Cherenkov radiation .
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the Invisible neutrino
turns into charged
particles that emit

A lattice of photomultipliers



muon travels for kilometers
through the water at the
speed of light emitting blue
light along its track

A speed of light in water is only
three quarters of the speed of light A shockwave









light signals from 10 inch photomultiplier
embedded in the deep ice are
digitized and sent to computers at surface




lceCube:

5160 10-inch photomultipliers,
60 per string on 86 strings,
instrument one km?3 of
Antarctic ice between
1.4 and 2.4 km depth

as a Cherenkov detector
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lceCube Array at 60 MHz ground-penetrating radar

4000 from airplane

3000

) South Pole surface
2000
< 1450 m
1000
b 2450 m
0 < bedrock

-1000

1039 1040 1041 1042 1043
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electrical cables supply the
voltage to the photomultipliers
and return their digitized signals
which are assembled into
neutrino events at the surface







digitized light signals
(waveforms) N

A each Digital Optical
Module independently
collects light signals like
this, digitizes them and

A time stamps them with 2
nanoseconds precision,
and sends them to a
computer that sorts
them I n event s

Penetrator HV Divider

LED
Flasher
Board
DOM
Mainboard

Mu-metal

O
=)
@

0.025

.................. Board

-----------------------------------------------------------------------------------------------------------------------------

~
12}
- —
O
>
—
)
=
@©
>
o
@
©
e
O
O
)
i
=
—
<

efer clpe ccccmernpe seee cesrmencmeres safflleccencece sone soee . A R —

100 120
sample number



What does IceCubein s e e 0 ?

INCOMING
COSMIC RAYS

/ @avid Fierste\ ori y published in Scientific American, August 1999

COSMIC
RAY

neutrinos

1 electron-
neutrino




0 msec movie of
lceCube taking data
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uQns detected per year

Acosmic ray muons  ~ 101

(3000 per second)

PN - >0 TN
L ADE &, > S8 < - S0R® X
P NN, ! « « 3 Se
e L
< T
O R A s ‘
&+ L@ 2904 S0s ST, py: \‘
Ay SAAS S LSS Canr e T 28N SN I
5 Y 0L L L4 S5 L
4 .
SR o ONY L

tmospheric neutrinos ~ 10°

(1 every 5 minutes)
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Acosmic neutrinos ~ 200




1 km3 of Antarctic ice
Instrumented with 5160 PMT

(10inch) below 1450m

singie pe leve




Look through the Earth:

A upgoing muon 11° below surface

A produced by 8,700 TeV neutrino

A 2,600 TeV deposited energy

A not atmospheric R

b mcu;c;u [l

A reconstructed < 0.3 degree S(S

A astronomy
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muon neutrino events
[filtered by the Earth]:
atmospheric vs
cosmic

' COSMIC ‘
\RAY

3 ";NUCLEUS
2 muon-
neutrinos 4 qjectron-
neutrino

In 2013: Astrophysical diffuse neutrinos

Data from arXiv:1908.09551 [astro-ph.HE]
number of events

105 ; mmmms Total
: = Atmospheric
104 Astrophysical
] - Data

atmospheric cosmic

Number of events per bin

103 10 107

reconstructed energy (GeV)

More

abundant
at higher
energies



E2x ® [GeVslsricm2]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
107" - HH IceCube showers, Aartsen et al., PRL, 2020
# |ceCube Glashow, Aartsen et al., Nature, 2021
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other neutrino flavors

hroughgoing muon)

Yu
/%4
N N’
V)C Vx
V4

N N’

N’ (recoil nucleus)

lectron or tau shower)

Deep inelastic scattering of
Neutrinos
1 Cherenkov light

muon-induced tracks

cascades (no muon)




8.7 PeV muon neutrino

other neutrino flavors

v, hroughgoing muon)
%4
N N’
Vx Vx
4
N N’ (recoil nucleus)

N N’
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energy measurement of muon tracks

“photo-nuclear

Y
bremsstrM

convert the amount of Cherenkov
light emitted and its stochasticity
to a measurement of the energy
muon track
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte baﬂ«:} Truth
Reconstructed

Total True Energy Loss: 107 .9 TeV
Total Reconstructed Exergy Loss: 108.8 TeV
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Improving energy and angular resolution
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strings of
optical
sensors



