lceCube: the First Decade of Neutrino Astronomy and Neutrino Physics
francis halzen

A neutrino astronomy and the origin of cosmic rays

A IceCube and the discovery of high energy cosmic neutrinos

A the cosmic neutrino energy spectrum: neutrino physics

= A the cosmic neutrino energy spectrum: first sources

lceCube.wisc.edu
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Universe beyond our Galaxy is opague to gamma rays



energy in the Universe as a function of frequency
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in the extreme universe neutrinos are unigue astronomical messengers




the Qpaque extreme Universe:

0+ G A ef "‘e '

A > PeV photons interact with extragalactic .- - =~ - fﬁy .
background light (CMB and higher energy. =~ = '
background photons) before reachmg our .
telescopes o

A thelr energy appears reprocessed in GeV photons



neutrinos: .perfect messengers

A electrically neutral
A massless (in this talk) SRRt SRR
A like a photon but weakly mteractlng TR e e
A track cosmic ray sources. e St

Aé but difficult to: detect



black hole accelerating
protons submersed In
a target of radiation
produce pions

neutrino sources track
cosmic ray accelerators




'10,00 ties too small to
do neutrn as :

v
b 'Aq
P LR "
- ; Y
& T . o8 v ’@?.@,! -
T T LT T o C i o
--.---v“-““.&‘_"l-'
e e e e e TR g
v e omw e Y ‘,“g,’i
e e 8 TR
L R S R R R B :
e e R R
;"'--\'vv:-‘w\"" A.S,A
.":":-‘L"-h.v..u,v.k.t.is,‘t7 J# N > '0"
P a,\ Ve W w9 @ ﬁ\‘ . oW oW ‘\ \,*;““ﬂ'\ﬁ"
VT R e e S0 R SRR RETTE TR N
“““‘.‘_";“‘\.“**"* 3

ool e e e
% R e, e, e e,
Viw g . e\ WL gt o o

e ‘n‘ﬂ,,-,“.';‘ i ke
P )

Wi & « Y

Vo Mptaen § o P
"f W Vil 3 < g

T Anditveve g ‘

Mo/ Wil diemus & & B

: s . e
- ’ Ry
£ g £ £ :!’ . R
v . i e ‘s 33
3 = &3 ¥ 3
- = &L TR
s X “IEE 3
3 > - : £} R X5 IE S
. < : X G o,
& 3z - g 9 v, -
< : ! 3
< P : X ¥



IceCube: the First Decade of Neutrino Astronomy and Neutrino Physics
francis halzen

lceCube.wisc.edu



charged secondary
particles produced
as the neutrino
disappears

nuclear .. Muon neutrino

Interaction
Alattice of photomultipliers



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

muon

muon -neutrino

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









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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muon produced by

neutrino near |ceCube

comes through the
Earth

2,600 TeV inside
detector

not atmospheric
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muon neutrino events
[filtered by the Earth]:
atmospheric vs
cosmic
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neutrinos 4 ejectron-
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E2x ® [GeVstsr—icm2]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
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Charged Current
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two surprises:
A cosmic neutrinos sources originate in a target from
which gamma rays do not escape

A powerful accelerators produce neutrinos in other
galaxies that do not exist in our own



energy density in the Universe as a function of frequency
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In the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed by Fermi



where are the photons

n and gbeams : heaven and earth . .
accompanying the neutrinos?
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neutrinos: .perfect messengers

gamma rays accompanying IceCube neutrmos mteract %
W|th Interstellar photons and fragment into multiple lower .
energy gamma rays that reach earth .
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two surprises:
A cosmic neutrinos sources originate in a target from
which gamma rays do not escape

A powerful accelerators produce neutrinos in other
galaxies that do not exist in our own
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visible gamma rays
166 neutrino
starting events
by geometry the flux
from your own
where is the Galaxy should
neutrino Galactic dominate

plane? the diffuse flux from
all other galaxies
combined!



