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lceCube:
Building a New Window on the Universe

francis halzen

lceCube
cosmic neutrinos: two independent
observations
-> muon neutrinos through the Earth
—> starting neutrinos: all flavors
where do they come from?
Fermi photons and IceCube neutrinos
the first high-energy cosmic ray accelerator

what next?

icecube.wisc.edu




Cosmic Horizons — Microwave Radiation
380.000 years after the Big Bang

wavelength = 10° m < energy




Cosmic Horizons — Optical Sky

wavelength = 10° m < energy = 1eV




Cosmic Horizons — Gamma Radiation

wavelength = 10" m < energy = 1 GeV




Cosmic Horizons — Gamma Radiation

wavelength = 10?" m < energy = 103 TeV
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terra incognita:
only revealed by
neutrinos

« 20% of the Universe is opaque to the EM spectrum
 non-thermal Universe powered by cosmic accelerators
 probed by gravity waves, neutrinos and cosmic rays




“The opaque Universe

Y +Tws D€ P

PeV photons interact W|th mlcrowave photons
" (411/cm3) before reaching our telescopes
enter: nettrinos




“Neutrinos? Perfect Messenger

electrically neutral

essentially massless

essentially unabsorbed

tracks nuclear processes _
reveal the sources of cosmic rays - .

. but difficult to detect: h‘qw’large‘a detector?
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cosmic rays interact with the
microwave background

p+y—on+rxand p+r’

cosmic rays disappear, neutrinos with

EeV|(10° TeV) energy

appear

1 event per

cubic kilometer

per year

...but it points at its source!




nonthermal universe: cosmic accelerators




» accelerator must contain the particles
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challenges of cosmic ray astrophysics:

R
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» dimensional analysis, difficult to satisfy
» accelerator luminosity is high as well




the sun constructs an accelerator

coronal mass
ejection—>
10 GeV protons




-‘accomodating energy and luminosity are Challengihg

LHC accelerator should have circumference
——of Mercury orbit to reach 102 eV!




Cosmic Ray Spectra of Various Experiments
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supernova
remnants

Chandra 1
Cassiopeia A

bursts




active galaxy

particle flows near
supermassive
black hole










blazar geometry




accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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Atmospheric neutrino source

Underground
Voo Voo Ve Y,
detector
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lceCube
francis halzen
lceCube

cosmic neutrinos: two independent
observations

- muon neutrinos through the Earth
-> starting neutrinos: all flavors
where do they come from?
Fermi photons and IceCube neutrinos
the first high-energy cosmic ray accelerator
what next?

iceCube.wisc.edu




M. Markov
1960

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.
L ) R e \




* [attice of photomultipliers

speed of light in water < c
muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

Interaction




ultra-transparent ice below 1.5 km



instrument 1 cubic kilometer of natural ice below 1.45 km




lceCube

lceTop
81 Stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

ST NN
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5160 PMs
in 1 km3




photomultiplier
tube -10 inch




architecture of independent DOMs

10 InC
|

LED
flasher

HV board




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

Flasher
Board
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...tlime stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
















muon track: color is time; number of photons is energy




neutrinos are detected by looking for Cherenkov radiation
from secondary particles (muons, particle showers)




Color |nd|cates the arrival time of photons
red fi rst green - |ater
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93 TeV muon: light ~ energy

N . NN

shown ,




energy measurement (> 1 TeV )
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convert the amount of light emitted
to a measurement of the muon
energy (number of optical modules,
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte barlo Truth —
Reconstructed

Total True Energy Logs: 107.9 TeV
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energy reconstruction of electromagnetic showers

Probability density [arb. units]

=
<
w

1072 10! 10°

=
o
N

=
o
w

=
o
N

Reconstructed energy [TeV]

o [%]

]
10°
Mean deposited energy [TeV]

10*



89 TeV

radius ~ number of photons
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Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric
neutrino

Y atmospheric
muon
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... you looked at 10msec of data !

muons detected per year:

« atmospheric* ~ 1011

« atmospheric*™ v 2 pu ~10°

* cCOSMIC V=2 U ~ 10

* 3000 per second ** 1 every 6 minutes




* rejecting atmospheric muons
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Cherenkov light detection

in optical modules

* rejecting atmospheric neutrinos
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Cut Level Selection criterion Atms. g | Data | Atms. v, Astro.
(mHz) | (mHz) | (mHz) | %10~ (mHz)
0 coséfmpe < 0 1010.5 | 1523.81 7.166 6.23
1 SLogl(3.5) <8 282,49 | 50444 5.826 5.62
2 Npir = 9 8.839 22.01 3.076 4.06
3 ((cos Ompe > —0.2) AND (Lpi = 300 m)
OR 1.124 4.30 2.313 3.69
(cos Bmpe < —0.2) AND (Lpie = 200 m))
4 Asplivmpe <0.5 0.100 2.15 1.899 3.26
5 ((cos @mpe < —-0.07)
OR 0.080 2.08 1.880 3.25
((cos Bypg > —0.07) AND (Aspp/Bayesian = 35)) )
6 ( (cosBppg < —0.04)
OR 0.075 2.06 1.875 3.24
((cos vpe > —0.04) AND (Aspp/Bayesian = 40)))

Table 2. IceCube neutrino selection cuts and corresponding passing event rate for the IC-2012 season. Atan
final selection an event has to fulfill all cut criteria to pass the selection (i.e. alogical AND condition between
the cut levels is applied). The atmospheric-neutrino flux is based on the prediction by Honda [71], but
atmospheric-muon rate is calculated from CORSIKA simulations. The event rate for IceCube data stream
corresponds to the total livetime of 332.36 days. The astrophysical neutrino flux is estimated assuming

dN [dE =1-1078 Gchm‘zs"(%)‘z. (Atms. = atmospheric, Astro. = astrophysical)
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ISolated neutrinos interacting up-going muon tracks
inside the detector (HESE) (UPMU)
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.5°)




lceCube
francis halzen
lceCube

cosmic neutrinos: two independent
observations

- muon neutrinos through the Earth
—> starting neutrinos: all flavors
where do they come from?
Fermi photons and IceCube neutrinos
the first high-energy cosmic ray accelerator
what next?

lceCube.wisc.edu




date: June 11, 2014

most probable energy: 9 PeV | | | |
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Interaction

* [attice of photomultipliers
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Events per bin

Assuming best-fit power law:

+++ Unfolding
B Astrophysical v, +v,

B Conv. atmospheric v, +v,

- - r- - rT-°T°r°° - r-°T° -t 1.0
10°F e e TR IceCube: Preliminary -
o S HE SN S R S N
1007 A : """"" 10.8
DR : ; I
10"+ E219 """ _HTI—I—‘—H_' """""" I
. ) i | I |
Loof Spectralslope 1 S 0.6
1O - — | IO !
- 0.4
102F o s eI EEIES SETE SEPTRRY S YRR
N neutrino energy pdf
107 - (highest-energy event) o 102
104
4.0 4.5 5.0 5.5 0.0 0.5 7.0 7.5

log,y(median neutrino energy / GeV)

dP/dlog E,



after 7 years = 6.4 sigma 120 cosmic neutrinos/year/flavor

+++ Exp.data WEE Astrophysical v, +», B Conv.atmospheric v, +v, Combined v, +7,
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L 10 Neutrino
K Super—K v,
'E 0 Fréjus v,
o AMANDA v,
> 10°E o unfoldln?
1G] - forward folding
—10% lceCube v,
S = . unfoldln?
e u A\ forward folding
. R\
10
Pro
10- mpf vﬂu v s
e \ - GZK
10 Galactic Supernovae ',i """"
-_— ’_____\ y
llIlIlIllllIlIIlIlIIIllIIIIIIII[lIIlIIIIlllllllll
10530 1 2 3 4 B9
Iog10 (E, [GeV])
atmospheric cosmic

100 TeV




430 TeV inside
detector
PeV v,
no air shower

all cosmic
neutrinos are
Isolated by

self-veto




