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lceCube Neutrino Observatory

1 km3 instrumented volume (2 Giga ton mass) of pure ice at the South Pole

IceCube Lab

Construction phase
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Discovery of Cosmic v’'s by IceCube
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Discovery of Cosmic v’'s by IceCube
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Atmospheric (v, u) + cosmic (v)

Global fit of energy to a mixture of atmospheric and astrophysical E2 v flux
best fit flux: E2@ =108 GeV cm2 s sr * per neutrino flavor

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (#/K)

Background Stat. and Syst. Uncertainties Events in ~3 yr time

Atmospheric Neutrinos (90% CL Charm Limit)

Signal+Bkg. Best-Fit Astrophysical £~ Spectrum With energy > 30 TeV
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Atmospheric (v, u) + cosmic (v)

Global fit of energy to a mixture of atmospheric and astrophysical E2 v flux
best fit flux: E2@ =108 GeV cm2 s sr * per neutrino flavor

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (#/K)

Background Stat. and Syst. Uncertainties Events in ~3yr time

Atmospheric Neutrinos (90% CL Charm Limit)

Signal+Bkg. Best-Fit Astrophysical £~ Spectrum With energy > 30 TeV

Data

5.7 sigma rejection of
atmospheric-only hypothesis
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Sky Map of Neutrino Events

No significant clustering probability

angular resolution
~15° for cascades
~1° for tracks

+ cascade events
x track events

arXiv:1405.5303 .
Equatorial

£30
Hints of clustering near S
the Galactic center [ — T
~8% probability 0 TS=2log(L/LO) 11.2917



Cross-correlation Study

* Sources of ultrahigh-energy (=80 EeV) cosmic rays are nearby

—> Within a ‘GZK radius’ of ~240 Mpc (z~0.06)

* UHECRSs deflect by an angle of the order of 1° in the Galactic
and intergalactic magnetic field (assuming protons)

—> Can potentially point to their sources

—> Much better pointing resolution than the cascade v events (~15°)




UHECRs (> 100 EeV) and Neutrinos

33 UHECRs and 35 Neutrinos * Neutrino Shower

® Neutrino Tracks
T Yakustak

V¥ Volcano Ranch

* Haverah Park

* AGASA

U Fly's Eye

* PAO

* TA

o|®
180

-180°
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UHECRs (> 8o EeV) and Neutrinos

>60 UHECRs and 35 Neutrinos

° X "
Moharana & Razzaque 2015 11



Invariant Statistics

)T

SIENAIaGIIRRGE Al - — (sin 0 cos ¢, sin 6 sin ¢, cos 0

] —1 A A
Angular separation between events: RGOS (fUneutrino ' xUHECR)

Angular resolution of vevent

Statistic: [RVEREEINNY (737/5722) <1is a‘good fit’

Minimize over all UHECRs Keep vdirection fixed

Null distribution: Randomly vary UHECR directions and evaluate delta Chi®2
(keeping detector-specific declination-dependence)
100,000 realizations

Frequentists’ approach to evaluate p-value
Virmani, .., Razzaque et al. 2002 ,,



Cross-correlation Results, >100 EeV

PAO > 100 EeV TA > 100 EeV

P-value= 0.0756 P-value=0.273

Small hint of correlation
between UHECRs and
cosmic neutrino data
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Dominated by PAO data

TA+PAO > 100 EeV All > 100 EeV

P-value=0.11 P-value=0.073

Preliminary ...
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Cross-correlation Results, >100 EeV
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Cross-correlation Results, >80 EeV

PAO > 80 EeV TA > 80 EeV

P-value= 0.127 P-value=0.19

Significance decreases

with decrease of
UHECRS' energy
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P-value=0.13

Preliminary ...
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Source search around UHECR directions

Neutrino
Event #

UHECR Swift X-ray Source Catalog [21]

Dec Experiment Name z

—-1.7 PAO NGC 1142 0.0289 Sy2
NGC 1194 0.0136 Syl UHECRs (>1OO EeV) must be

MCG +00-09-042  0.0238 Sy2 correlated with one or more

NGC 1068 0.0038 Sy2
2MASX J10084862-0954510 0.0573 Syl.8 Vv events
2MASX J16311554+2352577 0.0590 Sy2

2MASX J19471938+4449425 0.0539 Sy2 Sea rCh W|th | na 30 error Ci rC|e
ABELL 2319 0.0557 GC

Cygnus A 0.0561 Sy2 around UHECR directions

21 PKS 2331-240 0.0477 Sy2

2, 24, 25 . 9MASX J19373299-0613046  0.0103 Syl.5 _
34 MCG +01-57-016  0.0250 Syl.8 Use X-ray, gamma-ray, radio

MCG +02-57-002  0.0290 Syl.5 source catalogues (z<0.06)
UGC 12237  0.0283 Sy2

NGC 7479 0.0079 Sy2/Liner

2MASX J23272195+1524375  0.0457 Syl

NGC 7469 0.0163 Syl.2

—20.2 Haverah Park NGC 7679 0.0171 Sy2

Preliminary ...

Neutrino

Event # UHECR Kiihr Radio Source Catalog [22]

RA Dec Experiment Name z

1 456 -1.7 PAO NGC 1068 0.0038
21 352.6 PAO PKS 2331-240 0.0477
34 340.6 12 PAO NGC 7385 0.0255

Table 4. Sources correlated with UHECRs and neutrino events simultaneously. Moharana & Ra zzaque 2015 16




Source search around UHECR directions

Neutrino
Event #

UHECR Swift X-ray Source Catalog [21]

Dec Experiment Name z

AN

—-1.7 PAO NGC 1142 0.0289 Sy2
NGC 1194 0.0136 Syl UHECRs (>1OO EeV) must be

MCG -+00-09-042  0.0238 Sy2 correlated with one or more
NGC 1068 0.0038 Sy2

2MASX J10084862-0954510 0.0573 Syl.8 Vv events
2MASX J16311554+2352577  0.0590 Sy2

2MASX J19471938+4449425 0.0539 Sy2 Sea rCh W|th | na 30 error Ci rC|e
ABELL 2319 0.0557 GC

cyems A 00561 ( 5y2) W around UHECR directions

21 PKS 2331-240 0.0477 Sy2

2, 24, 25 . 9MASX J19373299-0613046  0.0103 Syl.5 _
34 MCG +01-57-016  0.0250 Syl1.8 Use X-ray, gamma-ray, ra dio

MCG +02-57-002  0.0290 Syl.5 source catalogues (z<0.06)
UGC 12237  0.0283 Sy2

NGC 7479 0.0079 |Sy2/Liner

2MASX J23272195+1524375  0.0457 Syl

NGC 7469 0.0163 Syl.2
—20.2 Haverah Park NGC 7679  0.0171 | Sy2)

Preliminary ...

Neutrino

Event # UHECR Kiihr Radio Source Catalog [22]

RA Dec Experiment Name z Sources are dominantly Weak

1 456  —17 PAO NGC 1068 0.0038 :
21 352.6 PAO PKS 2331240  0.0477 AGNs (Syfert galaxies)

34 340.6 12 PAO NGC 7385 0.0255

Table 4. Sources correlated with UHECRs and neutrino events simultaneously. Moharana & Ra zzaque 2015 17




Summary

< Neutrinos are messengers of energetic cosmic events

< Identify the location of particle acceleration, probe emission
mechanism, constrain source environment

<> Birth of neutrino astronomy (~2013)

< > 5 sigma detection of cosmic neutrinos by IceCube

<~ Large angular error prohibits direct identification of point sources

<~ Extragalactic neutrino sources




Neutrino Detection Principle

IceCube array vN charge/neutral current (CC/NC) interactions

vN CC
interaction

u
\ /

Cherenkov light cone
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~ 80% of v energy to secondary lepton
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Neutrino Flavor Identification

time

R
CC Muon Neutrino Neutral (:urreqt/ CC Tau Neutrino
Electron Neutrino

'!"'; '.
;E’”:‘-.f!’ i!
’

v+ N> p+ X Ve - N —>el X vr+ N —>174+X
Uy + N = in+X

track (data) cascade (data) “double-bang™ and other
signatures (simulation)
factor of = 2 energy resolution =~ *15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution (not observed yet)

(at energies = 100 TeV)




Atmospheric Neutrinos

Cosmic ray interactions in
the earth’s atmosphere

Foreground to the
astrophysical neutrino signal

Cosmic-ray spectrum ~ E727
Conventional (/K deca

30000 m

Secondary
cosmic rays
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Atmospheric Neutrino Flux

IceCube Preliminary
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Diffuse Flux of Cosmic Neutrinos
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