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cosmic rays interact with the
microwave background

p+y—=n+xaand p+1°

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy|appear

1 event per|cubic kilometer|per year

...but it points at its source!
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supernova
remnants

Chandra 1
Cassiopeia A

ray
bursts



flux < 1% of astrophysical
neutrino flux observed
Nature 484 (2012) 351-353

timing/localization
from satellites

—

timing + direction~"

— low background




active galaxy

particle flows near

supermassive
black hole



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

% black hole
neutron star

o target radlatlnn

p+y-—=2n
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5160 PMs
in 1 km?3

lceCube

S o lceTo
3. ¢ 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



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



389 TeV

radius ~ number of photons
time ~red - purple

Run 113641 Event 33553254 [Ons, 16748ns|



» shielded and optically
transparent medium
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Signals and Backgrounas

cosmic ray

astrophysical
neutrino

atmospheric T8
neutrino

atmospheric
muon




muons detected per year:

« atmospheric* u ~ 101
e atmospheric*™* v 2 u ~10°
* cOSMIcC ) ~ 10

* 3000 per second ** 1 every 6 minutes
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cosmic neutrinos in 2 years of data at 3.7 sigma
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highest energy muon energy observed: 560 TeV

- PeV Vi




after 6 years: 3.7-> 6.0 sigma
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tracks and showers
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PeV v, and v_ showers:

« 10 m long

« volume ~5m3

* isotropic after 25~ 50m




cosmic rays interact with the
microwave background

p+y—=n+xaand p+1°

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy|appear

1 event per|cubic kilometer|per year

...but it points at its source!



GZK neutrino search: two neutrinos with > 1,000 TeV

date: August 9, 2011
energy: 1.04 PeV

topology: shower
nickname: Bert
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systematic analysis looking for more such events

Veto
v’ select events interacting

inside the detector only I I

v no light in the veto region :I

v veto for atmospheric
muons and neutrinos
(which are typically accom-

panied by muons) I J
8]

v energy measurement: to-
tal absorption calorimetry



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year
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after 6 years: 3.7-> 6.0 sigma
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430 TeV

1 event:
~ 5 sigma
discovery

> PeV Vu
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0 -2log(L/LO) 12.3923
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oscillate over cosmic
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correlation with Galactic plane: TS of 2.5% for a width of 7.5 deg

HI column density [cm_2]

Galactic

le+22



« we observe a diffuse flux of neutrinos from
extragalactic sources

* a subdominant Galactic component cannot be
excluded

» where are the PeV gamma rays that accompany
PeV neutrinos?



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

% black hole
neutron star

o target radlatlnn

p+y-—=2n
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electromagnetic
cascades in CMB
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we observe a flux of cosmic neutrinos from the
cosmos whose properties correspond in all
respects to the flux anticipated from PeV-energy
cosmic accelerators that radiate comparable
energies in light and neutrinos

the energy in cosmic neutrinos is also comparable
to the energy observed in extragalactic cosmic rays
(the Waxman-Bahcall bound)

at some level common Fermi-lceCube sources?



B BL Lac class of
Blazars dominates
the high-energy
gamma-ray

ermissi

B 86% (+16%/-14%)
above 50 GeV

B Large uncertainties
in radio-galaxy and
star-forming galaxy
contributions

B Real diffuse
contributions must
be small

m UHECR interactions
m WIMP annihilation
m ctc.
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we observe a diffuse extragalactic flux

active galaxies, most likely some form of blazars?

correlation to catalogues should confirm this

.... but correlation of cosmic neutrinos to < 30% of
all Fermi blazars (subset if beaming angle neutrinos
< light ?)
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 a next-generation IceCube with a volume of 10 km?3
and an angular resolution of < 0.3 degrees will see
multiple neutrinos and identify the sources, even
from a “diffuse” extragalactic flux in several years

* need 1,000 events versus 100 now in a few years

 discovery instrument - astronomical telescope



absorption length of Cherenkov light
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measured optical properties = twice the string spacing

[m]

(increase in threshold not important: only eliminates energies
where the atmospheric background dominates)
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did not talk about:

measurement of atmospheric oscillation
parameters

supernova detection

searches for dark matter, monopoles,...
search for eV-mass sterile neutrinos
PINGU/ORCA




Conclusions

« more to come from IceCube: many analyses have not exploited
more than one year of data

e analyses are not in the background-dominated regime
« next-generation detector(s):
1. discovery - astronomy (also KM3NeT, GVD, ASHRA)
2. neutrino physics at (relatively) low cost and on short
timescales (PINGU/ORCA)

3. potential for discovery

e neutrinos are never boring!



The lceCube-PINGU Collaboration
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happens when
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stay tuned- rapid progress

« more to come from IceCube: many analyses have not exploited
more than one year of data

e analyses are not in the background-dominated regime
« next-generation detector(s):
1. discovery - astronomy (also KM3NeT, GVD, ASHRA)
2. neutrino physics at (relatively) low cost and on short
timescales (PINGU/ORCA)

3. potential for discovery

e neutrinos are never boring!
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