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« Nature's accelerators have delivered the
highest energy protons, photons and neutrinos

« closing Iin on the cosmic ray accelerators?

* New tests of three-flavor neutrino framework

* Probing new physics: sterile neutrinos, Lorentz
Invariance, quantum structure of space-time...




“The only thing that requires more optimism than

doing particle astrophysics is to try to summarize
it in 30 minutes”

J.J. Gomez-Cadenas




Nature’s
accelerators?

protons 108 TeV
photons 102 TeV
neutrinos 10%4 TeV



Cosmic Ray Spectra of Various Experiments
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® Proton - satellite
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cosmic ray
accelerators:
where, how?
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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

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

B v 2'n

~ cosmic ray + neutrino

magnetic ’ 9 p

fields ~ cosmic ray + gamma
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lceCube

- ee %0 SFe o IceTo
S0m [= 3‘.-.‘- .':-‘.tr 2 ¢’ #——— 8 Stations

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m
DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors
| Eiffel Tower
& 324 m
2450 m .
5160 PMs
2820 m [_

in 1 km?3



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



date: August 9, 2011
energy: 1.04 PeV
topology: shower
nickname: Bert

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




tracks and showers
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- Cherenkov
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PeV v, and v, showers:

« 10 mlong

« volume ~5m3

* isotropic after 25~ 50m
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High Energy Starting Events

v select events interacting
iInside the detector only

v" no light in the veto region

v' veto for atmospheric
muons and neutrinos
(which are typically accom-
panied by muons)

v energy measurement: to-
tal absorption calorimetry
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« shielded and optically
transparent medium
-  muon travels from 50 m
® @ to 50 km through the
.

» :ﬁ.'o,:k o, water at the speed of light
B F A emitting blue light along

Its track
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Events

cosmic neutrinos in 2 years of data at 3.7 sigma
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muon neutrinos through the Earth - 6 sigma

Assuming best-fit power law:
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for 5.5 years of data: 3.7-> 6.0 sigma and E-? above 200 TeV !
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closing in on the cosmic ray accelerators?
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correlation with Galactic plane: TS of 2.5% for a width of 7.5 deg

HI column density [em 2]

Galactic
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* 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

B v 2'n

~ cosmic ray + neutrino

magnetic ’ 9 p

fields ~ cosmic ray + gamma







electromagnetic
cascades in CMB
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energy in the Universe in gamma rays, neutrinos and cosmic rays




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?



blazars

particle flows near
supermassive
black hole
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Declination (degrees)

expect surprises: produced by Galactic dark matter halo?
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New tests of three-flavor neutrino framework
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» 6 different data samples based on data from 2008 — 2012
- different strategies to suppress the atm. u background
» large samples of track-like and cascade-like events

10 Tk 10 10’
E, [GeV]

assuming isotropic astrophysical flux and v,:v:v_ = 1:1:1 at Earth >

unbroken power-law between 25 TeV and 2.8 PeV
spectral index - 2.5+0.09 (-2 disfavored at 3.8 o)

flux at 100 TeV (6.7 = 1.2)x1018 (GeV - cm2 - s - sr)!

the best fit flavor composition disfavors 1:0:0 at source at 3.6 o



D, interaction pp source

[GeV lem ?s tsr '] type [C-86  240m 360m
1.0 x 1071%(E/100 TeV)—2Y GR 0.88 7.2 16
DIS 0.09 0.8 1.6

1.5 x 1071%(E/100 TeV)—2-2 GR 0.38 31 68
DIS 0.04 0.3 0.7

2.4 x 10~ 1¥(E /100 TeV)~27 GR 0.12 0.9 21
DIS 0.01 0.1 0.2
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Probing new physics: sterile neutrinos, Lorentz
Invariance, quantum structure of space-time...




conclusions e

progress through instrumentation 7N\
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» larger (TA) and improved (Auger) air
shower arrays

 CTA giant ground based photon array

 more (KM3NeT, GVD, ORCA) and next
generation (IceCube-Gen2, PINGU)
neutrino detectors

e gravitational waves!







* speed of photons and neutrinos depends on their

energy, like photons in a crystal

 Planck scale vacuum fluctuations probed by high

energy particles

E°=p°+m°= Ez(i)”ir...
M e

« modification to dispersion relation leads to an energy

dependent speed of light: Lorentz invariance violation
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* the existence of PeV neutrino events yields
dramatic limits on any possible Lorentz
Invariance violation: superluminal particles
lose their energy to Cherenkov radiation, even

In vacuum
v o>ve'e

* sensitivity o increases dramatically with
distance d and observed energy E
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progress through instrumentation 7N\
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» larger (TA) and improved (Auger) air
shower arrays

 CTA giant ground based photon array

 more (KM3NeT, GVD, ORCA) and next
generation (IceCube-Gen2, PINGU)
neutrino detectors

e gravitational waves!




= 2 c 5
>>2 o 349 D 2
> O 05 SSEgrc = o E
s gg§ 2ZE3 58S
= O.I
) ﬂu;l;n_r.V ._mmOS mal
c EIE. © 5 c o 5 =
L Bo®og =2
£ <= olEl
opnmw \7

¢ ..uza“..g—rﬂwvar.a
o o 009 h.\gj.n...— e

00

...3&




limits on o (relative velocity between flavors only)

test of:
equivalence
principle, quantum
gravity and Lorentz
Invariance

spacetime Is smooth
at energies near and
slightly above the
Planck mass.

“general relativity
will not last tao
hundred years”

M. Turner
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