Neutrinos from Heaven and Hell

francis halzen

why would you want to build a
a kilometer scale neutrino detector?

lceCube: a cubic kilometer detector

the discovery (and confirmation) of
cosmic neutrinos

beyond IceCube

lceCube.wisc.edu
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cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with

EeV|(10° TeV) energy

appear

T—>U+v, %{e+v_u+ve}+vu

1 event per

cubic kilometer

per year

...but it points at its source!




accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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lceCube: the discovery of cosmic neutrinos
francis halzen

* IceCube: a discovery instrument

lceCube.wisc.edu




M. Markov . B. Pontecorvo
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* shielded and optically
transparent medium
muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

Interaction

« [attice of photomuiltipliers




5160 PMs
in 1 km3
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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
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muon track: time is color; number of photons is energy




93 TeV muon: light ~ energy

Type: NuMu
F( rwe\\")j
Zen: .45 deg
Azl : .12 deg 3
NTrack; 1/1 own, min E(Ga
MCosc: 00/427 shown, min




energy measurement (> 1 TeV )
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to measurement of the muon
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte tarlo Truth -
Reconstructed

Total True Energy Logs: 107.9 TeV
Total Reconstructed E

100000 | Jljl

E
2.
®
e
3
|
°

AU,

1000 1500 2000 2500 3000 3500
Time (ns)

«— 11km —
improving angular and energy resolution




... you looked at 10msec of data !

muons detected per year:

« atmospheric* u ~ 90"

« atmospheric** v 2> u ~10°

* COSMIC V2 U ~ 10

* 3000 per second ** 1 every 6 minutes




39 TeV

radius ~ number of photons
time ~red - purple

Run 113641 Event 33553254 [Ons, 16748ns |




Events

cosmic neutrinos in 2 years of data at 3.7 sigma
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highest energy muon energy observed: 560 TeV
- PeV Vi




Top view
Side view
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lceCube: the discovery of cosmic neutrinos
francis halzen

» the discovery of cosmic neutrinos

lceCube.wisc.edu




cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with

EeV|(10° TeV) energy

appear

T—>U+v, %{e+v_u+ve}+vu

1 event per

cubic kilometer

per year

...but it points at its source!




th > 1,000 TeV
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GZK neutrino search




tracks and showers
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PeV v, and v_ showers:

« 10 mlong

« volume ~5m3

* isotropic after 25~ 50m




size = energy color = time = direction
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reconstruction limited by computing, not ice !

44,20: 7e+02 PE
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Blue: best-fit direction, red: reversed direction
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1,041 TeV
1,141 TeV
(15% resolution)
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 not atmospheric:
probability of
no accompanying
muon is 103 per
event

VagiRe s

- flux at present
level of diffuse

limit



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




...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



Charge Threshold

™7

total charge —————— :
Bkg. Atmospheric Muon Flux (Tagged Data)
collected Bkg. Atmospheric Neutrinos (m/K)

b PMT f A Bkg. Uncertainties (All Atm. Neutrinos)
y SO Atmospheric Neutrinos (90% CL Charm Limit)

events W|th Signal+Bkg. Best=Fit Astrophysical £ * Spectrum
All Events (Trigger Level)
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Science 342 (2013) 10* 10°
1242856 Total Collected PMT Charge (Photoelectrons)
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430 TeV

1 event:
~ 5 sigma
discovery

> PeV VM




lceCube: the discovery of cosmic neutrinos
francis halzen

« where do they come from?

lceCube.wisc.edu
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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

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 ©



muon-suppressed
<€——  pion decay
(0:1:0)

pion & muon

<€«—  decay
(1:2:0)

neutron
decay




we observe a diffuse extragalactic flux

(a subdominant Galactic component cannot be excluded)

where are the PeV gamma rays that accompany PeV
neutrinos?




hadronic gamma rays ?
nt = = qd




electromagnetic
cascades in CMB
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* we have observed a flux of 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

hadronic accelerators are not a footnote to
astronomy; they generate a significant fraction of
the energy in the non-thermal Universe

 gamma ray sources predict neutrinos. \We are
close to identifying point sources.




* we observe a diffuse extragalactic flux

 active galaxies, most likely blazars, or starburst galaxies?

 correlation to catalogues should confirm this




lceCube: the discovery of cosmic neutrinos
francis halzen

* beyond IceCube

lceCube.wisc.edu




what next?

« a next-generation lceCube with a volume of 10 km?
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 vs 100 now

 discovery instrument > astronomical telescope




absorption length of Cherenkov light

~ SPICE MIE
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* most transparent medium |
in nature, and in the lab '
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Optical Signal

we are limited by computing, not the optics of the ice

Age[kla] 713 714 | 7|5 | 716
Hole
50
66
1 M
2
14
2130 2140 2150 2160 2170

Depth[meters]
Toba eruption



measured optical properties = twice the string spacing

[m]

(increase in threshold not important: eliminates energies
where the atmospheric background dominates)
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PINGU infill
40 strings 2>

m— T/ GeV threshold
™ W I /
i f' [
L m 120 strings
- Depth 1.35t0 2.7 km
80 DOMs/string
300 m spacing

instrumented volume: x 10
same budget as IceCube



did not talk about:

measurement of atmospheric oscillation
parameters

supernova detection

searches for dark matter, monopoles,...
search for e\V-mass sterile neutrinos
PINGU/ORCA
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one half million atmospheric neutrinos...
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In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect

happens when
~ Am?cos 26
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lceCube

Oscillation Probability

DeepCore
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and with PINGU...

mann T2K 2014 mmmm  JceCube 2014
s T2K 2014 - wese  PINGU 3 year, Fogli 2012 global inputs
: projected 2020 www PINGU 3 year, NuFit 2014 global inputs
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Outlook:

capitalize on discovery
astronomy guaranteed

neutrino physics at low cost and short timescale
neutrinos are never boring!

from discovery to astronomical telescopes:
parallel development in the Mediterranean
ANTARES - KM3NeT
Baikal 2> GVD
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distribution of the parent neutrino energy corresponding to
the energy deposited by the secondary muon inside IceCube
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E2 @ [GeV cm?s’ sr'1]
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Galactic search with IceCube (red 3yrs) & ANTARES (blue, 6yrs)
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