Beyond lceCube

francis halzen
the discovery of high-energy cosmic neutrinos
where do they come from?
neutrino stars?
cosmogenic neutrinos

beyond IceCube

low threshold frontier (PINGU)

lceCube.wisc.edu
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lceCu bEI transforms 1 km3 of natural
Antarctic ice into a Cherenkov detector

IceCube Lab

IceTop
81 Stations
324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energi
/ 480 optical sensors

Eiffel Tower
o 324 m

Bedrock
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highest energy muon energy observed: 560 TeV




 find contained
events (420 Mton)

» total calorimetry
e complete sky coverage

 flavor determined

* some will be muon | J
2|

neutrinos with good
angular resolution

loss in statistics is compensated by event definition
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atmospheric neutrinos are
accompanied by muons from
the shower that produced them:
none seen

(no signals in IceTop)




...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year
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lceCube performance

* 5160 optical sensors
between 1.5 ~ 2.5 km
« 10 GeV to infinity
< 0.5 degree on-line
< 0.3 degree off line
for muon tracks
(10~15 degrees for
showers)
« < 15% energy resolution

Digital Optical Module (DOM)
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Differential Energy Reconstruction of 5 PeV Muon in 1C-86
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improving angular and energy resolution




BREAKTHROUGH
OF THE YEAR

IcECUBE

... for science and for the experimental accomplishment of building IceCube ...




Beyond lceCube

francis halzen

* where do they come from?

lceCube.wisc.edu
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sources that
accommodate
the observed
energy budget
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where do they come from?

A\

+: p-value 80%:__(post trial) \
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Equatorial

0 TS=2log(L/LO) 12,4



where do they come from (3 year data)?

Galactic

0 TS=2log(L/LO) 11.2917



HI column density [em 2]
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Galactic



boundary with no gamma ray
observations in Southern sky

Galactic coordinates
PeV t
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you have one guess: starburst galaxies ?

E_[GeV]




expect surprises: produced by Galactic dark matter halo?
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where do they come from?

not all Galactic

structure of the spectrum applies directly to the
accelerator, no cascading like for photons

where are the PeV photons?
we may be surprised, it happened before

need more events: no SCO-X1, more like Martin
Ryle’s radio stars




Beyond lceCube

francis halzen

* neutrino stars?

lceCube.wisc.edu
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Figure 2: Sky plot of all events that pass level 4 quality cuts.
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auto correlation: detect association with known sources

total number of events required to observe
n-events multiplets from the closest sources is

for a observed diffuse cosmic flux and 0.4 degrees
angular resolution

examples of local source densities (per Mpc?):

» 107 — 10~ Mpc— for normal galaxies
» 107 — 10~* Mpc " for active galaxies
» 107" Mpc~ for massive galaxy clusters

» > 107> Mpc~ for UHE CR sources



cross correlation with catalogues:

for 100 local sources (e.g. Auger and TA)
a total of 20~50 events are required

time dependence for flaring sources!



a next-generation lceCube with a volume of 10 km?
and an angular resolution of < 0.5 degrees will
identify the sources of a “diffuse” flux in several years
and guarantee astronomy.




Beyond lceCube

francis halzen

e cosmogenic neutrinos

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 (1078 eV) energy appear

T—=U+v,—={e+v,+U,}+0,

1 event per cubic kilometer per year
...but it points at its source!
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Livingston plot : /@ ‘GZK vbeam”

ral_ €nergy versus year  / (Ecar~100-200 TeV)
(Salzberg) /

1 PeV
~ 3 events per year
In next-generation
lceCube

ILC

ARA - IceCube
coincidences

joint PeV-EeV
search

modified from ultimate beyond the
P. Panofsky SM measurement

1 | | |

2010




arXiv:0904.1309 | Hybrid event example: 10 12 eV neutrino] 3.5 x 10 ¥ eV shower
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Beyond lceCube

francis halzen

* beyond IceCube

lceCube.wisc.edu
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measured optical properties = twice the string spacing
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=12,6 km3



120 strings
Depth 1.351t0 2.7 km

80 DOMs/string
300 m spacing

49




Optical Signal

Age[kla] 7|3 714 | 7|5 | 716
Hole
50
66
1 M
2
14
2130 2140 2150 2160 2170

Depth[meters]
Toba eruption



Beyond lceCube

francis halzen

* |ow threshold frontier (PINGU)

lceCube.wisc.edu




heutrinos: the sun and the Earth
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oscillations in DeepCore [> 5 sigmal]
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neutrino oscillations in Deep Core
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resonance in effective 813 angle traversing the Earth diameter at 10 GeV




hierarchy: sign A7

A




—keV MeV GeV

existing
in planning

m(v,) m(v,) m(v,)

’*“f::n'(:’“(‘[:;" ' » First maximum for P(v, — v,) @ 12 GeV
sin 20, = 0.1 . _ .
a2 =6 00D (L = Earth diameter)
" e » For v NH and IH approximately swapped
7 — effect cancels if N(v) = N(V)
o A . » Fortunately, ®(Vatm) > ®(Vatm)

\ and o(v) > o(V)

N, Mena et al., arXiv-0803.3044




~ 8 GeV : hierarchy revealed by
“large” matter effects in the Earth

. 2
sin” 26/, = SIn” 2615

\V2G,n,

sin® 26, + [ cos 26, +
A13

(mostly) neutrino + antineutrino -

sign A5 : hierarchy !
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Next-Generation IceCube

capitalize on discovery
astronomy guaranteed
~ 120 strings: more sensors per string with higher

quantum efficiency

proven techniques, low risk

flexibility of deployment per seasons: optimization
cost similar to original detector




The lceCube-PINGU Collaboration
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0.05 <Q,h* <0.20
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Discovery of atmospheric neutrinos

February 23, 1965

East Rand Proprietary Mine,
South Africa, Depth = 3200 meters

Case-Witwatersrand Collaboration
(later Case-Wits-Irvine)
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