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High Energy Cosmic Ray Mystery
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• Where are they coming from ?

• What cosmic sources accelerate 
these particles to energies in the 
EeV range ?



Carsten RottCarsten Rott March 10, 20154



Carsten Rott March 10, 2015

Sources of High Energy Neutrinos
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Astrophysical Atmospheric Neutrinos
Cosmic rays interact 
in the upper 
atmosphere:

p + A → π± (K±) + 
other hadrons  ... π
+→μ+νμ→e+νeνμνμ

IceCube νe              

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
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Neutrino Telescopes
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Neutrino Telescopes
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The IceCube Neutrino Telescope
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Sungkyunkwan University - 
IceCube Member since 

2013

National Research Foundation (NRF)



Carsten Rott March 10, 201513



Carsten Rott March 10, 201514



Carsten Rott March 10, 2015

300 Club
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IceCube

1 km
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The IceCube Neutrino Telescope

• Gigaton Neutrino Detector at 
the Geographic South Pole

• 5160 Digital optical modules 
distributed over 86 strings

• Completed in December 2010, 
start of data taking with full 
detector May 2011

• Data acquired during the 
construction phase has been 
analyzed

• Neutrinos are identified through 
Cherenkov light emission from 
secondary particles produced in 
the neutrino interaction with 
the ice

17

EThr ~ 100 GeV

EThr ~ 10 GeV

νμ

μ

Strings Dataset

1 2005-2006

9 2006-2007

22 2007-2008

40 2008-2009

59 2009-2010

73 + 6 2010-2011

78 + 8 2011 - .....
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DOM

18

DOM @ SKKU
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South Pole 10m Telescope

IceCube Laboratory (ICL)

IceCube Enhanced Hot 
Water Drill (EHWD)

TOS - Drilling site (79 & 
80 in 10/11)

MAPO

Photo: Ben Tibbets
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Drilling & Deployment

20

Drilling to 2500 m   < 40h
String deployment   ~ 12h

• Hole size   ~60cm
• Depth      ~2.5km
• Straight to      1m
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The Ice

21

digital 
receiver

baffles
(nylon brushes)

laser

absorption length ~ 210m
scattering length ~20-40m
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Signals in IceCube

Downgoing 
Muons

IceCube Depth:
1.5-2.5 km

South 
Pole

North Pole
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μ

ν

Up-going events can be used to obtain 
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create 
irreducible neutrino background to 
extra terrestrial neutrino fluxes

μ

ν

μ

IceC
ube

p + A → π± (K±) + other hadrons  ... π+→μ+νμ→e+νeνμνμ

Atmospheric muons ~ 1011/year
Atmospheric neutrinos ~ 105/year
Astrophysical neutrinos ~ 100/year

Atmospheric
Neutrinos
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Calibration and  Performance

23

• Calibration Sources:

• 12 LED flashers on each DOM

• In-Ice Calibration Laser

• Cosmic Rays

• Moon Shadow

• Atmospheric Neutrinos

• Minimum-ionizing Muons

Physical Review D89 (2014) 102004

• Moon blocks cosmic rays - Observed muon deficit 
14σ significance

• systematic pointing error <0.1°
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Physics Potential and 
Selected Results

24
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IceCube Science
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Cosmic Rays

Cosmic ray 
composition

Arrival 
directions

Origin 

Atmospheric 
neutrinos

Atmospheric 
neutrino 
spectrum

Charm 
production

neutrino cross 
sections

Particle Physics

Dark Matter

Neutrino 
oscillations

Neutrino 
properties

Astronomy

Supernovae 
monitoring

Transient 
events, GRBs, 

AGNs

Neutrino Point 
Sources

Applied science

Earth density 
profile

Glaciology

Atmospheric 
conditions

Cosmology

GZK 
neutrinos

Very diverse science program, with neutrinos from 10GeV to EeV, 
and MeV burst neutrinos
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Achievements

26

 Phys. Today 66(5), 14 (2013)
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Event Topologies in IceCube

27

νe ντ CC-int & νi NC-int

νμ CC-int

Track topology
(e.g. induced by muon neutrino)

Good pointing,
 0.2° - 1°
Lower bound on energy for 
through-going events

Cascade topology
(e.g. induced by electron 
neutrino)

Good energy resolution, 15%
Some pointing,
10° - 15°
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Astro-physical Neutrino Search

28
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Finding Astrophysical Neutrinos

29

• How to overcome the large 
atmospheric neutrino 
background

• We need to rely on 
statistical methods to pick 
out neutrinos from this 
mess

• Do neutrinos cluster 
anywhere in space, time, 
or arriving in coincidence 
with astronomical events 
or objects ?

• Do we see any spectral 
features ?

1 evt 3 evt
2 evt

1 evt

1 evt

Time

Events

single dominant source

cumulative flux

1. Point Source

transient source
2. Time clustering

3. Spectral feature
#e

ve
nt

s

energy

background

signal
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Point Source Search

30

IC40+59+79+86 significance:
all-sky through-going muons

hotspots consistent with originating from a 

random coincidences after considering trial 

factors



distant GRB

IceCube

γ, ν

ν

Gamma-ray
satellites

GRB timing/localization information
from correlations among satellites

Neutrinos in 
coincidence 

with
gamma-ray 

bursts?

Neutrinos in coincidence with 
gamma-ray bursts?

Direction plus time (10-100s) cuts
 – much reduced background

Where are the neutrinos?
Are GRBs really
cosmic ray sources?
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Transient Search

32

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.
In the GRB fireball, protons are believed to be accelerated

stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalizedmodels are shown in Fig. 3; eachmodel
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).
An alternative is to reduce the neutrino production efficiency, for

example bymodifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing theneutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits onC are established by pair
production arguments9, but the upper limit is less clear. Although it is

Nature nature11068.3d 30/3/12 13:09:03
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
timewindowofDt implies observed events arrivingbetween t secondsbefore the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtainedwith exactly themean expected background.The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalizedWaxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9.Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.?
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Figure 3 | Compatibility of some models of cosmic-ray fluxes with
observations. The cross-hatched area (‘IC50159Allowed 90%CL’) shows @the
90% confidence allowed values of the neutrino flux (vertical axes, as in Fig. 1)
versus the neutrino break energy (eb) in comparison to model predictions with
estimated uncertainties (points); the solid line labelled ‘IC50159 Allowed 95%
CL’ shows the upper bound of the 95% confidence allowed region. Data were
taken from the model-independent analysis from the time window
corresponding to the median duration of the GRBs in our catalogue
( |Dt | 5 28 s). Spectra are represented here as broken power laws (Wn?{E

21/eb,
E, eb; E

22, E. eb}) with a break energy eb corresponding to the D resonance
for p–c interactions in the frame of the shock. The muon flux in IceCube is
dominated by neutrinos with energies around the first break (eb). As such, the
upper break, due to synchrotron losses of p1, has been neglected here, as its
presence or absence does not contribute significantly to themuon flux and thus
does not have a significant effect on the presented limits. eb is related to the bulk
Lorentz factorC (eb / C2); all of themodels shown assumeC< 300. The value
of C corresponding to 107 GeV is.1,000 for all models. Vertical axes are
related to the accelerated proton flux by the model-dependent constant of
proportionality fp. For models assuming a neutron-decay origin of cosmic rays
(ref. 8 and ref. 10) fp is independent ofC; for others (ref. 4) fp / C24. Error bars
on model predictions are approximate and were taken either from the original
papers, where included10, or from the best-available source in the literature15

otherwise. The errors are due to uncertainties in fp and in fits to the cosmic-ray
spectrum. Waxman-Bahcall4 (circle) and Rachen8 (box) fluxes were calculated
using a cosmic-ray density of (1.5–3)3 1044 ergMpc23 yr21, with 33 1044 the
central value20. The Ahlers10 model is shown with a cross. CL, confidence level.
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Nature'Vol!484,%351%(2012)%%

90%!c.l.!=!0.27!model!

8.4%events%expected%%
0%events%observed%

GRB%fireball%neutrinos%
%%%Theory%is%being%revisited%
%%%RecalculaFons%change%predicFon%significantly%
GRBs%are%THE%source%of%highest%energy%CR%
%%%Excluded%for%neutron%escape%models%

IC40 data 2008-2009 (117 GRBs in northern sky) and IC59 data 2009-2010 (98 GRBs in the 
northern and 85 from southern sky) analyzed. No coincidence found 

Neutrino energy (GeV)

Waxman & Bahcall
IC40 limit
IC40 Guetta et al.
IC40+59 Combined 
limit
IC40+59 Guetta 
et al.

IceCube Collaboration - Nature Vol 484, 351 (2012)

5.2 event expected
0 events observed

4yrs

2yrs:
5.2 expected
0 seen
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Search for highest energy neutrinos

• Ernie ~1.15 PeV (~1.9·10-4J)

• Bert ~ 1.05 PeV (~1.7·10-4J)

• Energy is the visible energy 
of the cascade, could 
originate from NC event, ντ 
CC, or νe CC

• Angular resolution on 
cascade events at this energy 
~10°

• Energy resolution is about 
15% on the deposited energy

33

IceCube Coll. Phys.Rev.Lett. 111 (2013) 021103 / arXiv 1304.5356

Dataset / Results  
(670days of IC79/IC86 data)
expected 0.08 events
observed 2 events (→ 2.7σ)
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Follow up analysis to trace high-energy excess

• Probe the energy region of about 30TeV to 1PeV, all flavors 
and all directions, by vetoing down-going high-energy muons

34

Signal

µ

νµ

dust layer

Background
veto

µ

dust layer

90m

10m

80m
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Veto and Self-veto

35
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High-energy neutrino search

36

IceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

37 events (9 track-like, 28 showers) observed
Expectation from conventional 
atm. muons and neutrinos 15.0 

• Mesons including charm quarks in the 
atmosphere decay immediately to produce 
neutrinos, known as prompt neutrinos which 
are not observed yet.

• ERS, or Enberg et al. Phys. Rev. D 78, 043005 
(2008) is used as a baseline prompt model

• Significance are based on the exact neutrino 
flux model, not including the uncertainty of 
the model.

• Atmospheric Bkg : CR Muon ( 8.4±4.2 ), 
Conv. Neutrino (6.6+5.9-1.6),

• Over 60 TeV < E < 2000 TeV, the spectrum 
consistent with E-2 or E-2.3

• E-2 spectrum predicts too may neutrinos 
above ~2 PeV.  So, a cutoff or steeper 
spectrum needed.

5.7 sigma rejection of 
atmospheric-only hypothesis

best fit flux: E2Ф = 10-8 GeV cm-2 s-1 sr -1
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Press coverage

37

YTN Science (TV) 
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Event  Types

38

E = 1.1 PeV

E = 1.0 PeV

E = 2.0 PeVE = 250 TeV
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Flavor Ratio

39

• Now allow the fraction of astrophysical neutrino flavor at surface
• Consistent with 1:1:1 and all possible source flavor compositions
• Pure νe on surface disfavored at 90% CL
• Pure νµ on surface disfavored at >99% CL

IceCube Preliminary

IceCube Preliminary

Floating Astrophysical Flavors
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Up-going muon  neutrino analysis

40

atmospheric
   neutrinos
 as expectedE2Ф = 10-8 GeV cm-2 s-1 sr -1  

astrophysical      
neutrinos  

Prompt  neutrinos
0.45 x ERS  

3.9
sigma

 Hint from IC59  (1.8 sigma); now IC79/86-1 
upgoing muon neutrinos give 3.9 sigma
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Sources of the high-energy Neutrinos ?

41
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Clustering 

42

cascades
p-value = 7%

 IceCube Collaboration, Science 342, 1242856 (2013)

x track event
+ shower event
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Origin of the high-energy neutrinos ?

43

Galactic
Galactic Center

Galactic Plane

Extra Galactic
Gamma Ray Burst

Active Galactic Nuclei /
Starburst Galaxies

Neutrino energy (GeV)

Waxman & Bahcall
IC40 limit
IC40 Guetta et al.
IC40+59 Combined 
limit
IC40+59 Guetta 
et al.

IceCube Collaboration - Nature Vol 484, 351 (2012)
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PeV Neutrino Explanations
• New IceCube data and color octet neutrino interpretation of the 

PeV energy events  A.N. Akay, O. Cakir, Y.O. Gunaydin, U. Kaya, M. 
Sahin, S. Sultansoy. arXiv:1409.5896

• Mind the gap on Icecube: Cosmic neutrino spectrum and muon 
anomalous magnetic moment in the gauged L_{\mu} - L_{\tau} 
model  Takeshi Araki, Fumihiro Kaneko, Yasufumi Konishi, Toshihiko 
Ota, Joe Sato, Takashi Shimomura. arXiv:1409.4180

• Galactic PeV neutrinos from dark matter annihilation  Jesus Zavala  
Phys.Rev. D89 (2014) 123516  arXiv:1404.2932

• Color octet neutrino as the source of the IceCube PeV energy 
neutrino events  A.N. Akay, U. Kaya, S. Sultansoy  arXiv:1402.1681

• Geometric Compatibility of IceCube TeV-PeV Neutrino Excess and 
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Heavy Dark Matter
• Heavy Decaying Dark Matter 

(example χ→νh)

• focus on most detectable feature 
(neutrino line)

• Backgrounds steeply falling with 
energy, highest energy events 
provide best sensitivity

• Continuum and spacial distribution 
could help identify a signal

• Bounds from Fermi-LAT and 
PAMELA derived from search for 
bb annihilation channel (dominant 
decay channel of Higgs).

Bound on  lifetime 
~1028s

Rott, Kohri, Park (1408.4575)

Heavy DM bounds with neutrinos, see also 
Murase and Beacom JCAP 1210 (2012) 043
Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
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Hunt for Dark Matter with Neutrinos
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Solar WIMP Signal
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Solar WIMP Capture

48

• WIMPs can get gravitationally 
captured by the Sun
• Capture rate, ΓC ,depends on 

WIMP-nucleon scattering cross 
section 

• Dark Matter accumulates and 
starts annihilating 
• ! Only neutrinos can make it 

out 
• Equilibrium: The capture rate 

regulates the annihilation rate 
(ΓΑ=ΓC/2) 
• The neutrino flux only depends 

on the WIMP-Nucleon 
scattering cross section

The capture rates scales as:
ΓC ~ρχmχ-1σA    for mχ ~ mA

ΓC ~ρχmχ-2σA    for mχ >> mA

number density + kinematic suppression
mA - is the target mass
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Rott, Siegal-Gaskins, Beacom PHYSICAL REVIEW D 88, 055005 (2013)
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IceCube Result
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 Phys. Today 66(5), 14 (2013)

Neutrino 
bounds 

extremely 
competitive 
with Dark 

Matter direct 
detection

&
Can test 
models 

beyond the 
reach of LHC
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Future Plans
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Future of IceCube
• Make it better

• Precision detector 
with ~GeV 
threshold 

• Make it bigger

51
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PINGU - Precision IceCube Next 
Generation Upgrade 

IceCube String

DeepCore String

Infill String (PINGU)

~ 2 scattering length

52

• PINGU upgrade plan

• Instrument a volume of about 
5MT with ~40 strings each 
containing 60-100 optical modules

• Rely on well established drilling 
technology and photo sensors 

• Create platform for calibration 
program and test technologies for 
future detectors

• Physics Goals:

• Precision measurements of 
neutrino oscillations (mass 
hierarchy, ...)

• Test low mass dark matter models

An example PINGU geometry (40 strings)
Note: PINGU geometry is still being optimized

λscateff ≈ 47m  

λabs ≈ 155m @400nm

-50     0      50    100   150

0

-50

-100

-150

50
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y(m)

© [2011] The Pygos Group
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Advantages of PINGU
• Well-established detector and construction 

technology (low risk)

• Relatively low cost: ~$10M design/startup plus 
~$1.25M per string

• Rapid schedule

• Quick accumulation of statistics once complete

• Provides a platform for more detailed 
calibration systems to reduce detector 
systematics

• Multipurpose detector: Neutrino Properties, 
Dark Matter, Supernovae, Galactic Neutrino 
Sources, Neutrino Tomography, ...

• Opportunity for R&D toward other future ice/
water Cherenkov detectors

• PINGU LOI released arXiv:1401.2046

53

PINGU LOI

http://arxiv.org/abs/arXiv:1401.2046
http://arxiv.org/abs/arXiv:1401.2046
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PINGU Multipurpose Experiment
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Spin-dependent scattering Tomography
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Neutrino Spectrometry
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Rott et al. e-print 1502.04930 

Hydrogen content [wt%] 0           5       10        15
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Camera System
• Refrozen ice (hole ice) is a major 

source uncertainty

•  There is good reason to expect that 
the situation for each sensor module 
can be rather different

• Understand the ice conditions in 
the vicinity of every sensor

• Where is the sensor with 
respect to the hole ice ?

• Are there any impurities, 
cracks, bubbles, etc ...

• Where is the cable located ?

56
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Conclusions

57

• IceCube has reigned in a new era 
in astro-particle physics

• What’s the origin of the high-
energy neutrino excess ?

• Let’s find out !

• Great prospect for future 
upgrades

• PINGU in-fill aims at creating a 
large volume detector with a 
threshold of few GeV

• High-energy extension for PeV 
neutrinos
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Thanks !
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