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* |ntroduction IceCube/DeepCore

» Measurements of Neutrino Oscillations with
lceCube and DeepCore

* Outlook for iImprovements with
lceCube/DeepCore

 The PINGU detector for precision oscillation
measurements including neutrino mass
hierarchy

 The MICA conceptual detector for supernova
neutrinos and proton decay



The IceCube Collaboration & PINGU
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The IceCube Neutrino Observatory
and It's DeepCore subdetector

86 strings, >5000 PMTs

lceCube optimized for
TeV — PeV energies, 125
m string spacing, ~17 m
vetical spacing

DeepCore sub-detector: 8
dedicated strings with 40-
/0 m string spacing, 7 m
vertical PMT spacing plus
7/ adjacent IceCube
strings

lceCube serves as a
muon veto for DeepCore

leeCube Array

86 strings including 8 DeepCore strings
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lceCube Digital Optical Modules
(DOMSs)
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In-ice high voltage P = Fiashe
generation g 5

In-ice digitization of e =1\
waveforms (ATWD, : = e

Coincidence check with 4
(next-to-)nearest
neighbors (hard local
coincidence)

Flasherboard with 12
LEDs as calibraton light
source 5

Glass Pressure Housing



Oscillatons of atmospheric neutrinos

e Cosmic Ray interactions in
the atmosphere provide high
flux of neutrinos from all
directions at a large range of
enegies (sub-GeV to tens of
TeV)

« Variation of direction (zenith
angle) and energy results in
direction- and energy
dependent oscillation effects

e First minimum of muon
neutrino oscillation curve
around 25 GeV for vertical
events




Muon disappearance in lceCube
- first analysis -
PRL 111 (2013) 081801

Reconstructions from
ceCube
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-e low-energy sample

"',,,, — high-energy sample

rate [Hz]

_ow-energy (20-100
GeV) event selection
with low efficiency, but
selecting well-
reconstructed events

Additional standard high-
energy (>1OO GeV) - ' 3igg(n:mrin;gnergﬁyftae?s}?
lceCube event selection
for reduction of

systematic uncertainties
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Data and MC expectation

low-energy sample high-energy sample

rate (Hz)

Eﬁ non-oscillation case, norm uncertainties

rate (Hz)

on-oscillation case, shape uncertainties
orld average oscillations, norm uncertainties
orld average oscillations, shape uncertaint

data

14 09 08 -07 -06 -05 -04 -03 -02 -0.1 0 09 08 07 <06 -05 04 -03 02 01 0
cos(reconstructed zenith angle) cos(reconstructed zenth angle)

 Statistically significant angle-dependent suppression at low

energy, high-energy sample provides constraint on
uncertainties in simultaneous fit

« Shaded bands show range of uncorrelated systematic

uncertainties; hatched regions show overall normalization
uncertainty



Muon disappearance in lceCube
- first result -
PRL 111 (2013) 081801

. MINOS;?Z" ﬁ:o%o ® best fit Antares
H |g h -eéne rgy I CeC.U b € i:f:r:s: 530% , 90% * best fit IceCube
event reconstructions Antares, 90% e best fit MINOS

- IceCube-79, 68%
applied to DeepCore loaCube.79, 90%

Oscillation parameters fit
to zenith distribution

Systematics included

Excellent agreement to
world average
measurments

Large uncertainties in
the IceCube
measurement




Further lceCube v, disappearance

results so far

» All analyses 1 year of
data

*=+ MINOS 2012, 90%

° FOCUS on technlque SE —— BiarRTOT zerith 2 00

T2K 2013, 0,3 >7/4, 90%

ANTARES, 90%

d eve I O p m e nt | —— IceCube-79, y* zenith, 90%

—— IceCube-79, LLH zenith+energy, 90%, prel.

~ 3 —— IceCube-86, 90%, prel. A
\

 |Inclusion of energy
observable, 2D fit
(zenith, energy)

* Improvement mainly
for the maSS Splitting 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

sin (263)
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* Focus: efficiency
Improvement

* Highest event
selecion efficiency
reached so far

 L/E visualizes the | | e o total dimiation. 16 osc.
TP ton e ++ exp. dat
oscillation effects —

33rd ICRC conference,
contribution 0848
Included in arxiv:1309.7008




|C86 oscillation results
* Focus: new

reconstruction
techniques using T R R | I
unscattered Lt T [ sadkrouns
phOtOnS = I éfceCub‘aia"Preﬁmér'naryf'jé'i""-':?""' '

° GOOd angLIIar E— N3:utrino4energy5(?3e\f') (?\C/J|C tru?tc;])
resolution at | .

5 T : IceCube Preliminary

owest energies e

» Highest event B

rates at ~10 GeV oo Toe or o3

cos(f,)  (MC truth)

33rd ICRC conference,
contribution 0450
Included in arxiv:1309.7008




|C86 oscillation results

* Focus: hew
reconstruction
techniques using
unscattered
photons

» Good angular
resolution at
owest energies

* Highest event
rates at ~10 GeV

33rd ICRC conference,
contribution 0450
Included in arxiv:1309.7008
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*Normalization has been fixed at the horizon
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Status of oscillation analyses with
DeepCore

» First result published

» Second generation analyses use 2D
parameter scan (6 and E )

rec rec

* Transition to multi-year analyses
soon, combining the strengths of the
different approaches
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AMANDA v,

o unfoldin?
[ forward folding

Note: DeepCore has detected electron
neutrinos at energies from 80 GeV to 6
TeV (cascade channel), see PRL 110 [
(2013) 151105 o S W 4 <.




DeepCore potential under optimistic
assumptions

* Improved accuracy on systematic uncertainties (50%)

» |mproved reconstruction (reach better accuracy for
nighly efficient event selection)

33rd ICRC conference,

e 6 years of data contribution 0460
Included in arxiv:1309.7008

MINOS 2012, 90% CL
B T Super-K 2012, 90% CL

IceCube/DeepCore 6 yrs, 90% CL
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The concept of PINGU

PINGU (Precision IceCube Next Generation Upgrade)
IS a potential extension of IceCube/DeepCore to
energies below 10 GeV

Baseline geometry Is 40 additional strings with a 20m
spacing, 60 DOMSs per string

Better control of systematics due to new calibration
devices, denser instrumentation

Primary goal: Measurement of the neutrino mass
hierarchy

Timeline: 2-3 years needed for construction at South
Pole, deployment could start as early as 2016/17
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Neutrino Mass Hierarchy
* Known parameters in neutrino oscillation physics:

= mixing angles; absolute mass differences; mass ordering of
v.andv,

* Unknown parameters:

- Complex phase 9

- Mass ordering: is v, the lightest or the heaviest neutrino?
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0 0.102030405060.7080.91.0 jy] 0 0.1 0203040506 0.708 0.9 1.0 jy)2

Fogli et al. convention, dM? = Am? = m?- m? Fogli et al. convention, ®MZ2 = Am%: m%— m%

Am2=m2- (m2-m3)/2 parameters: Fogli et al, Am2 = m2- (m2 - m2)/2
Phys. Rev. D 86, 013012 (2012




How do we want to measure |t

MSW effect: neutrino oscillations in
matter differ from vacuum

— strongest effects in the range of
~5-15 GeV

MSW effect depends on hierarchy

Atmospheric neutrinos: CR interaction
In the atmosphere, pion, kaon decay

Need high statistics of events below 10
GeV

— This I1s achievable for ice Cherenkov
detectors

 Use denser instrumentation than for
IceCube/DeepCore, ANTARES

* Instrument a larger volume than for
Supner-K

(v,—>v,) with Travel Through the Earth -

P
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Potential design of PINGU

* Design goal: Measurement of the neutrino
mass hierarchy, reach >2 sigma after 1 year

PINGU Geometry with 40 strings

¢ « IceCube
o ...i........|»+ DeepCore
|+ PINGU
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Baseline geometry (various others are studied)
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Event reconstruction and
pbackground rejection

» Second generation of low-energy reconstruction

— multi-dim LLH fit reconstructing cascade and track
simultaneously (parameters: interaction vertex,
cascade energy, neutrino direction, muon energy)

 Event selection:

Muon background signature differs from low-energy
neutrinos:

- Require the reconstructed vertex to be Iin the
fiducial volume

- Require the reconstructed energy to be within 0.5-
80 GeV (energy region of interest)

- Require the reconstructed direction to be upwards
going

20



PINGU performance

Neutrino Energy Reconstruction with Event Selection - PINGU V15 v, CC
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by a cylinder with 75 m
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Neutrino Zenith Reconstruction with Event Selection - PINGU V15v, CC
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Sensitivity to Neutrino Mass
Hierarchy

Analysis currently under collaboration review
Letter of Intent to be released very soon

Marginalization over uncertainties in Am213 and
sin*(theta,))

Detector systematics considered:

- Energy scale uncertainty

- Uncertainty in flux normalization and spectral
iIndex

- Uncertainty Iin effective area
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Summary PINGU

* PINGU as a further infill array within the
DeepCore volume could lower the energy
threshold from 10 GeV to a few GeV

* Main goal: determination of the neutrino mass
hierarchy (design goal: >2 sigma after 1 year)

* Further potential in neutrino oscillations:
maximum 23 mixing? If not, in which octant Is

0.7
23

* Non-oscillation physics: dark matter searches,
supernova neutrinos
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MICA

Densest iInstrumentation

O(few hundred) strings within
DC volume

Linear photon detectors
R&D with PINGU (WOM)
Supernova detection, up to ~

Image courtesy M. Kowalski

SNe per decade

10 MPc N >3
O(10 MeV) threshold for Psfgliicntge?:rg?;e
bursts, O(50 MeV) for single SN1987A

events

Might be sensitive to proton
decay (backgrounds)

12 14 16

Cherenkov rlng |mag|ng7 Detector volume [Mton]




R&D for MICA with PINGU

* Goal: deploy potential
MICA detectors with

PINGU for test purposes
 Variuos designs persued

Multi-PMT
DOM based
on Km3NET
design

330+, m

B 1
/A = @ 3
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PMT and readout

Adiabatic light guide

Pressure wessel

Wavelength shifter
painted tube
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Conclusions

» Large volume neutrino telescopes entered the
field of neutrino oscillation physics

* First results form available

* Additional statistics and improved methods will
allow to achieve similar precision with the
existing DeepCore detector as current leading
experiments after a few more years

* PINGU can improve the performance for
energies below 10 GeV and it can measure the
neutrino mass hierarchy
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