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The lceCube Neutrino Observatory

- World’s largest neutrino detector — design focus on neutrinos with
energies above a few hundred GeV

- DeepCore provides
reduced volume with
threshold ~10 GeV
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The lceCube Neutrino Observatory

- World’s largest neutrino detector — design focus on neutrinos with
energies above a few hundred GeV
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The lceCube Neutrino Observatory

- World’s largest neutrino detector — design focus on neutrinos with
energies above a few hundred GeV
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Neutrino Physics
with lceCube

« Deep Antarctic ice >2100 m
below the surface is very pure

* Aatten ~ 50 M
- Effective Ascatt ~ 200 m

* Very good radiopurity:
40K < 0.2 ppm; U, Th at ppb
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* lceCube provides a 400 m thick
active veto against cosmic ray
muon background




Neutrino Physics
with lceCube

- Deep Antarctic ice >2100 m
below the surface is very pure

* Aatten ~ 50 M
« Effective Ascatt ~ 200 m

* Very good radiopurity:
40K < 0.2 ppm; U, Th at ppb

* lceCube provides a 400 m thick
active veto against cosmic ray
muon background

- The Cherenkov medium is the
support structure — substantial
cost savings




Osclllations with Atmospheric Neutrinos

* Neutrinos oscillating over one Earth diameter have a v, survival
minimum at ~25 GeV

* Hierarchy-dependent matter
effects below ~10-20 GeV

* Neutrinos are available over
a wide range of energies and
baselines

- Comparison of observations
from different baselines and
energies is crucial for
controlling systematics

 Essentially, a generalization
of the up-down ratio approach

Tyce DeYoung Snowmass 2013 July 31, 2013



First [ceCube Oscillation Measurements

- Based on one
year of data with
the near-complete
lceCube DeepCore
detector

« Used a simpler
zenith angle
comparison
analysis (two
energy bins)

* First iteration —
prioritized a
rapid result

Tyce DeYoung

IA m?| (107 eV?)

arXiv:1305.3909 (accepted PRL)
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Coming Improvements

* First two-dimensional e
analyses (energy and | ... MINOS 2012,00% e
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PINGU

- Targeting 40 additional strings of 60-100 Digital Optical Modules
each, deployed in the DeepCore volume

« 20-25 m string spacing (cf. 125 m for lceCube, 73 m for DeepCore)

* Precise geometry under study

- Systematics will be better
understood with additional
In situ calibration devices

 Cost and technical issues
well understood from
lceCube experience

- Start-up costs of $8M — $12M
« ~$1.25M per string
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PINGU Energy Range

* A preliminary event selection
based on DeepCore analysis

« 23,000 muon neutrinos per
year after oscillations

» Oscillation signature is the
disappearance of 12,000
events per year

- Sufficient to measure
neutrino mass hierarchy
via matter effects in the
5-20 GeV range without
direct vy =V, discrimination

* Exploit asymmetries in
cross sections and kinematics
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Neutrino Oscillations in Vacuum
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Neutrino Osclillations in Matter

Outer core Increasing

density
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Neutrinos
Normal hierarchy
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Neutrino Osclillations in Matter

Outer core Increasing

density
<€

15

Neutrinos
Inverted hierarchy
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-xperimental Signature of the Mass Hierarchy
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-xperimental Signature of the Mass Hierarchy

* Idealized case with no
background, perfect

flavor ID, 100% signal
efficiency

 Different assumed
resolutions smear
the signature but
do not eliminate it
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-xperimental Signature of the Mass Hierarchy

* Idealized case with no
background, perfect

flavor ID, 100% signal
efficiency

 Different assumed
resolutions smear
the signature but
do not eliminate it

* Hierarchy signature is
a distinctive structure
In energy-angle plane

- Key to our approach to
controlling systematics
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PINGU Performance
and Sensitivity Studies

 Currently using DeepCore algorithms

« More computationally intensive
algorithms can improve resolution

- Systematics studied so far:

023, 013, AM2atm, Scp Within
world average +20 ranges

- Efficiency errors (30%)

- Atmos. v spectral index (+0.05)
« Energy calibration (10% bias)

« Pointing accuracy (10% bias)
 Energy resolution (10% error)

« Angular resolution (10% error)

 Further studies underway now

Median absolute zenith resolution [deg]
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PINGU Hierarchy Sensitivity

- Sensitivity depends on final detector scope, assumed analysis efficiency,

detector resolution, etc. arXiv-1306.5846
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http://arxiv.org/abs/1306.5846
http://arxiv.org/abs/1306.5846

PINGU Hierarchy Sensitivity

- Sensitivity depends on final detector scope, assumed analysis efficiency,

detector resolution, etc.

- Caveat: not all
systematics
Included in each
study

significance (o)

* Even with pessimistic
assumptions, 30
determination
expected (median)
with 2 years’ data

* 50 In 2-4 more years

arXiv:1306.5846
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PINGU Hierarchy Sensitivity

 Sensitivity depends on final detector scope, assumed analysis efficiency,
detector resolution, etc.

arXiv:1306.5846
- Caveat: not all G 85
systematics S 70 o efency
included in each S F _
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» s eaete s o
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* 50 In 2-4 more years 15
 Working now torefine  qpngloihiipli b b
details and extend Years of data

systematic studies
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Advantages of PINGU

» Relatively cheap

- Start up costs of $8-12M, plus ~$1.25M per string, split between the US and
foreign partners

- Well understood technology and techniques — low risk

 Relatively quick

« Could begin deployment in the 2016/17 austral summer season, completion in
2-3 years (depending on scope)

+ 30 determination of the hierarchy by 2020, 50 in 2-4 more years

 Targeted measurement would resolve degeneracies

« Allow LBNE to focus on CP violation

- Working now on a detailed Letter of Intent and full proposal

Tyce DeYoung Snowmass 2013 July 31, 2013
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Muon Disappearance — First Analysis

- Compare zenith-dependent response of standard IceCube muon
analysis (high energy) to a modified version for DeepCore

. Look for oscillation arXiv:1305.3909 (accepted PRL)

signature in event
rate suppression at
low energies
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rate (Hz)

Muon Neutrino

Disappearance

low-energy sample
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non-oscillation case, shape uncertainties
world average oscillations, norm uncertainties
world average oscillations, shape uncertainties
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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



Measuring Modulation due to Oscillations

- Wide range of baselines and energies observed permits
marginalization over nuisance parameters

 Theoretical

uncertainties 1.20 — — total simulation
5 115l | |Memoscliation curvel ] total simulation, no osc.
Sye;eecrgﬁcs I A | + 4 exp. data

» Actual analysis is (o guide the eye)

-----------------------------------------------------------------
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0.85} L |
reconstructed L/E IceCube preliminary 4.
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o <LOSC /km )
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Tyce DeYoung Snowmass 2013 July 31, 2013




Efficiency

First Steps Toward Flavor Identification

 Current sensitivity studies assume no flavor ID — statistical
subtraction of backgrounds from vx NC, ve, vz

» First step: tag vy CC based on presence of track with v > ¢/n

« Good efficiency for vy with Ey > 3 GeV with 40 string geometry

V6, contained vertices, Q_ . >9PE, CCEvents: Ly, ,>15m v15, contained vertices, Q= >5PE, CC Events:Ly,,>15m
b 3 TF ; ]
0.9 20 strings 2 09F 40 ! | I
0.8 £  gE Strings —I—' l |
0.7 RE\'\N\ | I 0.7F —|— Charged Current
o6t P I i l 0.6 N AR\(
- - —— Neutral Current
0.55— l —1— Charged Current 0.5 P P\E\’\N\\
0.4 l 0.4
= Neutral Current -
03¢ 0.3 I
0.2 0.2F
- 1 - I I
0'1.:__|_|—|—| | I 0.1 l
0_||||||||||||||||||"|"l"l"ll"'l"l"l' 0:| |I|!||||||||||||||||||||||||||||||||
6 8 10 12 14 16 18 20 22 24 26 28 6 8 10 12 14 16 18 20 22 24 26 28

Neutrino Energy (GeV) Neutrino Energy (GeV)



