PINGU and the

Neutrino Mass

e Hierarchy




Neutrino Oscillations

® Neutrino oscillations parametrized by
® mass squared differences Am?;

® mixing angles O;
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Neutrino Mass
Hierarchy

® Focus on the mass hierarchy in this talk

® We know Am?3 but not the sign
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Experiments

® Several experiments targeting the mass
hierarchy
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Theory - Atmospheric
Neutrinos

® Why use atmospheric neutrinos?

® Not usually considered for use in
- precision parameter determination




Theory

® C(Case for atmospheric neutrinos has been studied
previously (Phys. Rev. D 78,093003 (2008) in particular
although there are others)

® |n essence this requires distinction between normal and
inverted hierarchy in counts

® Hierarchy effects seen as neutrinos pass through matter

® V oscillation probablllty N enhanced if hlerarchy is
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Starting Point Math

® |nterested
primarily the v
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Starting Point Plots

® (Clear differences emerge between the
hierarchies

® This is at a fixed zenith angle, ~150 degrees

Probability

35 40 45
Energy (GeV)

Ken Clark - PSU 8 Lyon, Oct 2012



Preliminary Reference
Earth Model (PREM)

® Current “best guess”
as to the variation of
density in the Earth

® Been around a long
time, still retains the
preliminary name
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Matter effects

® Previous probabilities were
just for one path length

® upgoing neutrinos
experience effect of
traveling through the Earth
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(or a fraction of it)

m Outer
Core Core
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Matter Effects - |

® At angles >146°

® V pass through
mantle and
core

® parametric
enhancement
of oscillations
take place




Matter Effects

v,) with Travel Through the Earth - 10 GeV, 179

® [hese are almost
directly upgoing
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® [wo different
energies show

: "~ 2000 4000 6000 8000 10000 12000
magnitude of final Canc o
effe Ct P(v,—v,) with Travel Through the Earth - 20 GeV, 179

® This zenith
dominated by
parameteric
resonance

Earth Density (g/cmA3)
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Matter Effects - |l

® At angles <|46°

® V pass through
mantle only

o MSW

enhances Vv to
Ve
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Matter Effects

P(v,—v,) with Travel Through the Earth - 6 GeV, 126
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® Much less
upgoing angles
show MSW
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in Earth

density plot
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Detection Method

® |ceCube and DeepCore
successfully detecting
neutrinos for years

® |ceCube:~5160 PMTs in
| km?

® DeepCore: denser string
and DOM spacing

® High efficiency PMTs

Ken Clark - PSU
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Detection Method

Top View

® |ceCube and DeepCore
successfully detecting
neutrinos for years

® |ceCube:~5160 PMTs in
| km?

® DeepCore: denser string
and DOM spacing

® High efficiency PMTs
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DeepCore Energy
Range

® Detection
threshold lowered

to ~10 GeV in
DeepCore
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IceCube Trigger w/o DC
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® Effective volume at
trigger level

increased below
|00 GeV
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Step up to PINGU

® Add another 20 R U N T bl
strin gS #}J PINGU; (HQE)

® Denser string and
DOM spacing

® Energy threshold
lowers again

150 200
X (m)
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Step up to PINGU

| Add another 20 | PINGU v6 Effective Volume, R < 150m
strings

® Denser string and
DOM spacing

® Energy threshold
lowers again

60 70
Energy (GeV)
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2 Dimensional Plotting

® Now we need to extend this to two
dimensions to show the probability vs

Ken Clark - PSU

energy and zenith angle

P(v,—v,) - Normal Hierarchy

" 160 170 180
6,(Degrees)

P(v,—V,) - Normal Hierarchy

180 120

Oz (Degrees

P(v,—v,) - Inverted Hierarchy

S e = -— o = L
130 140 150 160 180

6,(Degrees)

P(¥,—V,) - Inverted Hierarchy

130 1 160 170

Oz (Degrees) Lyon, Oct 2012



Distinguishability

® Use method outlined in arXiv:1205.707 |
(Akhmedoyv, Razzaque and Smirnov)
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Simulations

® Simulations now carried out using lceCube
MC structure

® Currently studying different PINGU
geometries with different spacings

PINGU Geometry V3

*+ IceCube ; : ‘ ® IceCube
. i i : : A DeepCore
o PINGU (HQE) f : : : 2 PINGU (HQE)

0 50 100 150 200
X (m)
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Simulations

® Simulations now carried out using lceCube
MC structure

® Currently studying different PINGU
geometries with different spacings

___PINGU Geometry V _PMINGU Geometry V6 (Doziefs,
. Cube ‘ ‘ ‘ . IceCube 7 . ® IceCube
. + D A DeepCore A DeepCore

X (m)

-100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200
X (m
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Distinguishability Plots

® Use our Distinguishability Metric [(IH-NH)/NH"]

simulations PRELIMINAR

® First use ]
neutrino zenith
angle and
energy
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® Shown without
square root to
illustrate o e B o IR " S
patte rn Cos(zenith angle)
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Distinguishability Plots

Distinguishability Metric [(IH-NH)/NH'"?]
PRELIMINARY

N
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Energy (GeV)
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® Matter

effects due to
MNYA
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Distinguishability Plots

Distinguishability Metric [(IH-NH)/NH"?]

3 PRELIMINARY
® Primarily :
parametric ]
oscillation
effects in this
region
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Cos(zenith angle)
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Distinguishability Plots

® Then use
muon zenith
angle and
heutrino
energy
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® Shown
without
square root
to illustrate
pattern
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Reconstruction

® Previous plots showed perfect detector
resolution

® This (probably) won'’t be the case
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Detector Resolution

Distinguishability Metric [(IH-NH)/NH'?]
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Detector Resolution

Distinguishability Metric [(IH-NH)/NH"?] 0 GeV, Distinguishability Metric [(IH-NH)/NH'?] 2 GeV,
3 0° s 11.25°
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Comparisons

® Following model in publication, used three
different resolution pairs

e (2GeV,11.25°),(3GeV,15°),(4GeV,22.5°)

Calculated Total Sigma - PINGU
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Systematics

® Studied several effects
|. Systematic energy shift +/-5%, +/-10%

2. Systematic angle broadening +/-5%, +/-10%
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Systematics - lllustrated

Ken Clark - PSU MANTS, Oct 2012



Systematics - IIIustrated

AXZ (IH(T) NH(S)) (NH(T) NH(S))

Ax? > 0 — ProperID
Ax? < 0 — WronglD

XQ(IH(T) . NH(S))
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Energy Shift

A 2 - Detector Resolution 2 GeV, 11.25

® Systematic shift
in energy has
little effect

PRELIMINARY

4 4.5 5
Run Length (years)
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Angle Broadening

A %? - Detector Resolution 2 GeV, 11 25

® Not a systematic
shift in zenith

® Misunderstanding
of the detector

resolution PRELIMINARY

3 3.5 4 4.5 5
Run Length (years)
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Next Steps

® Next objective is to include detector
resolution effects properly using
reconstructions
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Timescale

Early Spring Fall Summer Fall
2012 2012 2012 2013 2013

Begin simulation studies
for 18-20 string
detector with threshold
~1GeV. Targeted
Physics: neutrino
hierarchy, WIMPs, SN

Submit Finish
Letter Detailed
of Interest PINGU
to NSF studies

Submit
PINGU
Proposal

Complete Ist
DeepCore
analyses.

Winter
2017/18

Finish deploying
PINGU including
R&D strings.
Start data-
taking early
2018

Winter
2016/17

Begin
deploying
PINGU

| | |
March 2011  Jan 2012 May 2012

Ist PINGU 2nd PINGU 3rd PINGU
workshop - workshop - workshop -
NIKHEF  Penn State Erlangen

Ken Clark - PSU

Lyon, Oct 2012




Conclusion

® Determination of the neutrino mass
hierarchy with atmospheric neutrinos
appears feasible
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Comparison

(N — NNH)VAHYI2 [PINGU 1 yr] Distinguishability Metric [(IH-NH)/NH""?]
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Things seem to compare reasonably
well
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Detector Resolution
Plots

® Shown with detector resolution 2 GeV,
| 1.25°

(NI — NN (VT2 [PINGU 1 yr] Smeared Distinguishability Metric [(IH-NH)/NH"?]
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Reality(-ish)

® For Vy-like events we really get a mixture
of vy and vy,

P(v,—~v,) - Normal Hierarchy (NuMu+NuMuBar) P(v,—v,) - Inverted Hierarchy (NuMu+NuMuBar)
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Systematics

® Can also add systematics on the simulated
data:

|. Apply detector resolution to both
hierarchies (IH and NH)

2. Copy both hierarchies

4 A .ff.'_) b -
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3 Apply systematlc Shlft to one copy for each




