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The IceCube Neutrino Observatory

lceCube: .
78 strings, 125 m/17 m spacing
Energy range: ~ 100 GeV to = 10 PeV
1 km3 volume of south pole ice as v
target, and medium for Cherenkov light
production. 1450 m

IceCube Lab

Lt i

sresseneeeng e RIIIINESY
sovneess SIS

AW eseesres
o
—

-

- -_— -

- - ——
- -

- -

IceCube Array

78 strings
/ 4860 optical sensors

DeepCore

8 strings
/ 480 optical sensors

optimized for lower energie

Eiffel Tower
324 m
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The IceCube Neutrino Observatory

IceCube Lab\
lceCube: om | s
78 strings, 125 m/17 m spacing
IceCube Array
Energy range: ~ 100 GeV to = 10 PeV TBSUINGS | consors
1 km3 volume of south pole ice as v
target, and medium for Cherenkov light
production. wom| Ll
D Core: B
eeplore: | | dboplalsensors
8 additional strings, ~40-70m /7 m ’ i / ﬂggfwower
SpaCing 2450 m | | . i | | | |
21 = |ceCube 2014 [NH] == T2K 2014 [NH]
Spans ~10-100 GeV 38 . I\;IeNCl)JSeW/atm [NH] o SKIVINH] | |

Targets atmospheric v oscillations and
dark matter searches

- 0550055 0.40 0.45 0.50 0.55 0.60 0.65 0.70 i
Timothy C. Arlen WIN 2015, - sin? (0,3) 3




Atmospheric Neutrino Oscillations

* Neutrinos available over a wide range of energies and baselines
+ Oscillations produce a distinctive pattern in energy-angle space

+ vy 1st survival minimum ~ 25 GeV, and hierarchy-dependent matter effects
below ~ 12 GeV.

» Large detector required to provide
sufficient statistics to make this
approach feasible

+ DeepCore event rates

analysis
level

type triggered
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Atmospheric Oscillations with lceCube-DeepCore

- Projection onto reconstructed L/E, for illustration purposes
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lceCube-DeepCore Constraints

- Very competitive
constraints

- 3 years of DeepCore
data

- Analysis improvements
are ongoing, extending
to:

+ Higher statistics

+ Extend to both track and
cascade channel

Phys Rev D. 91, 072004 (2015)

= |ceCube 2014 [NH] == T2K 2014 [NH]
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PINGU: Beyond DeepCore

- Baseline detector described in Lol- arXiv:1401.2046

40 additional strings
60 DOMSs per string

Deployed within DeepCore volume

- Since then:

*

+

Geometry optimization performed

Low marginal cost to increase
DOMSs/string

Final version: ~ 50 % more
DOMSs/string

20 - 22 m string spacing

- ~25x higher photocathode density vs DC
Additional in situ calibration devices

to better control systematics
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Top Down View of
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Neutrino Mass Hierarchy (NMH)

- One important outstanding question in neutrino physics:
+ sign of the atmospheric mass splitting: Am23> (mass hierarchy)
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- Possible to use many “beam” paths of atmospheric neutrinos:

PINGU, ORCA, INO

- Reactor experiments: JUNO, RENO-50
- Accelerator beam: T2K, NOvA, DUNE (formerly LBNE/F)
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Atmospheric neutrinos and the NMH

-+ Up to 20% differences in v survival probabilities for various energies
and baselines, depending on the neutrino mass hierarchy

P(v,—v,) with Travel Through the Earth - 10 GeV, 179
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Neutrinos
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PINGU Perfect Detector: NMH Signature

* No v/anti-v discrimination

- Matter effects alter oscillation probabilities for neutrinos or
antineutrinos traversing the Earth

Normal hierarchy

+ Rates of all flavors are affected

- Small but distinct signatures
observable in both tracks (v, CC)

-

& cascades (ve and v: CC, vxNC) _ s
S s =

- Detected rates (after cuts) > 55
+ ~50K v, + anti-v, per year : 100

8

+ ~ 38K ve + anti-ve per year

0
10,7

-0.8
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PINGU Perfect Detector: NMH Signature

* No v/anti-v discrimination

- Matter effects alter oscillation probabilities for neutrinos or
antineutrinos traversing the Earth

Inverted hierarchy

+ Rates of all flavors are affected

- Small but distinct signatures
observable in both tracks (v, CC)
& cascades (ve and v: CC, vx NC)

-
o

- Detected rates (after cuts)
+ ~ 50k vy + anti-vy per year

Energy [GeV]

(@)
Counts per bin per year

+ ~ 38K ve + anti-ve per year

0
10,7
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NMH in PINGU-with Resolutions, PID

Normal-Inverted

Evehts ID’d as tracks (vy CC)
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- Include all detector effects: resolutions and particle identification

+ Distinct and hierarchy-dependent signatures are visible in both track-
like and cascade-like channels
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Calculating the Sensitivity to NMH

3000

- Method 1: LogLikelihood Ratio True Hierarchy
+ Generate ensemble of pseudo data sets.  ** Other Hierarchy
+ LLR provides degree of agreement 2000 |

between pseudo data set and the
true hierarchy vs the other hierarchy.

+ Shaded region corresponds to probability

‘= 1500

# Trials

1000

of mis-identifying the hierarchy 0
- Method 2: Fisher information matrix 0
+ Uses gradients in parameter space to _ LR value
determine covariance matrix Fisher Information Matrix
+ Much faster, but uses simplified statistics, L — |

only applicable if model is well-behaved
*+ Not well-behaved if 623 close to maximal mixing.

- Methods agree in safe regime v/
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Systematic Parameters

+ Oscillation parameters (from nu-fit.org [1]):
+ Am23; (NH/IH) = 0.00246 / -0.00237 eV [2] (no prior)
+ 023 (NH/IH) = 42.3° / 49.5° (no prior)
+ 013=8.5°+0.2°
- Detector/flux/cross sections:
+ event rate (effective area, flux normalization) = nominal (no prior)

+ energy scale = nominal £ 0.10 (from current calibration data)
+ wve/vy ratio = nominal = 0.03 (ref [2])

+ wv/anti-v ratio = nominal =+ 0.10 (ref [2] and [3])

+ atmospheric spectral index: nominal = 0.05 (ref [2])

+ Also studied separately:
detailed cross section systematics based on GENIE [3] parameters
detailed atmospheric flux uncertainties from [2]

[1] M.C. Gonzalez-Garcia, et al. JHEP 11 052, 2014 [3] C.Andreopoulos et al., Nucl.Instrum.Meth. A 614:87-104 (2010)
[2] G.D. Barr, T.K. Gaisser, et. al. Phys. Rev. D 74 094009, (2006)
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Results: Sensitivity to NMH

+ Includes detector resolutions and PID as well as systematics
shown on previous slide

- At current global best fits for oscillations parameters?, reach 3
sigma in ~ 3-4 years.

+ Would be shortened by 1o
using existing DeepCore

o vs. Time, at nu-fit (2014)1values of 0y, Am321

e Normal
Inverted

data and partially - -
deployed PINGU detector -7
. . 6 =
- Systematics dominated
by B23then AmZ3, . -
2
PRELIMINARY
0 0 2 4 6 8 10
' M.C. Gonzalez-Garcia, et al. JHEP 11 052, 2014 Time [yrs]
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Significance vs. Mixing Angle

+ Current best fit values of 023 yields nearly the lowest possible
significance, making our estimate conservative

- For +/- 20 current allowed values of 823/NMH we find after 3
years, sensitivity = 2.60 - 70.

Projected PINGU 3-Year Significance

7
—F NvH  -F- IvVH

PRELIMINARY

10 . .
8 N Priors from NuFIT1(Free + RSBL) l,/
5 o — NMH  --- IMH ’
o~ \\ /
a4 oS 2
s ~ //
O -

0.35 0.40 0.45 0.50 0.55 0.60 0.65
1 M.C. Gonzalez-Garcia, et al. JHEP 11 052, 2014 sin” 0,
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More Oscillation Physics with PINGU

Expected: very competitive

atmospheric mixing
parameter constraints

within one month

----- T2K 2014 = [ceCube 2014
..... T2K 2014 - === [ceCube 2015 (3-year DeepCore - projected)
projected 20207 wowme PINGU 3 year, Fogli 2012 global inputs
NOvA- projected PINGU 3 year, NuFit 2014 global inputs
— 2020 (95% CL)
C& sswm PINGU 3 year, maximal mixing
mq') Normal mass ordering assumed, 90% CL contours
=
= 30} c 1.5
~ 9
g ©
< N
- [E
5 1.0
25| <
=)
e
o
=
— 0.5
PRELIMINARY
2.0 ‘ . . . .
0.30 0.35 0.40 045 050 055 060 065 0.70
. 9 0.0
1 arxiv: 1409.7469 sin”(623)

2 http://www-nova.fnal.gov/plots_and_figures/plot_and_figures.html

+ will detect around ~3k v./yr
+ Tests of unitarity of 3x3 v

+ v; appearance predicted ~5 o

mixing
...... 4—
e BOTTTT _ N
- e --expected |
- PRELII\/IINARY D+10 -
3 measured v_ norm=1 : D+20 ]
N R B SR B .
2 4 6 8 10 12

Livetime (months)
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Outlook

- IlceCube and DeepCore have paved the way towards a robust
atmospheric oscillation physics program in the South Pole ice.

- PINGU will be an integral part of the IceCube-Gen2 observatory?

- Construction and Cost

+ (time of proposal approval) + 4-5 years

+ Deployment: relies on well-understood engineering from previous
lceCube experience

. 15—
+ cost effective :

- Improved Lol available shortly
+ Improved statistical analysis method
+ Increased number of systematics studied
+ Optimized detector geometry

Energy / GeV

Twhite paper: arXiv:1412.5106

cos 0,
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Thank You
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| LR Analysis Method

Greatly improved statistical analysis method since Lol

+ Ability to include many more systematics (from 2 = ~10) by using a minimizer to find
optimal LLH fit rather than grid scan

+ Run optimizer twice to search for solutions in both octants of 02s.

- To test for significance of true hierarchy (TH)/rejection of other hierarchy (OH)

+ pull pseudo data from template of TH, with parameters:
ni'H = (Am?23¢1™, B23I™ B43ITH, all other params at nominal)

+ Then following procedure is performed:

Example LLR Distribution

400 for TH=Normal

Example pseudo data for TH: 350

’ Accumulate LLR 300
« distribution for TH 250
2 / 200
8 150

9

Expected Counts Template,
calculated at TT'H

64
sg Poisson

|,¢ Fluctuations
140
132

Energy [GeV]

=
o
=

77777 100

24 Calculate LLR = _MaX LLH(Inverted hypothesis, fit 1)
16 max LLH(Normal hypothesis, fit 17)
8 Repeat Many Times 0

-15 -10 -5 0 5 10
-1.0 -0.8 -0.6 -04 -0.2 0.0

0
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| LR Analysis Method

Greatly improved statistical analysis method since Lol

+ Ability to include many more systematics (from 2 = ~10) by using a minimizer to find
optimal LLH fit rather than grid scan

+ Run optimizer twice to search for solutions in both octants of 02s.

- To test for significance of true hierarchy (TH)/rejection of other hierarchy (OH)

Expected Counts Template,
calculated at TIOH

Energy [GeV]

+ Next: parameters in OH that fit best to TH are found: O = (Am?234I9H, B23/0H)
+ Find LLR distribution at these parameters, 1©H, to find probability of mis-identifying OH as TH.
p value then converted to significance of rejecting OH.

Example LLR Distribution for
Example pseudo data for OH: TH=Normal, and OH=Inverted

B 40 LLR distribution.

* Accumulate LLR s Normal Iy Inverted
« distribution for OH ,,, using A f | using TEH

. / . ‘ |

. N |

150

64
sg Poisson

|,¢ Fluctuations
140
132

Energy [GeV]

=
o
=

24 Calculate LLR = _Max LLH(Inverted hypothesis, fit TT) 1o
16 max LLH(Normal hypothesis, fit)
8 Repeat Many Times N | P d L

10°

0 S - 0 5
“to 708 795 —04 ~02 00 WIN 2015, 12 June Zintbp value=hierarchy mis-identification probability s
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Atmospheric Mixing Params

Inverted Normal
~0.21 20 027
- 18
—0.22} 16 026
14 é\c’
- S
E -0.23} 12 025 ’
C‘?D S X 103
:: o\o 8 4
NE?) —0.24} ] 8 0.24
<
6
—0.25}F |4 0.23
2
LI:RELIMINARY PRELIM
% ' ' ' 0 0 % ' 0.50 0.55 0.60
0.40 0.45 0.50 0.55 0.60 0.40 0.45 o
sin” (63) sin” (63)
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Sensitivity to the Neutrino Mass Hierarchy

Running: C ) 8cp=90°, B3 = 40°, NH
NOVA, T2K C 8o =—90°, B3 = 40°, NH
Atmospheric: () 625 = 45°, NH
MTon Ice/Water |( ' ) H
Cherenkov
Atmospheric: C D) 813 = 51°, NH
Calorimeter C 6,5 = 39°, IH )
Reactor C ) o(E) =3%
C ) o(E) = 3.5%
Future (O 8= 90°, 34 kT
Longbaseline C ) 8cp=—90°, 10 kT
|
|
5 Livetime to 30 (yrs)
( Best Case )

C Worst Case )

Sources: arXiv:1311.1822, arXiv:1401.2046v1, arXiv:1406.3689v1, Neutrino 2014, LBNE-doc-8087-v10

—
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Type
stat only
osc only
623 only

flux only

detector
only

All

Systematics impact

3yro
(NMH)

<AV A - Dominated by atmospheric

(IMH) oscillation parameter systematics:

+ B2o3 and also Am?2s4.

- Next most important group:
+ detector: overall normalization

(aeff_scale) and energy scale

—

Timothy C. Arlen
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- O23 is not well-behaved for minimization or linearization of gradient:

- But

L LH Scan in 623

~3980 (Asimov) NMH fit to templates of NMH 3085 (Asimov) IMH fit to templates of IMH
3990 -3990
-3995
-4000
-4000
£ -4010
-4005
-4020
-4010
~4030 -4015
-4040 —4020
38 40 42 44 46 48 50 52 54 38 40 42 44 46 48 50 52 4
03 (deg) 053 (deg)

Amz234 (and the other parameters studied) are well-behaved:

(Asimov) NMH fit to templates of hypo NMH

-3982 (Asimov) IMH fit to templates of hypo_IMH

~3986
-3984
-3988
-3986 2000
= 73958 -3992
~3990 -3994
-3992 3996
~0.250 0245 -0.240 -0.235 ~0.230 -0.225 ~0.220 0. _0250 -0.245 -0.240 -0.235 -0.230 -0.225 -0.220 -0.215
A771321 [102 eV] A,,n:;zl [102 eV]
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Tir

Ve, 9-11 GeV

RESOIUTIONS o1 cev

0.16
04| Preliminary | oas - preliminary c
her
Energy 0.14 gy
0.12} k
0.12}
0.10}
0.10}
0.08 — {binned reco - true
0.08}
0.06 — |double gauss
. . 0,06}
ol |parameterization
' 0.04}
0.02 0.02}
T T 15 20 0.00. 15
b‘rm'u'ﬁ b‘lnu' [GeV] Ervcu Etnu' [GeV]
3.0 - S .
preliminary .| preliminary
2.5 = :
coszen coszen
2.0}
1.5} e heeeny
10} |
0.5 : L
%05 05 0.0 0.5 1.0 -1.0 -0.5 0.0 .
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Neutrino Interaction Uncertainties

’ BiggeSt effeCtS SO far: " — Combined: C_)riléinal
uncertainties in Bodek- |= o i |
Yang higher twist T ks cross sections mergimaett | T

parameters, axial mass
term for hadron
resonance production

3.0

+ Ad hoc scalings still
included, and covariance <
not accounted for — |

likely over-counting...

1.5F

- Small additional ,
effect compared to
existing systematics '

0.5r/

0.0; 5 ; 6 8 10
PINGU livetime [yrs]
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