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3’ The lceCube Collaboration

IceCube: 39 Institutions
~220 Collaborators
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IcCECUBE

* TceCube neutrino observatory

* DeepCore: low energy subarray of IceCube
* First results from DeepCore

* PINGU (Precision IceCube Next Generation Upgrade):
* Physics goals and design concept

* Current status and timeline
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IcECLB

IceCube neutrino observatory

IceCube Lab

IceTop
81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

l | [

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

50m

December, 2010: Project completed, 86 strings

1450 m i
[ Amanda Il Array
§ / (precurser to IceCube)
DeepCore
/8 strings-spacing optimized for lower energies
1533 360 optical sensors
I Eiffel Tower

324 m
2450 m
2820 m
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G IceCube DOM

IcCECUBE

@ Digital Optical Module (DOM)

13 inch. pressure resistant (70 MPa) glass sphere:

* PMT, HV generator and divider circuits,

» LED flasher board,
* Mainboard with signal processing
electronics[1].

* PMT[2]:
* Hamamatsu R7081-02
* Q.E.(at 390 nm): 25%
* Dark rate at (-40°): 500 Hz
e TTS: 3.2 ns

[2]. NIM A601(2009), 294 [arXiv: 0810.4930 ]
[1.] NIM A618(2010), 139 [arXiv: 1002.2442]
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The IceCube Observatory
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IceCube Completed:
December 18, 2010
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The Neutrino Detector Spectrum

&

IcCECUBE

Accelerator

Energy <> Volume

| |
100 MeV | GeY 10
-«

sossosoe
Atmospheric ﬁ G Atmospherid/Astrophysical
ap ———————————

Borexino/KamlLand/Daya Bay/Double AMANDA/ANTARES/lceCube/KM3Net/
Chooz/SNO/SuperK ANITA/RICE/Auger/ARIANNA
Dark

Matter VT
Appearance

J |
GeV | TeV 10TeV | BeV

Non-accelerator based
Vi Neutrino

Disappearance Mass
Hierarchy

"boxes select primary detector physics energy regimes and are not absolute limits
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ﬁ IceCube/DeepCore

IcCECUBE

® IceCube/DeepCorel[l]:

scattering | More densely instrumented region
% at the center of IceCube, below
{ | ~2000m, in the clearest ice
ieecqbe | )\eff> ~ 40'50 m
% xtra
. veto cap

* Atmospheric-p veto:

—
—
=
=

ﬁglii“imﬁﬁi* ;

Top and outer layers of IceCube
provide an active veto for DeepCore.

[1] Astropart. Phys. 35(2012) 615
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a' DeepCore configuration

Top View
« * _. 5 - ® A schematic view of DeepCore
) _' ,' . s ° .' _' ) configuration[1]
s ,. . :n: | _' : @ String configuration
R <A (DOM-DOM distance):
<" 1 . TceCube: 17m (60 DOMs)

i el #llt] " e * DeepCore: 10 m (top 10 DOMs)
|“m,2",...;m 7 m (bottom 50 DOMs)

o | Mixof HQE and
& | normal OMs]

* HQE DOM:
DeepCore strings have ° HGmeTSU R7081MOD

e * “super bialkali" photocathode
™ * ~40% higher QE at A = 390 nm

Side View

50 HOE DOMs with an [1] Astropart. Phys. 35(2012) 615

DOM-to-DOM spacing
of T meters

21 Normal DOMs with a
C-OM-lo-DOM spating
g L orirmeters Rezo Shanidze, ORCA meeting, 18/04/2013 9
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» This Work v,

E> &, [GeV cm s 'sr]

by
QI

== Super-K v,

‘/ m Fréjus v,

o Fréjus ve
AMANDA v,
% o unfolding
Y, T forward folding

unfolding

lceCube v,

forward folding

S T

3 4

Iog10 (E, [GeV])

[1] PRL 110(2013), 151105 [arXiv: 1212.4760]

IceCube/DeepCore: v -cascades

@ Measurement of the atmospheric v_ flux in IceCube[1]:
First observation of v_-induced cascades in high energy neutrino telescopes

IC-79 (6 DC strings) data: 281 days

= 496 + 66(stat.) + 88(sys.)

cascade

Energy range: ~80 GeV - 6 TeV

The conventional v-fluxes:

HONDA(solid): v_(red) and v, (blue)
Bartol (dotted): v_(red)and vu(blue)
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IcCECUBE

& Neutrino oscillations in lceCube/DeepCore

* Atmospheric neutrino oscillations in TceCube [1]:
Oscillation signal extracted from a low-energy (20-100 GeV) v -sample collected

By DeepCore in 2010-2011 (IC-79).

— e
:I_nfll 107 T — low-energy sample
o L - -
® - - — high-energy sample
10 - -
10° - + .
E -+ + .
- PRELIMINARY"
1U'F i sl I | | | I I | L1 1 1 +I 11 1 | 11 1 | | L1 1 | | L1 1 | | | I I | 11 HH | L1
1 1.5 2 2.5 3 35 4 4.5 5 5.5
log(neutrino energy/GeV)

Energy distribution of the atmospheric
neutrinos in the low-energy (DeepCore) and in
the high-energy (IceCube) sample.

[1] ArXiv:1301.4339

For 2-flavor formalism:

Am_? = (2.5:0.6) 10° eV

sin20,_? >0.92 (max. mixing favored)

7 I T | T T T T ‘ T T T T I T T T T I T T T T
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|l — lceCube-79, 90% .
< S B
© | |
[ap]
o T i
% 4_ LI TR
= | """"“""E
3:_ ....... ..--‘v _j
R - ::"c: io %_
20— Sray —]
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I 1 1 1 | 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 1 )
0.4 0.5 0.6 0.7 0.8 0.9 1
sin?(26)
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0' PINGU Physics Goals

* Neutrino mass hierarchy (NMH) determination with 5-15 GeV
atmospheric neutrinos.
( Fisrt detection of parametric oscillations )

» Other neutrino oscillation physics: maximal ©,,, V_appearence

23/
* Low mass WIMP dark matter search via neutrinos
® Neutrino astrophysics with E ~10 GeV neutrinos

® R4&D for possible next-to-next upgrade: megaton-scale
Cherenkov ring-imaging Detector: "MICA"

Rezo Shanidze, ORCA meeting, 18/04/2013 12



G NMH with atmospheric neutrinos

IcCECUBE

Many different baselines.

Difference in the neutrino and
antineutrino fluxes and
interaction cross-section,
o(v)/a(v) ~ 2 givesa
possibility to detect NMH

with the atmospheric neutrinos.

= -1 - 2
v -Fluxx E. 3 (m “%se¢ 's7 'Gev )

0

3

T e T PN

- +2.56

Atmospheric neutrinos: 16l +1.92

a mixture of muon, o 128

electron neutrino and Oscillation probability: ot 064
antineutrino fluxes. modified in matter, dgpending E o 0

PR D70 (2004), 043008 on NMH, matter densu‘ry pr'oflle 5 of _0.64

and mixing angle © . . 6§ 1ag

The effect is different for 4; 192

neutrinos and antineutrinos. i _256

: -320

-10 -08 -06 -04 -02 0
cos 0,



& NHM measurement with neutrino telescopes

@ 0. Meng, I. Mocioiu, S. Razzaque, Phys. Rev. D78(2008), 093003 [arXiv:0803.3044]

Neutrino mass hierarchy extraction using atmospheric neutrinos in ice
First calculation for DeepCore, assuming sin®(20,,) =0.1, 5=0

2012: sin22(913 = 0.089 = 0.10 (stat.) + 0.005(syst.)

@ E Kh. Akhmedov, S.Razzaque and A.Yu. Smirnov, JHEP 1302(2013),082 [arXiv:1205.7071]

Mass hierarchy, 2-3 mixing and CP-phase with Huge Atmospheric Neutrino Detectors

@ S K. Agarwalla, T. Li, O. Mena, and S. Palomares-Ruiz, arXiv:1212.2238
Exploring the Earth matter effect with atmospheric neutrinos in ice

@ M.Ribordy and A. Yu. Smirnov, arXiv:1303.0758

Improving the neutrino mass hierarchy identification with inelasticity measurement
in PINGU and ORCA

@ T. Ohlsson, H. Zhang and S. Zhou, arXiv: 1303.6130

Effects of non-standard neutrino interactions at PINGU
Rezo Shanidze, ORCA meeting, 18/04/2013 14



a Estimation of NHM detection significance

IcCECUBE
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E.Kh. Akhmedov et al., THEP 1302(2013),082
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& PINGU design concept

* Add in-fill strings to IceCube/DeepCore array

* further increase module density
* continue to exploit 2km depth and surrounding IceCube/DeepCore
array as active cosmic ray muon veto

* Optimize and simplify IceCube module design for ~5 GeV
E events, reduced cost

s Co-deploy new calibration devices tuned for lower E_

* Improve refrozen hole ice clarity

Goal: reach few GeV Ev threshold

Rezo Shanidze, ORCA meeting, 18/04/2013 16



0' PINGU instrumentation

* PINGU hardware:
IceCube hardware
with various modifications
to minimize cost and risk.

* PINGU DOM (PDOM):.
IceCube/DeepCore DOM
("HQE DOM") with
updates and appropriate
adaptations.

The drilling system will be
upgraded to ensure the clarity
of refrozen ice (“hole ice").

Rezo Shanidze, ORCA meeting, 18/04/2013 17



& PINGU configuration

IcECUBE
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20, 40 string configurations are considered for PINGU.

PINGU string (I/II): 60 /100 DOMs, spacing: 5/3 m
PINGU Geometry - 26m String Spacing

5100 ® |[ceCube
> 3 4o DeepCore
50F + PINGU
50 A i U SO SR 5 S
-100 } ---------------------- S N i R e e
- (x2+y2)”2—75m
1501 . (x2+y2)1’2-100m ,,,,, ,,,,,,,,,
4 I — | I I — | I I — | I I —| ‘ I N — ‘ I — | -
-100 -50 0 50 100 150 200
X (m)

Higher density arrays were also simulated to completely explore

the geometry parameter space.
Rezo Shanidze, ORCA meeting, 18/04/2013 18



a Simulations for PINGU

IcCECUBE

@ PINGU simulation chain (goal: production of multi-year triggered
neutrino events for the mass hierarchy study):
» Simulation of low energy (1-80 GeV) neutrino (v_, v, v ) events: GENIE
* Propagation of all particles produced in vN interactions: Geant-4

* Propagation of the Cherenkov photons, generation of hits in the
IceCube/DeepCore/PINGU DOMs and event triggering

J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84(2012) , 1307
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a Triggered low energy events

IcCECUBE

Simulated vu-even’rs: 1< E< 80 GeV, EO

800 | L [ [ I
T : v-interaction vertex (x, ff_or ‘rhe ‘rr'uggér'ed events 1 * CC and NC interactions
7600 (>3 Co,rrelamd hitging 1 * neutrinos and antineutrinos
400 —~
200l 1 Low energy (E<20 GeV)
i 1 v, -events with high
o ~ hit multiplicity are
- 1 localized in the
-200— ] DeepCore/PINGU volume
400 —~
600/ - -
 Eventswith high hit Low energy events |
- multiplicity, N >20T Do §E<20|G|€Y"th>20)_

(=]
ol

. L | L1
803 -600 -400 -200 0 200 400 600 800
x[m] ORCA meeting, 18/04/2013 20



& PINGU Effective volume

IcCECUBE

PINGU (26m String Spacing) Effective Volume (%)

—
g |
e 1 0 U
= [
% | Cuts:
>3 3 — >20 Hits/Event
o2 |
B Vertex (x*+y?)"? <R I_|—| |
B Vertex -500m <z < -157m I

Triggered Effective Volume, R=75m

-------- Physical Volume, R=75m

Triggered Effective Volume, R=100m

!

-------- Physical Volume, R=100m

0III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

5 10 15 20 25 30 35 40 45 50
v,Energy (GeV)

* No reconstruction has been done.
Effective volume will be lower after folding the reconstruction efficiency.
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3 Event reconstruction

ICECUBE

® Neutrino event reconstruction in IceCube/DeepCore:

* Based on likelihood (LLH) reconstruction algorithms/strategies developed
for IceCube[l], including tabulated PDFs.

* New algorithm (developed for DeepCore):

* Reconstruction with the direct
(non-scattered) photons,
similar to ANTARES[2].

* "Contained events": with the interaction
vertex in the DeepCore volume.
("starting point” reconstruction)

@ Several IceCube/DeepCore algorithms
are under study for PINGU.

"Infinite track” of down-going p in IceCube

116511 Event 25597 Ons, 400000ns

[1] NIM A524(2004), 169 [astro-ph:0407044

[2] Astopart. Phys. 34(2011), 652 [ArXiv: 1105.4116]
Rezo Shanidze, ORCA meeting, 18/04/2013 22



a Reconstruction for PINGU

IcCECUBE

» Reconstruction with the different algorithms:

* Reconstruction with non-scattered photons ("SANTA")
* LLH reconstruction with "grid“-search strategy ("IgelFit").
» Reconstruction of v -CC events with 8 parameters ("HybridRECO"):

- v“-in‘rer'ac'rion vertex and time

- p-Direction (zenith, azimuth) — 40F R v &
- p-length and cascade energy E 35\ PINGU Preliminary _ ::::: -
with Markov chain algor‘iThm § 30:_ ~B- IGelfit V6 i
for LLH minimization., T; - = eamvs 1
2 25— ]
Figure presents (as an example) £ [ -
angular resolution obtained with é 20;— —;
2 different algorithms, for the - .
PINGU configurations with 20/40 B - I -
strings (V6/V11). o T E
Dashed lines correspond to the - (1/2)x (m /E)" 7T e =1
parameterization of angular o E
resolution with (m /E)"2 . 0:||||||||kuw||||||||||||||||H‘MH:
P 0 2 4 6 8 10 12 14 16 18 20



& Statistical analysis for the NMH sensitivity

IcCECUBE

Median Confidence Value in Eliminating Incorrect Hierarchy

PINGU configuration
with 20 strings
(60 DOM/string)

1 year of data
and N_>20

Confidence (o)

Dedicated study for
NMH sensitivity is
underway, including
methods from [1,2].

[1] X. Qian et. al., PR D86(2012), 113011 [arXiv: 1210.3651]
[2] D. Franco et. al., THEP 04(2013), 008 [arXiv: 1301. 4332 ] ~ Rezo Shanidze, ORCA meeting, 18/04/2013 24



3‘ Systematic uncertainties

IcCECUBE

* Theoretical ( similar for the ORCA and PINGU )

. Oscillation parameters (©_, © ., ©_, 5, Am ?

2
12* 137 23’ 12/ Am23 )

+ Muon and electron neutrino fluxes [ ®(v ), ®(v_) ]

» Neutrino cross-sections (o, )
* Earth density model (PREM)

* Experimental ( DOM efficiency and ice properties )

* Studies and simulations are underway with an aim 3 A
to reach few % level via:

Improved lab measurements for calibration
of the PMT/DOMs
Reduction of the impact of hole ice

Improved calibration devices (LED flasher) PDOM with modified
LED flasher

Rezo Shanidze, ORCA meeting, 18/04/2013 25



& Conclusions

® TIceCube/DeepCore and its potential new infill array PINGU
could collect large statistics of low energy neutrino events
and may be able to measure a variety of neutrino oscillation
parameters with:

* gratifyingly short tfime scale and modest cost

* straightforward construction and low overall risk
® Currently addressing reconstruction and systematics challenges

@ PINGU LoT is in preparation

Rezo Shanidze, ORCA meeting, 18/04/2013 26



ICECUBE

a' Current PINGU timeline

Current Status
* Detailed Monte Carlo simulations nearing completion
' * Low energy reconstruction algorithms

from DeepCore applied to PINGU events® |

et

P

-

* Estimation of sensitivity to NMH r'econs‘rr'uchg\
underway
* Letter of intent in preparation

®
o
-
q. ‘*Iﬁﬂﬂ ]
2 T
2 == i
= o I
3 | I
& 135 * b : s
: s" ‘) April2014 P Austral
Spring 2013 FUTInZOe‘Iré' e Summer Summer
% 2015/2016 2016/2017
Letter of Intent _ Proposal results. b
SUtfm'T proPosaIs Begin pre-spending i half-crew on Drill
fo '"Tem‘f‘fmnal on critical path ice to begin drill operational
Agencies. i‘r?ms (cables., preparation. with full crew.
mainbords, drill DOM productign Deploy 8
s refurbishment), and testing Strings.
Underway.
¥ .j

PINGU
Complete Phiotis
| data taking

" Austral 2018 Ve
Summer February
2017/2018
Deploy 12 s v
Strings.
Repack drill. y
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