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3 |
lceCube : | km Neutrino Telescope

lceCube Lab

® Detects Cherenkov photons in ,\:.:_.5-5;-;.:_:-;;1::/ oop
- : 50m —— - s S = 324 optical sensors
ice from charged particles created| ™ [ T T - -
by high-E neutrino interactions
IceCube Array
86 strings
® 5160 Digital Optical Modules ncladings

DeepCore strings

(DOMs) with a 10 inch PMT on

86 vertical strings | § Amanda ll iy
1450 m ' § sfzx/(precursorto IceCube)
® [celop air shower array , DeepCore
480 o;?tical sensors
' optimized for low E
® [6) Tanks each with 2 DOMs ol Tower
Ail 324 m
® | ow-E (Ethreshold ~ |0 Ge\/) 2450 m N
2820 Penetrator HV Divider
DeepCore array i e
. . . Ma?n?)\'\oﬂard Vi [ | I‘j //
® § strings include high quantum - lioe L m iy
| edroc == ]
efficiency DOMs ory | .
Y 5OM ‘E[“M N \

ol dl 4
F.Halzen and S. R. Klein. Rev. Sci. Instrum. 81, 081101 (2010) F’M RTV

T

Glass Pressure Housing



Waveforms from charged particles in ice

Charged particles produce radiation
from ionizations and stochastics in ice

DOMs digitize the PMT waveforms of
photoelectrons

Arrival time and recorded charge
iInformation used to reconstruct events
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Detection Methods : Cherenkov Radiation

° 1
? ~]1 PeV Cascade

limited energy resolution d ~15% energy resolution
track ~1° angular resolution CasCadC o angular resolution
symbols process signature note
CC
Vi Vp+t N —p+X track cascade+track if contained
y&c ve+ N — e+ X | cascade
E.M. shower + Hadronic shower
ycc v, + N — 7+ X | cascade
tau travels ~50 m at 1 PeV
yye Vo + N — v+ X | cascade a=puerT

N= Target Nucleon and X = Hadronic Shower
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lceCube Detector Performance

® [he full detector (86 strings) has been running for 3
years (Currently taking the fourth year data)

® |ceCube built on time, on budget, and exceeds design
requirements

® 5[60 Sensors are deployed, only 1.5% not taking data

® 99% up-time

©)
® Cosmic ray Moon shadow verifies better than | angular arXiv:1305.6811

: C 1000 &
resolution and correct pointing.

-1000
-2000
-3000
-4000
-5000
-6000
-7000
-8000

o, - &, [deg]

® Understanding optical properties in ice Is an ongoing
calibration effort (NIM.A/11 (2013) 73)

4
® High-E sample ~/ X |0V peryear ( |.3 event per |0
min) at final analysis level ( <E>~1TeV ).

4 -
® | ow-E sample (DeepCore) ~10 v,, per year at final 20123
(< F>~30 Ge\/) (o1, - 0yy) cOs(8,) [deg]
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Sources of Neutrinos (Atmospheric/Astrophysical)

— Astrophysical Sources
1Y 1/ K:I: KO
'UJ _I_ ,LL (s 4 L Charmed Particles

V,U,/V(BNQ VN/VGNQO

— Astrophysical Sources
1% U K* K¢
€ —I_ € 2 Charmed Particles

Astrophysical Sources

Ve Ur Vu

| GeV 100 GeV | IO'll'eV | I FieV |
Eneroy | | | >
&) 1 | | | V.. I

DeepCor
PINGU
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Neutrino Osclllations : ¥y, Disappearance
Zenith Angle and Energy with 3 year DeepCore (953 days)

MC prediction, true energy/zenith angle
1000

| |
B v, BB 0, (osc)

M
v, H v, + vy

800}

600}

vents

400 IceCube Preliminary

8 200
2 0
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3] IceCube Preliminary
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- cos(0,..1)
-Veto bkg. events that originate -No osc. prediction: 7000 events total
outside of the fiducial volume (~30% disappeared)
-Analysis optimized for the lowest ||-Energy Resolution : 30% at 10 GeV
energy upward neutrino events -Zenith Resolution : |2 deg.at 10 GeV




Neutrino Oscillations : Vu Disappearance
Zenith Angle and Energy with 3 year DeepCore (953 days)

Bands: variations allowed by the systematic uncertainties assumed

800 - l 4 T | T
— MC best fit = 53
600}|- - - MC expectation e 1 g%
Pé ¢ Data Y i : i ‘ 1
o 400} - 1 " " ‘ : " —
> — |ceCube 2014 [NH] — T2K 2014 [NH]
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200 & |
3.8} e
90% CL contours IceCube Preliminary
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k o 34
LI‘QCO/EI'OCO ( m/GeV) ~™
1.4 . o 3.2
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% 1ol Tl Dl o oo q 28 /
£ 0 8:,. 2.6 »
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0.al _ , | 2.2
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3-flavor oscillations measured with the high energy atmospheric neutrinos
Measurements are consistent with other results
We continue to improve the systematic uncertainties.
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Events per bin ( 332.3 days )

Atmospheric Spectrum Analysis (Cascades)
Observables : Energy, Zenith angle, and PID

—

- IceCube Preliminary =6— Data (lcoCube 2011)
— == MC Best Fit
= Conventional v 25
— _O_I—O— . e = L E™ fit Conventional Neutrino Contour
- peeeeee Y e Conventional v, T L e E fit Conventional Neutrino Contour
- 0 Tt e Prompt (Ve + \'“) § 2 E? fit Conventional Neutrino Contour (No Syst.)
o -
— ./ 2.388 I L
= == — SILTEIE E™ Astro (v, + v, + V) c F
— 215 .
- === —— CRMuon g ,
....... T / ¥
— P g l" l:
-------- 'l\-\-\-\ 8 1 A ’o"'
= : = b &
E ' (_Cu : s .
- 2 05
________ e L
= : 5 L
! (&) L
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— T Conventional v, normalization (Honda+H3a)
" .L- - -L- - 1 4 r K L 1 N N | I_ 1L 1 N | 1 [N | I 1 1 | |

rec
Iog10 (EviS /GeV)

3-D Likelihood Fit with systematics as nuisance
parameters to disentangle atmospheric components
from astrophysical components
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Atmospheric Neutrino Flux

Conventional Neutrino
flux (pi/K) follows a
steep spectrum ~E~>

NuE components are
obtained from unfolding

Measurements agree
with models

Prompt neutrino flux
follows a spectrum
~E*/ (not measured

yet)

&)
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S

10°

107

10°
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ERS : Baseline Prompt Model
PHYSICAL REVIEW D 78, 043005 (2008)

.‘\ Co IceCube Preliminary
., ’7:/@0 » Vv, (unfolding)
L //. :
P, [[] Vu (forward folding)

A Ve

A Vv, (unfolding)

—— Hondav,
——— Honda v, with H3a correction \\
N\ '.'0
S Bartol v, A
llIllllIllllIIlllIllllIllllllllllllllllllllllll\\{l\'
/ 1.5 2 2.5 3 3.5 4 4.5 5 J.5
log a (E\,IGeV)

Atmospheric Neutrino Veto
PHYSICAL REVIEW D 90, 023009 (2014)



High Energy Starting Event Search

® Secarch for starting events at high energy
® Jotal charge > 6000 photoelectrons

® Require early charge to be relatively high

e ~400 Megaton effective volume

® Sensitive to all flavors above 60 TeV

® BRackgrounds

® Atmospheric muons : estimation from
data ( tagged muons )

® Atmospheric neutrinos : very low but
large uncertainty

20
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Astrophysical Neutrinos

oo [ Bkg. Atmospheric Neutrinos (#/K) g ]_02

= Background Atmospheric Muon Flux

Background Stat. and Syst. Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical E-2 Spectrum |]
e®e Data 1

IceCube Preliminary

|
o
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‘ Southern Sky (downgoing) ‘ Northern Sky (upgoing)

E= Background Atmospheric Muon Flux

3 Bkg. Atmospheric Neutrinos {#/K)
Background Stat. and Syst. Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)

— Signal+Bkg. Best-Fit Astrophysical E-2 Spectrum ||

eeoe Data

IceCube Preliminary

=
o
o

N
1
Events per 988 Da

=
(@)
=

10° 100 ~1.0
Deposited EM-Equivalent Energy in Detector (TeV)

-0.5

1
—

=S

0.0 0.5
sin{(Declination)

1.0

Arxiv:1405.5305

37 events In three years of data

e 8.4 +/- 4.2 atmospheric muons (background)

® 5.6+5.9-1.6 atmospheric neutrinos (background)
High confidence of non-atmospheric source of neutrinos

(5.7 sigma rejection of atmospheric-only hypothesis)
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Future Direction : PINGU

(Precision lceCube Next Generation Upgrade) ot 2V

INGU Geometry with 40 strings ( Baseline target)
100 e T ....................... ...................... .........

+ ToeGube ® |nstrument additional 40 strings

50 .. .|+ DeepCore
‘ ' ¢ PINGU

0_ fﬂ*’f@ B ® 50-100 DOMs In each Strmg

Y (m)

5014  SUSUNESVUS SHINURIENIN W PRI, ——— .

1005 ..................... SO ......... ® Detect neutrinos below [0 GeV

-150:1_.;_ .................... l ]l .... TI ..... lll ..... l .......... lll ......... ® LOW I’"|S|<, QU|C|< deplOymeﬂt

111111

i
-100 -50 0 50 100 150 200

® Neutrino Mass Hierarchy measurement with PINGU
® Neutrinos with Earth matter and density effect in varying baseline
® [nderstanding the systematics is the key to the measurement

® Additional calibration devices can be added

22



Osclllation Probability x Cross-section x Flux

Energy

— Fvent R&lt@(N) NH: Normal Hierarchy
anti=vy H : Inverted Hierarchy
| T o(v)~2c(anti-v),

- 0(Van)>o(anti-va)
= N (Truefor\.).e.,t(ID\IO)NH:'leH!

Distinguishability

Cos(Zenith Angle)

Parametrized
25¢ reconstruction,
ure v
20} P h

=

Energy [GeV]
o

-

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
cos(9)

llustration only

|
£
1L
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Resolution on v Zenith (°)

Resolution on p Zenith (°)
NN
o

Zenith Angle Resolutions

Fvent Reconstruction Status

vy CC

IceCube
Preliminary
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5 10 15 20 25 30 °

True neutrino Energy (GeV)

Ve CC M.
1500
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500
10 15 20 25 30 °
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Fractional Energy Resolutions

> 2200
= 1 2000
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G 0.8 v CC o
e 1400
c 0.6 1

° IceCube 00
S 0.4 -
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@ 0.2 M
o | 200
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NMI—I Sensrtivity

arXiv:1401.2046
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Summary

* The lceCube detector is running at full strength
* Three years of 86-string data are being analyzed while taking the fourth year of 86-string data

* The detector runs very smoothly (~99% uptime)

* [ceCube Is a multi-purpose detector
* Measurement of Atmospheric neutrino flux
* Observation of astrophysical neutrinos and active prompt neutrino search program
* Particle physics with DeepCore low energy extension, or possibly with PINGU

» Other projects : Indirect Dark Matter searches, Exotic particle searches, Follow-up programs, Air shower
physics, and so on.

 Highlights from Recent Results

* The High Energy Starting Event search found 37 events (3 events above PeV) inconsistent with
atmospheric backgrounds at ~5.7 ©.

* Atmospheric neutrino oscillations & neutrino flux measurements (v, and V) agree well with models of
atmospheric neutrinos and world average.

* More data with improved analyses coming soon and PINGU can help determine NMH.
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