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What is IceCube?

O gigaton neutrino detector funded through the
National Science Foundation and EU funding
agencies

s We are in our 10t project year and data

taking with the full detector (86 strings) began
in May 2011

m IceCube is the largest Neutrino Telescope in
operation

m IceCube has just opened up the neutrino window
to the cosmos and has ushered in the dawn of
Neutrino Astronomy. Science Cover Article
November 22nd 2013.

m http://icecube.wisc.edu/

&
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Cosmic Rays: A century old puzzle

Energies and rates of the cosmic-ray particles

| | | CAPRIGE
BESS98
AMS

protons only Ayan ot al
Grigorov

JACEE

Akeno

all-particle Tien Shan

MSU

KASCADE

CASA-BLANCA

DICE

HEGRA

CasaMia

Tibet

AGASA

HiRes1&2

W Auger2009

‘v
IL
W
ol
£
G
>
D
S

E3

Victor Hess
B Nobel Prize
R T Vs a4 Q‘:’ 1936

Ba||00n ﬂ|gh S Fixed target

HERA

1911-1913 [ ” l

— antiprotons

E2dN/dE

*Power law over many decades B GV parisi)

*Origin Uncertain
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IceTop

Air shower detector
threshold ~ 300 TeV

1450 m |

Inice \i\i
86 Strings, i

60 Optical
Modules per
String

2450 m |

2820m ‘_

S

Completion:
December 2010

v'86 strings

v'2010: 79 Strings
v'2009: 59 Strings
v'2008: 40 Strings

Deep Core

4
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Radie Continm (408 MHz) Bonin, fodrel! Bank,

IR . . THE ELECTRO MAGNETIC SPECTRUM

Observing the Universe [2r&rn
(metres)

Radio Microwave Infrared  Visible Ultraviolet X-Ray Gamma Ray

B B — e

103 102 10°5 106 108 10710 10712
Infrared 12, 60, 100 pm IRAS

Frequency
(Hz)

104 108 1012 1015 1016 1018 1020

Optical A. Mellinger Photomosaic

X-Ray 0.25, 0.75, 1.5 KeV ROSATIPSPC

http://mwmw.gsfc.nasa.gov/mmw_allsky.html
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http://apod.nasa.gov/apod/image/1011/bubble_fermi_big.jpg

Neutrinos as Cosmic Messengers

Source region, e. g.
surrounding dust clouds,

Source, e.g. Galaxies...

Supernova,

Interstellar
dust clouds

Satellite
experiments

Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergroungd
detector

/

Atmosphere

Protons: deflected
by magnetic fields.

Photons: easily
absorbed by CMB
backgrounds.
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Slow History of Neutrinos!

1930 Pauli propgoses 1956, Reines and Cowan 1967, Davis Solar 1987 Supernova 1998 Neutrino 2013 Dawn of Neutrino
Neutrinos discovery of neutrinos Neutrinos and their deficits IMB, Kamioka Oscillations, Super-K Astronomy

Al %5

.

s T
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Neutrino interactions

ve(ve) H90 e (e*) + X (CC)
v, (v )00 5 uuh) + X (CC)

v (vp)+P0 > 1 (xF)+ X (CC)
ve(Vg) +190 - vg(vg) + X (NC)
v, (v )0 - v, (v) + X (NC)
v (vp)+20 > v (v7) +X (NC)
v(v)e = v(v)e(CC,NC)

" Ve + p—>e€+n, Supernova(CC)
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Sensing Neutrino Light

IceCube "Digital Optical Module” (DOM)
Power consumption: 3W

Measure arrival time of every
photon

2x 300MHz waveform digitizers
1x 40 MHz FADC digitizer

Can trigger in coincidence w/
neighbor DOM

Transmits data to surface on
request

Data sent over 3.3 km twisted pair
copper cable

Knows the time to within 3
nanoseconds to all other DOMs in

the ice
Clock stability: 10-°= (.1 nsec / sec

Synchronized periodically to precision of
O(2 nsec)

Main board

Flasher
PMT base pgard

B 33 cm Benthosphere

lceCube



IceCube Construction
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Event Topologies
m Y, oroduce | tracis

=Anqular Res ~ 0,79
- £res log(g) ~ 0.3

m ., CC, v NC crezte srniowe
— s DOINT SOLUrC
—Eres Jog(E)=

m /. couple parg av

simulation

— IC 40 data

simulation

[}
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Real and Possible ET Neutrino Sources

‘ . R e )
'. e o) L ) \
i*.’ Ny Y \ : N ;
C. I 'l ) j | : { B! A: N
| y o' " RE IS 7 AN
O | li’ y ; ‘.V ‘:/ t ' | ‘
’ ' K 'v’ - %
o 1 - ! M . i3~ 1/
o RS, SRR, 1L

Solar Neutrinos Dark Matter?
Supernova 1987A

Jaunn

Active Galactic Nuclei Cosmogenic Neutrinos

:ﬁ}-

Gamma Ray Bursts
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The—ﬁﬁjaiﬁrity of
triggers in

IceCube are from
atmospheric
muons

We record over

6 x10° muons and
74,000
atmospheric muon
neutrinos per
year.

Atmospheric
neutrinos

0.8 -06 -04 02

Northern sky

()

Backgrounds

J Downgoing
" muons

02 04 06 (08
Southern sky cos(0)
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IceCube History and Rates

AMANDA(19) 2000-06 3.8 years
IC9 2006 137 days
1C22 2007 275 days
IC40 2008-09 376 days
IC59 2009-10 348 days
IC79-DC6 2010-11

I1C86-DC8 5/2011-present
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’ E, ~ 1-100 GeV )
Atmospheric (
Neutrinos

*Main Background to Astrophysical Search

*Created by high energy cosmic rays colliding with
O and N in the Earth’s atmosphere o oy

(p, He, ...)
*Conventional (Pions & Kaons) vs. Prompt

(Charmed Mesons)

*Conventional ~ E-3-7 Spectrum

*Prompt ~ E-27 Spectrum

p+%0 — at, KT, Dt ete.
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Observation of Highest Energy Neutrinos
Dubbed "Bert & Ernie”. (prL 111021103 2013)

v.CC on nuclei or electrons or v, NC on nuclei and electrons
Angular resolution on cascade events at these energies ~10°

Tue Aug 9 07:23:18 2011
I Jan, 3rd, 2012

Run 119316
-Event 36556705
NPE: 9.6 x 104
NDOM: 312
1.14+0.17 PeV

Tue Jan 3 03:34:01 2012

Aug., 9th, 2011
Run 118545
-Event 63733662
NPE: 7.0 x 104
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NPE Distributions

(PRL 111 021103 2013)

I —8— data

—— sum of atmospheric backzround
T ﬂl]]li]S.P]].E[‘iE 11

sennn gtmospheric v conventional

= me gimospheric v prompt

—— cosmogenic ¥ Ahlers et al.

—— E*(v +v,+v,) = 3.6x10° GeV sr”' em? 5!
L-_
l

-
=
-
i
R
=]
2
=
il

il 1] -I!
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Backgrounds for “"Bert & Ernie”

+

Atmospheric Muons 0.038 +0.004
Neutrinos from pion 0.012 +0.001

and Kaon Decay

Prompt Neutrinos from 0.033 £0.001
Charm Production *

Total 0.082 +0.001
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Results

EVENT 10

(MJD) | Declination (deg.)|RA (deg.)|Med. Ang. Resolution (deg.)| Topology
16214 | 106 | <1 [ Track

1e (MJD) |Declination {deg.)|RA (deg.)|Med. Ang. Resolution (deg.)| Topology
5605 _‘TISII:'.'.’l 204 5 | 8.1 | Shower
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Evidence for High-Energy Extraterrestrial
Neutrinos at the IceCube Detector

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (x/K)

28 eventS, |nCIUd|ng ¥7Z7Z7Z) Background Stat. and Syst. Uncertainties

H Atmospheric Neutrinos (Benchmark Charm Flux)
Bert & Ernle’ Atmospheric Neutrinos (90% CL Charm Limit)
(7 traCKEd, 21 Signal+Bkg. Best-Fit Astrophysical E ? Spectrum

cascades) observed.
Background from %% :
known atmospheric 222, %
neutrinos is 10.6*3¢ ////’”////

; ////I//l’/// //
EEe / ]

n
>
©
O
0
O
©
-
)
Q
)
4
=
)
>
I

Deposited EM-Equivalent Energy in Detector (TeV)

lceCube



Results, Declination

[Southeanky(downgomg) ‘Nodheanky(upgomg)l
T T
Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (=/K)

] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E * Spectrum |

o

(*))]

S

n
>
©
()
NN
O
(o)
-~
Q
Q
0
4
C
)
>
L

0.0 |
sin(Declination)
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Results, Charge Threshold

Charge Threshold

Bkg. Atmospheric Muon Flux (Tagged Data)

Bkg. Atmospheric Neutrinos (=fK)
A4 Bkg. Uncertainties (All Atm. Neutrinos)
Atmospheric Neutrinos (Benchmark Charm Flux)

Atmospheric Neutrinos (80% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E* Spectrum
All Events (Trigger Level) '
Data

un
>
0
o
(5
o
w0
-
o)
o
wn
[
c
Q
-]
(18]

104
Total Collected PMT Charge {Phc}toelectrnns]
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Coordinates of the First
Detected Light

_l,

First light from
atmospheric ¢
interacting on
the top and to
the right of the
plot are vetoed.
v interactions
are uniform
throughout the
detector.

Vertical Position (m)
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Declination vs. deposited energy

A few observations.

Sigﬁi)—eontains 21 cascades
and 7 tracks
Showers —e—

Atmospheric neutrinos: Tracks +-3x-—
track/cascade = 2

Most events originate from
southern sky because most HE
neutrinos from northern sky
are absorbed by the Earth

—_—
w
LUh]
@
|-
(@)}
©

=]

—
c

Qo

e
W
c

O
@«

a

Excess from the southern sky
is not due to atmospheric v,
because they are reduced in
the south by u rejection.
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Neutrino Effective Area/Volume

NeuLLLtLaeffective area and volume.
Event rates are obtained by
multiplying the effective areas by
47w, by the sum of neutrino and
antineutrino fluxes, and by the live-
time of 662 days.

Neutrino effective areas for each . - -
flavor assuming equal fluxes A
of neutrinos and antineutrinos are
averaged over all incident

angles. At 6.3 PeV, resonant W
production on atomic electrons
increases sensitivity to electron
antineutrinos.

Neutrino Effective Area [m® ]

v, CC
v, CC
v. CC
All Flavors NC

=
S
—t
=
=
wv
v
o
=
-t
[
o
—
o
.—
]
>
=
o
]
&
=
v

10°
Neutrino Energy [TeV]




Likellhood Search for a Point Source
- Test Statistic (TS) Calculation -

Maximize the likelihood L at every point in the sky x
# ot events fI'Dl.‘.ll source

Total # of events = 28 -
= de.%mz&

'T:Il'ﬂ_r

L(x)= ﬂ s S.(x)+ Mor

4
=X B.(x)
I fo F?:"D.’ ,-#'l“-
4% T

Reconstruction map Uniform value
value at position x for each event
from event 1 at every position |

i 5o b s g e G | - e g -~ L e |
Fvents' energies not used in the likelihood

TS is calculated for every point in the sky x

TS’[ :._} = 2X log JJI;(:llr}/ .
. = Lﬂ (_.1 J where L, = L{x.n_= 0 ;3;
4 - ‘

lceCube




Point Source Analysis

Test null hypothesis vs. most likely

LO: null hypothesis All event p-value = 80%
‘l‘t maximized likelihood Cascade events p-value = 8%

X: tracked events
+: cascade events

Equatorial

lceCube



Atmospheric v Oscillations

low-energy sample

MINOS, 2012 90%
Super-K, 2012, 90%
ANTARES, 68%
ANTARES, 90%
IceCube-79, 68%
IceCube-79, 90%

best fit ANTARES

% best fit IceCube

® best fit MINOS +

“+

+

_+_—+'+—_+;+— . &

|

rate (Hz)
+
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T

pa gl oo b ea v b bon o by oo b e oaloaaalosgy

09 08 07 06 05 .04 03 02 -01 0
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high-energy sample
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o
-
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&

sin®(20,,)

nonoscillation case, norm uncertainties

‘l!lllll X

nonoscillation case, shape uncertainties
world average oscillations, norm uncertainties

world average oscillations, shape uncertainties

Data from IC-79 (319 days)
Amy? = 23158 x 1073 el?
sin2 (26,3) > 0.93 (68%C.L.)

data
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rate (Hz)
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PRL, 111, 081801 (2013)
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Neutralinos scatter inside the Sun, get

trapped in its gravity field, and annihilate | ] etine XENON (2012 ATUAS + WS (2012
producing W'’s and other SM particles =7 Serplo o).
. . . . — - PICASSO (2012)
decaying into u neutrinos that interact 36— - SRR o o)
L — K (2011) (W*W)

inside IceCube and produce n tracks which
can be pointed back to the Sun.

[
@«

log10 ( oy, / cm?)
8

Data from IC-79 (317 days)
PRL110, 131302 (2013)

0
©

--#-- IceCube 2012 (bD) /
—=— IceCube 2012 (W'W)* |

+ (17 for m <m,, = 80.4GeV/c?) |

2
log10 (m, / GeV c?)
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Dark Matter Search in the Milky Way

.« M annihilation channel

+ 10 E | | _. ] R IC22 Halo | | f

1016F XX —uu IC40 GC 1

IC-79 (320 days) 107k lceCube Preliminary | o vigecuster |

No excess found 10-18 i |FC79 QC sensitivity 'f

J— E ermi 2

T -19[ A 3

IceCube is 010k
sensitive to a £107%

minimum WIMP
mass of 30 GeV.

— anit
A10°TF

£10%°F
wrlozsé
1024é
10'25-_ nalural scale

10°
m, [GeV]
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Gamma-Ray Bursts

FORMATION OF A GAMMA-RAY BURST could begin
elther with the merger of two nautron stars or

‘ @ with the collapse of a massive ster, Both these

! events create a black hole with @ disk of material

NEUTRON STARS around it, The hole-disk system, in 1um.§nmpa

1 \ ) out a jet of material at close 1o the speed of Bght.
N Shock waves within this material give off rackation, | JET COLLIDES WITH
AMBIENT MEDIUM
[extornal shock wave)
BLOBSCOLLIDE GAMMA —
(Internal shock  RAYS
Wwave

- SLOWER
BLACK HOLE DISK FASTER BLOB

St ‘ BLOE ‘

- CENTRAL
ENGINE

PREBURST

Synchrotron A Resonance
¢ Radiation ——

GAMMA-RAY EMISSION

MASSIVE
STAR Nl AFTERGLOW
” 1 \

HYPERNOVA SCENARID

Figure 3
JUAN VELASCO

Por-burst Noutring Fluer o

Fireball model:

* Internal shocks in GRBs — acceleration for UHECRS.

* Neutrino production in y-hadron interactions in fireball



IC40 data 2008-2009 (117 GRBs in northern sky) and IC59 data 2009-2010 (98
GRBs in the northern sky and 85 from the southern sky) analyzed. No coincidence
found. Note, analysis has very low background because both direction and

timing coincidence are applied.

ICECUBE-40

Waxman & Bahcall

IC40 Guetta et al. | oo ™™ e e oo
|CECUBE-59 / - :
IC59 Guetta et al,

COMBINED LIMIT
|C40+459 Guetta et al,

IC40+59 Allowed (90% CL)
—— 1C404+59 Allowed (95% CL)

—e— Waxman (2003)
—&— Rachen et al. (1998)
—— Ahlers et al. (2011)
s
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IceCube: A Supernova
| Detector
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Neutrino Spectra from SN

neutronization

_. L (foe/s)

accretion

A\ Kelvin=Helmh.

cooling

Time (s)
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Milky Way (center) no oscillation 0.5 s
normal hierarchy 0.5s

inverted hierarchy 0.5 s

0.1y false trigger rate
10 SNEWS trlgger threshold

internal trigger threshold

20
Distance [kpc

-400 -2 200 400 600

JAYCTAY 535, A109 (2011) ° X-axis (m)
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Future Plans

f | : , acronym for "recision IceCube
__________________________________ S ______ : ext Ceneration pgrade, is a

; o | proposed dense array and has physics
goals such as precision measurements
5 5 of neutrino oscillations (mass

B - hierarchy, ...) and other physics such

’ as test of low mass dark matter

DecaCube (1/2/3) IceCube DeepCore

Spacing 1 (120m):
IceCube (1 km¥)
L T el + 98 strings (1,3 km?)
Larger IceCubes, up to more than < B 38 o - =23 km?

an order of magnitude in L 0 e e e we WAL Spacing 2 (240m):

a ol 20 W% OB :..é..:..:.o:‘- -'-. lceCub 1 :
mass/volume. Much higher I erRae feggustfn_ésgs)kms)
statistics in the PeV region, much W e 8 BIEEWS “Beim
higher energy neutrino e e s 4 4 4 s | " ecuess 1| Spacing3(360m):

-1500 @ N > ¢ 5 ; f;r‘:',:' ng /4( rr‘nI ICeCUbe (1 Kmd)

+ 95 strings (11,6 km?)
= 12,6 km?

acceptance, a deeper view of the
cosmos and source ID of high
energy neutrino production.

» spacing 360 m
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Overall Conclusions

_IceCube has Evidence for High Energy
Astrophysical Neutrinos and has achieved its
main goal of opening an era for neutrino
astronomy.

m Further question: what is the origin of the

high energy neutrinos?

m IceCube is in it for the long haul and more
data is yet to come.

m Future plans: PINGU dense array for
Neutrino Mass Hierarchy ... IceCube
Extensions for Higher Energies ...

&
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