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Most of the presented results are obtained by a great team of people
capable of leaving forever a sign of their explorations in the South Pole ice!

The eyes’ of IceCube

http://icecube.wisc.edu/gallery
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Theme |: Cosmic Particle Acceleration

what are the sources of the huge luminosity we obsery
in photons and cosmic rays?

how do the accelerators work? gamma-ray bursts, bla
holes, SNRs

magnetic fields in the local environment and in sources

Theme 2: Fundamental Physics

what is the nature of dark matter and where it is located?
Neutrino oscillations and hadronic interactions (kaons, charm)
Is the speed of light a constant for high energy neutrinos (VLI)
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The IceCube Observatory

9160 PMTs

50m

1 km3 volume
86 strings

17 m PMT-PMT
spacing per
string

1450 m

125 m string
spacing

Completed 2010

2450 m
2820 m

lceCube Lab
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lceTop
81 Stations
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energi
480 optical sensors

Eiffel Tower
324 m




. ______________________________________________________________________________________________________________________________________
Deep ice is a dark transparent medium

1 every million events interacts producing a

3D matrix of ‘eyes’
@ detectable muon

interaction

neutrino

Hadronic Hadronic

cascade cascade



Neutrino Signal and Background

200 neutrino events/day™**

Northern




.. each Digital Optical Module independently collects light
signals like this, digitizes them,

LED
Flasher
Board
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..time stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
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IceCube 59-string Data
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IceCube 59-string Data
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IceCube 59-string Data
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IceCube 59-string Data
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Indirect Searches for Dark Matter

.00k at objects where dark matter might have accumulatec
ravitationally over the evolution of the Universe
Galactic Center

! Galactic Halo
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Dark Matter Searches in IceCube

\
- ‘ SD SI
Sun probes © (-N" 0] XN
> e complementary to direct detection
e different systematic uncertainties
Earth - hadronic (not nuclear)
) - density averaged
' - can benefit from co-rotating disk
dwarves & ) robes < N
distant halos Probes =0, v

e complementary to searches with other

messangers (Y, CRs...)

Galactic > e shared astrophysical systematic
Halo uncertainties (halo profiles...)
Galactic

_enter Y,




IceCube searches for neutrinos from accumulations of WIMPs

Dwarf spheroidal Galaxies:

= lceCube-59 limits

Clusters of Galaxies:
= |ceCube-59 limits

(arXiv:1210.3557 2012)

\_ 4

"Local sources (Sun & Earth): |

- lceCube-79 limits
(PRL 110 (2013) 131302)
- Specific models & Global fits

. (JCAP 11 (2012) 057) )

\

/ -
Galactic Halo:

- |ceCube-22 limits
(PRD 84 (2011) 022004)

= |ceCube-79 limits

Galactic Center:

= |ceCube-40 limits
(arXiv:1210.3557 2012)

\9 lceCube-79 sens

/

Searching for DM-annihilations is%
low energy regime for [ceCube.
(~10 GeV-TeV)

Consider "extrema” to bracket
possible neutrino spectrum.

e.g. hard W+W) and soft (bb) /




Various Potential Dark Matter Signals

Various analyses looking at different source distributions

Galactic Halo:

ICQQ PRD 8 <201 1) - IceCube Preliminary
022004

Galactic Center:
IC79 in preparation
Dwarf spheroids:

IC59 PRD 88 (2013)
122001 natural scale




Neutrinos from WIMP annihilations in the Sun

Sun Is a down-going source
during austral summer

Effective Area (nT)

Sun Is an up-going source
during austral winter
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Neutrinos from WIMP annihilations in the Sun

[] MSSM incl. XENON (2012) ATLAS + CMS ( [~ ] MSSMincl. XENON (2012) ATLAS + CMS (2012)
[ | DAMA no channeling (2008) [ | DAMA no channeling (2008)
— - CDMS (2010) - - - COUPP (2012)
- - - CDMS 2keV reanalyzed (2011) Simple (2011)
CoGENT (2010) — - PICASSO (2012)
-...= XENONT100 (2012) . SUPER-K (2011) (bb)
; ——— SUPERK (2011) (W*W)
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—=— |ceCube 2012 (W'W)*
* (vt for m,<m, = 80.4GeV/c?)

--=-- |ceCube 2012 (bb)
—=— IceCube 2012 (W'W)*
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Neutrino Oscillations with lceCube
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The FUTURE

' Nark Mattar

--- SuperK soft (2011)
| | — SuperK hard (2011)
| |m-= IceCube-79 soft (2013)

Blue shadel! areas indicate S
sensli\dﬂeppossibly obtainable LR

with more

werful analysis techniques.™-.

“«—
£
A
c
.§
]
e
3]
c
8
3]
3
T
o
=
=

é)°

8 9
M e (GeV/ic




DecaCube (1/2/3) IceCube DeepCore

The Future (contd) e

1500 |
1000
would increase veto coverage ool
of lceCube )|
¢ ¢ ¢ ¢ O P e pP e pm o
—500} .””zoooooo |
—1000 AR s |ceCube 86 1
¢ ¢ % % ¢ % 0 | 4 spacingl120m
200 Flux: 47.4 x 107% E~23 -1500 | e ¢ o 9 0 9@ e spacing 240 m |
For HESE-3 flux C Energy >30TeV | _, . L . *_spacing 30 M
0(—)9000 -2000 -1000 0 1000 2000 3000

[ Energy > 100 TeV
] Energy > 300 TeV

150 | . Spacing 1 (120m): IceCube
(1 kmd)
+ 98 strings (1,3 km?®)

~75% increase in rate >100TeV =23 km?3
Spacing 2 (240m):
IceCube (1 km?3)
Surface array to 5 km + 99 strings (5,3 km?)

|' = 6,3 km?®
50

4
l

Spacing 3 (360m):
IceCube (1 km?)
+ 95 strings (11,6 km?)

ol . . n = 12,6 km3

% Increase in Signal Events, Compared to North
5
X_

0 Width of bands depends on range of parameters (for PINGU: 40<8,3<50). 10
We assume |st octant (623=40), the lower PINGU boundary in both plots.




KM3NeT outlook

Liovember 013 310

Neutrino physics SCIence

AYAAAS

ORCA Phase-1.5

+50-60 M€

+40 M€
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Diffuse Fluxes of Neutrinos

'E' 10 g Frejus v
- : ;.t ‘ 0 Fre}usvg
* cosmic v 102 IENNC g SuperK v,
neutrinos: E ol AMANDAY,
M= o unfolding
energy S - 0’29 foward folding
> 100 TeV ;, 104 & /: |ce19rgev
— ® unroidin
AT |7_—|foward foldlng
: 105
« atmospheric :
background: 10° .
— i
1~2 events -l Moty GZK
per year lL
108 = 2o
L = Galactic supernovae
-9 B l | NENENE A | L 111 | I |
10 = 107 0 1 2 3 7 8
events 1
2
per km?yr

atmospheric cosmic



Fvidence : Upgoing Muons In IceCube /9 and 86-|

Conventional atmospheric m——
Promgt atmospheric ——
E™ astrophysical m—
Sum of predictions
Experimental data e

10*
Muon Energy Proxy (GeV)

28
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Some Hints : |. Cascades in lceCube 40

) Super-K v,

m Fréejus v
O Frejus v,

AMANDA v,

o unfoldin
—/ forward

?olding

IceCube v,

e unfoldin
forward

?olding

events per bin [Tje=367.1d]

atm. p W 42-10°GeVsiem?sriE” (v.,.=1:1:1)
atm. ve +v, (conventional) -e data

atm. ve +vy, +ve (prompt) <= atm. Y extrapolation

atm. g + atm. v

preliminary high energy
stat. errors only signal region
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4.0 4.5
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Number of events

>

4..'::..'. 72 //// //

Some Hints: 3. PeV Neutrinos

[
o
P - Im
|| —)
time
| O +/- 0.2 Pe\/
o
sum of atmospheric background
atmospheric [
atmospheric v conventional
atmospheric v prompt ®

cosmogenic V Ahlers et al.
— E2O(v #V,+V,) = 3.6x10™ GeV sr™' cm? 51

e, |

777777

30

lceCUbe PRL111 (2013)




Vetoes

Muon Veto efficiency tagged on data 6 + 3.4 muons per 2 years

0 TC
s 74
arXiv:0812.4308 b
Tagging muons //
N H
VA |
21/
how many
passed the
second

veto?




High Energy Starting Events (HESE): 3 YEARS
31 EVENTS

Showers —e—
Tracks +=-><--

IceCube Preliminary

9 track-like events

|° ang. resolution
Muon takes some energy away
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Deposited EM-Equivalent Energy in Detector (TeV)

28 cascade-like events

I OO = 450 ang. I"ESO I Utl On @@ Background Atmospheric Muon Flux
@ Bkg. Atmospheric Neutrinos (7/K)
o) 11 H [ Background Stat. and Syst. Uncertainties
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Declination Distribution

Or: “zenith Distribution” because we are at the South Pole

Compatible with
isotropic flux

upgoing events
absorbed in Earth

Events per

[Southern Sky (downgoing)] [Northern Sky (upgoing)

EE Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (#/K)

[Edep > 150 TeV]

Background Stat. and Syst. Uncertainties

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

0.0
sin(Declination)




Multi-Messenger approach

Dut they Qe
N mechanis
acceleratll

)N emission
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Deflected by magnetic fields
(E < 1019 eV)

peS dl S

air shower
»
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Chandra oA

Supernova Remnants in the TeV SN1006 e

? Emax — Z X 100 TeV < Eknee ?

Indirect evidence of protons: clouds.

14.6-

» o molecular cloud

| W51A @ f \ |
.30 kyrs and 5.5 g.

? Y -G

14-

13.8

MAGIC, arXiv:1201.4074v2
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Fermi, Science |5 Feb 2013
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The gamma-ray liaison

dN _
dE: x B ‘exp (—E,/10%%V)

" 'neutrinos all flavors —— ] g
H : e-n cascade ] r : - e-n cascade
p-gamma interaction primary proton ] - p-p interaction primary proton

-

g
%
~

E2dN/JE[TeV/cmSs]
Q_ \

)
™
£
S
@
=
5
2
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w

Kelner et al. 2006 and 2008

" | TeV gamma rays
orprp PP
at the source: VU, !V I Vr = 1:2:

—>'7r+—}—n

Oscillations of the neutrino flavor:

= ,u* +.+ n _
_———————TeV neutrinos BT Ve :Vy:vr=1:1

et -+ +v, +n




Cygnus region in neutrinos

Source | Source 2 Source 3

! ! -STACKNG
o o

Most Significant Deviation

6 TeV associations with supernova
remnants based on Milagro observations.

p-value of 2% a posteriori in [C4Q.

EFvolved from under-fluctuation in IC59 and
20% in IC59+IC/9.

p-value in [C86+IC/9+IC59: 1.99%

0
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< 5

Log,,(E, [GeV])

*F. Halzen, A. Kappes and A. O’Murchadha (Phys. Rev. D78:063004, 2008) 38
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Neutrinos coincident with GRBs?

[ceCube Preliminary

1

10 7 = Ahlers et al.

— Waxman-Bahcall
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Neutrino break energy =; (GeV)
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decays to a F’#eV neutrino

decays to cosmic ray




Diffuse fluxes
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Diffuse fluxes

dN,/dE, [GeV cm™? s sr-T]

=5

10-2 LI lllllll e 1 I lllllll I I lllllll L] lllllll LI lllllll 1 LI
Honda + ERS Atmos. v Waxman Bahcall Prompt GRB x 3/2
3 ——— Waxman Bahcall 2013 Blazars Stecker 2005 v x 3
10 = (1[5 Decerprit et al. Proton GZK =
- ICSS Diffuse v _ Limit x 3 B 1C79+86 Astrophysical E°v x3 3
10 4 IC79v Unfolding IceCube 3 Yr. Starting Astrophysi I
= IceCube 2012 All Flavor Limit =
107 & =
- IceCube Preliminary 3
10° -
107 L WB upper bound
10° 3
10° =
-10 B L1 lllllll L1 1 lllll | | Illllll L1 lllllll | BN lllllll L1 Illllll L il
10

10° 10% 10° 10° 107 108 10°
E, [GeV]



Diffuse fluxes
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Where do the HESE come from?

ICECUBE PRELIMINARY "

arxXiv:1405.5303

shower events
p-value: 7%

all events
p-value: 84%

(all p-values are post-trial)

|
0 TS=2log(L/LO) 11.2917
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