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Scientific Questions

= Astronomy
BREAKTHROUGH

OF THE YEAR

= Search for localized neutrino sources

= Search for other high energy extra-terrestric neutrino fluxes
= Cosmic radiation

= Energy spectrum, Chemical composition, Isotropy
= Particle Physics

= Neutrino-Oscillations, Dark Matter, Monopoles, SUSY

= Charm-CR, Muon-CR
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Astroparticles: Neutrino Astronomy
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Detection Principle

“ lceCube _ ANTARES
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SOUTH POLE NEUTRIND OBSERVATORY

IceCube
IceCube Lab

- = IceTop

3 :. = __— 81 Stations

50m 324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

1450 m

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

Eiffel Tower
" s 324 m

2450 m
2820 m
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IceTop: Physics & Veto

Energy Spectrum (3 years)
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——=a—— IceTop 3year (cos620.8, H4a, Sibyll)
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IceCube PRELIMINARY } I

Tibet 11l 2008
—mu— Kascade_Sibyll 2005
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—a— Kascade-Grande_Sibyll 2013

—=®— GAMMA 2008

—®— Tunka-25 + Tunka-133 2013
—%— HiRes 2

—+— TA 2013

—— Auger 2013
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107 10° 10°
Primary Energy, E [GeV]
E._.>2EeV

Deviation from a single power law
above the knee
- Chemical Composition (four groups)

10°

Timo Karg, Zeuthen; Klaus Helbing, Wuppertal
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Primary interaction

Outlook: High Py Muons /

LS muon 1

high p; Jets
21, Kmuons

Muon bundle

LS muon 2
heavy quarks
— prompt muons
IceTop
Inice
8
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Point Source Analysis: IC40+IC59+I1C79+IC86

IC40+1C59+IC79 =
ApJ,779,2,id.132,(2013) +85
+IC86= :
arXiv.org:1406.6757 +45

2ah| oh

Post trial

Post trial P-value = 0.440

P-value = O 226
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Analysis of the cumulative neutrino flux from
FERMI-LAT blazar populations using 3 years of IceCube data

Blazar classification (10% of the sky!):
Position of the synchrotron peak (L/M/H/SP)
Width of optical emission lines (BILAC < 5A; FSRQ >5A)

Weighting scheme:

FSR Limigg
[0 .
v flux ~v flux Qpara'neter:ta'“ed
Qce r, .
y flux and v flux not correlated CStrictey
— Al FSRQ Limit — &cr =100 — I =27 — I'g; =20
—  £ep =500 .
) — 107°° : PO : :
= 10°6 . - - ‘equal weighting _
9 S 10-7 +-Lum. weighting all- Fermi-LAT
T o : SN Blazars
Tv -8 " 107°} \\s
= W o R N
g E -t . T - - : ——————— L — -
S » = 0L BTN, SRS SRR
|_,1 10—() . . ‘:‘| E‘ .',"" -
%é 1010 IceCuj!be pre”imi ry 1 ; i : '-E;Jv 1010 _ |CeCLJllie Prelilmlinary _ i i i .

Neutrino Energy [GeV] Neutrino Energy (GeV]

*) Band denotes central 90 % of outcomes of different realizations from the ~-Luminosity Function.
This limit also holds for all (quasi-)isotropic subpopulations, independent of their gamma emission.

Thorsten Glusenkamp, Zeuthen
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Searches for small-scale anisotropies from neutrino point
sources with three years of IceCube data

Northern Hemisphere

Autocorrelation test: Wi A0SR ST binww”"'
Results consistent with -t
background fluctuations " J,;*”M
Multipole Analysis: [ example
Agreement with background
. . . 0 05 1 156 2 25 3 35 4 45 5
distribution maximum separation 6 [°]
0.012 b T I
— expected atm. background
Limits derived e.g. for one source : 0.010} -t " observed g
O( 108 GeVcm2s) ..0.008
EOOOG
Excluded, that the emission of < 10 8 0,004 !
isotrop dist. strong sources with E-2 5 !
dominates the HE flux. 0.002
0.000 3 My,

—0.0004—-0.0002 0.0000 0.0002 0.0004
D(ﬁ'f
Dist. of weighted differences of Cl exp/bg-Coeff.

E. Resconi, Munchen;C. Wiebusch, Aachen; arXiv:1408.0634
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Three Signatures: 1. Cascades

: : : : : : . -<-1450 m
vetoregion I 90 meters : ]

tﬁducial vo:]umé

<-2085 m
‘<2165 m

ISO meéters

. veto region . fiducial volume

E . . 2 : x 16 me;‘ters 5 : E+-2450 m
TOp Slde
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Three Signatures: 2. Starting Tracks
: : : . . . . <-1450 m
vetoregion I 90 meters : :

tﬁducial vo:]umé

<-2085 m

: ISbmeftersE :
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ﬁducial voglume;
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TOp Slde



technische universitat
dortmund

Three Signatures: 3. Throughgoing Tracks

: : : : : : . -<-1450 m
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: 18:0me5tersE :
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IC40 Atmospheric Flux Cascade Analysis

atm. p B (3.6+1.2)-10°GeVsicm2sriE?
8 atm. ve +v,; (conventional) <+ data _
W atm. ve +v, +v; (prompt) < atm. p extrapolation
2 atm. p + atm. v
T T i T
10°L IceCube preliminary ' sample Ib |
g . signal region 3
o 4 ]
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107 E
-2 ] ]
10 3.0 3.5 4.0 4.5 5.0 55 6.0
log10(Ereco/GEV)
L] - o -
1+3 Cascade Events > 100 TeV Limit 90% CL:

- 2,7 O excess 7,64*10°8 E2d<I>/dEM [GeV cm2s1sr-1]

Eike Middell, Zeuthen Phys. Rev. D 89, 102001 (2014)
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IC 59: Search for a diffuse flux of astrophysical neutrinos

@ 1200 T T T T T T
5 N i
3 - - 104
1000_ ] ﬂ E‘lllllIIIIIIIll'llllIIIIIII"I'IIIIIIIIII'V""'
L N o -
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800— ++ 1 % = conv. atms. v (HKKMS07 + H3a)
- 103 conv. atms. v (best fit)
N _E e prompt atms. v (90%CL upper limit)
600[— - astrophysica v (best fit)
L S S B astrophysical v (90%CL upper limit)
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- — — W8 2011 e ]
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N -0 e WE GRS 2011 .
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r
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— — — —
— )

T 1,44*10-8 E2dd/d E, [GeV cm2s-1sr-1]

log10(E, [GeV])

Anne Schukraft, Aachen: M. G. Aartsen et al., Phys. Rev. D 89,062007 (2014) 16
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High energy cascades in IC 79 und IC 86

Search for cosmogenic ,,contained” >1 PeV-neutrinos in IC 79 und IC 86

NPE
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Phys. Rev. Lett. 111,021103 (2013)
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HESE: High Energy Starting Events in IC 79 und IC 86

= Search for ,,semi-contained®“ HE-Events

>4 0

Events per 662 Days

Science

AVAAAS

T

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K) r
Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical £~ Spectrum

r
R s il i
/ :
10° ¢
////
08
10

102

////

Data

/LA TT77777]

Deposited EM-Equivalent Energy in Detector (TeV)

26 + 2 Events

Science, 342,1s.6161,id.1242856 (2013)
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=
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Bkg. Uncertainties (All Atm. Neutrinos)
= Atmospheric Neutrinos (Benchmark Charm Flux) |4

-

Atmospheric Neutrinos (90% CL Charm Limit)

—— Signal+Bkg. Best-Fit Astrophysical £ Spectrum
= All Events (Trigger Level) B
eee Data
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10*

Total Collected PMT Charge (Photoelectrons)

Southern Sky (downgoing)]

INorthem Sky (upgoing)‘

[ 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 £~ Spectrum |

eee Data
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HESE: 3 years

37 Events = 5.1 0 (rumors: 4 years = 54 events...)

Background Atmospheric Muon Flux

Bkg. Atmospheric Neutrinos (n/K)
Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~* Spectrum |7
ee Data 1

102 L

ISIT

.. IceCube Preliminary |

=

o
[
T

=
(=)
o

Events per 988 Days

.............................

=
e
\

%%
102 10°
Deposited EM-Equivalent Energy in Detector (TeV)

19
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Diffuse Muon Neutrino Analysis IC79 + IC86

104 - - . - ,
Conventional atmospheric m—
Promgt atmospheric m——m
3L E™ astrophysical e—
10 Sum of predictions 3

Experimental data e

IceCube Preliminary

al

10°

10° 10
Muon Energy Proxy (GeV)

fixed
fixed
=2.2+0.2

Atm. norm:
Prompt norm:
Astrophys. Index :

—_
o
[N

LR |

T T T T T T T T
Waxman Bahcall Prompt GRB x 3/2
————— Blazars Stecker 2005 v _x3

Decerprit et al. Proton GZK
S 1C79+86 Astrophysical E*v, x 3
e |ceCube 3 Yr. Starting Astrophysical

T UL S L B
——— Honda + ERS Atmos.v
Waxman Bahcall 2013

-3
10 —— Loeb Waxman Starburst 2006
IC59 Diffuse v Limit x 3

IC79 v, Unfolding
IceCube 2012 All Flavor Limit

—_
o
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—_
o
&

IceCube Preliminary

E2 dN,/dE, [GeV cm™? s sr ]
5 3

—_
o
@

Astrophysical normalization
-2 A Log Likelihood

1.6 1.8 2 2.2 24 2.6 2.8
Powerlaw index



technische universitat IDEBUBE

dortmund M sour ro e e TRING DBSeRvAT o

Analyses: 107 .
Cascades: IC 40 + IC59 + . ﬁ E?;:;:Xl(f;:;j:)
IC79/86 (incl. Tracks) w0Sl o
Diffuse: IC 59 + IC 79/86 [

HESE T

Free Parameters: >
conv. v-flux: norm. o,
prompt v-flux: norm. o
astro. v-flux norm +ind. &=

Syst. uncertainties of the models
considered

E, [GeV]

D, = (2.29+036 . )*10-8 GeV-'s 'sr'cm=2 * (E / 100 Tev)-2.5010.08

astro™

Prompt component: fitted to zero with < 1.5 * ERS at 90% CL

Lars Mohrmann, Zeuthen
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Sky Map of the 28 HE Neutrino Events

Northern Sky

.
.

17

0 TS=2log(L/LO) 12.4
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ANTARES: Neutrinos from the Galactic Plane?

T . GP nieutrines (NoDrift_simple) —— ANTARES v, + v, limit (2007-2012)
.in eGP neutrinos (NoDrift_advanced) —~—=—  ANTARES v, + ¥ sensitivity (2007-2012)
&2 ——— GP neutrinos (Drift) ———  AMANDA-II v, + Y, limit
E 10— SS==== GPneutrinos (Flux from Fermi data) ~ ——— AMANDA-II v, +¥, sensiivity
——
CR % Fr———— E—— L e e e e
p/He/Fe }_ ——
b
A "
J10° =
w
B -
+
>=
)
107 = |, L] : | . . . ANTARES preliminary
-150 -100 -50 0 50 100 150
S itivi 00% 4 27 -1 2 -1 -1 | [deg]
o w a Sensitivity: ‘I’yﬁr‘, = 713-107-E7" GeV- em™ sr™ s
70 N I Background re . . | ~ ~ _ o
.. mmsoewe 0 Flux limit:  ®7, =10.18-107-E7" GeV™ em™ sr™' s
40 TQonly triggered events
30
. By = 166 £ 5 Result:
n,, =177+13
10
g w0 doa 14
e o O ¢ * Small Excessof 0,8 ¢
-10
20

e Flux Limit Calculated

-30
40
X l =
-60
70 . ANTARES preliminary

ApJL,786,1,id.L5,.(2014)
23
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ANTARES: Search for Isotropic Contributions to the Atm. Flux

- e " |— Data 08-11 | -
e 107 — Atmsv |2 @ =47-10°-E7 GeV'em s s™
w E E ﬂo H
: Signalv__ | @ =51.10°-E2 GeV'em? sr's™
102 = e
S § 3 45 TeV < E <10 PeV
10 = i
3 3 § 10° 3
N : : ] g 3
4[®..,=2.0-10"-E? GeV™ em™ sr™' ™ i 2 =
2 T = L S o =
- [+ 8 = - — =
- - ‘» - .
o1 JuttaSchnabel, Erlangen ] > 105 o]
= arXiv:1305.6442 | = S F -
15 2 25 3 3.5 | 4 % 11 I ——— O N -
og. . p > = 3
10 = 3
102 Fitted shower energy (after quality and zenith cuts) % - B 1
T T, ‘ oz 107 S
ANTARES Preliminary | = atmospheric v w = 3
=== atmospheric p — -
#T - | === sum atmospheric 10° 5 e
10 s D I_ """ == == cosmic IceCube flux [} = o
| |{| Data : 10-92 L N R 3 P B + NP B PR B .b
. . 1 log, (E /GeV)

T i """ T EPJC, 73,id.2606 (2013)

H

9
AN
T

e =39.10°-E7GeV ' em” srt s

@ =49-10°-E7 GeV'em™ st s
23 TeV< E<7.8 PeV

,_.
9
[V

Number of events in 1247 days per 0.36 log GeV

Florian ﬁolger, E
10-3

L il
102 10% 10t
Fitted shower energy [GeV]
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ANTARES: Search for Point Sources in Six Years of Data

----2007-2010

arXiv:1402.6182

pre-trial skymap

Full sky search:

Post trial p-value: 0.027
Significance: 2.2¢0

RA: -46°8 DEC: -64°9
Same cluster than in the 2007-2010
analysis

10

102

107

10

10°

10°®

107

Candidate list:
Post trial p-value: 0.061
Significance: 1.90
RA: 98°2 DEC: 5°8

HESS J0632+057

o

=
©
1
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ANTARES: Outlook - Improvement of the point source analysis

= Reconstruction of cascades:
= Angular resolution: 6 deg at 10-50 TeV
= Energy resolution: 0.2 - 0.3 OM
= With a newly developed method:
= Angular resolution: 2 deg at 10 TeV
= Energy resolution: 10%

| direction resolution | | energy resolution |

w 3f
NTARES preliminary =

AAAAAA uF ;

ANTAI%ES prelifminary

o N o [=2] 2]
UL LN L B B B

Ll 1 | 1 L 1 1
10° 10* 10°

26
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ANTARES: Combination of the point source search with IceCube

 ANTARES has the best sensitivity — 10°- e
. %) - — sensitivi y) ays
atthe Southern sky forenergies o ¢ e bamde (158 deyo
belOW 1 00 TeV . | -_: “\:.\. :}gﬁg:z yi£00 TeV sensitivity
> | S srun locube 3 years £ <100 Tev sensitvty
« Optimal for Galactic Sources g oL
8_9; g “““ ~
* No detections yet e e S R
- hal
L TS o awia
* lceCube sensitivity at Southern LI
sky only for cut-off at > PeV 107
B D ' SIS
* General: Factor 1000 I m E L 0% o e
P . . | .0 .‘,.[]'. .........
sensitivity increase in 12 years - R T e
0 g—a—
05 N
* EXpeCtanOther :Illl[[[|IIIIIIIIIIIIIII|lllIlllIIII|IIl

08 -06 04 -02 0 02 04 06 08 1
sin(d)

factor 3 until 2016

« Combined analyses will help ApJL,786,L5 (2014)
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IC 59: Unfolding of the v -Energy Spectrum,
Data Mining + Regularized Unfolding (TRUEE)

3
7 p—
=5 Data » =
[~ ——— Atmospheric Neutrinos (7, 10-4 -
1 06 | = . o =
= = —— Atmospheric Muons E -
- —_ o -
C - —— Muons + Neutrinos 5
: 9 107
10°E e S -
- e | £10°
I e w
1 04 - +“‘;__;:;_ L
- . 107 =
B + +  1C-59 unfolding data
3l i 8 Honda2006
10 F ey S 107 Honda2006 + ERS
- i ++++H+ +++++HHH+++ - Honda2006 +ERS + HESE
1021E 10° Honda H3a +ERS
g l ——— QGSJET-II
_1 Lo oo b b L 10-10=:|-|"|u|“|”| IS:B|YIL|L|-|2.|1I|||II||||I||||||||||||||
0 100 200 300 400 500 2 25 3 35 4 45 5 55 6
Number of Trees log, (E/GeV)

Tim Ruhe, Dortmund arxiv: 1409.4535
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IC 79 + IC 86: Unfolding of the v -Energy Spectrum,

107

——— IC79 + IC86 Entfaltung
3 ——— ZSP, SIBYLL-2.1
L —— ERS
——— Summe aller Komponenten
L —l—
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_IIJI|l|IlllllIllIII|IIII‘IIlIllIIllI\II[IIII
2.5 3 35 4.5 5 5.5 6 6.5
log, (E, [GeV])
86°-100°
100°-120° .
1200-180 Fit:

_e

preliminary

P TS S S NN T T S S A S SR

Astroy = 2,4%0,3
Prompt = 0,128 |

~§

N,

25 3.5 4 45

5
log, (E, [GeV])

Data Mining + Regularized Unfolding (TRUEE)

Events / Bin

-
<y
{ HH‘T T

-
o
)
AL

vvvvv L L S B [ B B

IceCube Preliminary ?
86 <0<=90

10 i 5
10_1; Ic79 i
% IceCube - HESE (Science '13) §

_2' Honda et al. + Enberg et al. ) ) | L 1
W0 "25 3 35 4 45 5 55 6
Iog10(Eu_’ ! GeV)

ST — =
@ E IceCube Preliminary =
% 103 90 <6 <=120 B
= 3
102 ? 4:'

g I &

16 |

E Ic79 3

10-1 §_ ———— lIceCube - HESE (Science '13) —=

2 - e Honda et al. + Enberg et al. ) it 3
1025 3 35 4 45 5 55 6
log10E,, .,/ GeV)

R B e o e IR B
@ IceCube Preliminary =
«2 120 <6 <=180 s
2 =
> 3
w 3

THIHIW TIIWIW IHIHW THII!II‘ HHUIII ITHH‘

10 . J
i i

1 =
| Ic79 3
10 IceCube - HESE (Science '13) ;
> | e fan e e Honda et al. + Enberg et al. e e b:‘
0% ""25 3 45 5 55 6

3.5 4
log10E, .,/ GeV)



e technische universitat
- technisch ICECUBE

" SOUTH POLE NEUTRIND OBSERVATORY

Synopsis of the v, -Energy Spectra

Caveat:
: =107
* Muon cross sections £
« Angular comparability 2102
>
O s A3
« Primary Flux w10
* Interaction Models Y 104! #li'é!e
33'_—‘ 10°} e
jz: muon neutrinos _ 10-6 | —— 1C86 Entfaltung

—— |IC79 Entfaltung

40

g o - 107" | —— IC59 Entfaltung :
'§ 0_- gl Amanda Entfaltung g ]
§ 2 . g 10" | —— Frejus Entfaltung : [Tt
o . , — —— ANTARES Entfaltung E l y
40 . _9 H
20l i 107 - HESE Entfaltung :
o i 0 HESE Fit | | P |
~ __ __ - T T T T T T T T T T T T T T T T T 1 | I | :I | L1 ) Il
20__ electron neutrinos _ 1 O 0 1 2 3 4 5 6
-40 log, (E [GeV])
10° 10° 10 R 10% v

10
E /GeV

J.Tjus,Bochum



technische universitat IEEDUBE

dortm u nd SOUTH POLE NEUTRIND OBSERVATORY
1079 ;
- c\"x_‘ ;‘ ;o;:er lawl(:/e +v, ;)
ifferential (v, +v, +v,
Conclusion : e 12

1076}

PRELIMINARY i 104 . . .
; - R Conventional atmospheric m—
Promgt atmospheric — L
3| E™ astrophysical = | +
10 Sum of predictions
Experimental data e
24h| Oh
10?
@0 H H
S 10! 10* 10° 10° 107
& E, [GeV]
-85 0 — AIIFSRQ Limit — &er =100
10 — &er =500
S (Vi ‘ - - ‘ - -
00 06 12 18 2.4 3.0 36 42 48 5.4 6.0 10‘1 IceCube Preliminar‘y @
-logyy p = 107}
8
102 2 10}
3 4 5 6 3
10 10 10 100 2 0]
— - — — %ll:‘j 10-10 IceCL‘u'je Preli‘mi : : : :
[ GP neutrinos (NoDrift_simple) —— ANTARES v, + 9, limit (2007-2012) - [S3) 102 10.3 104 105 106 107 108 109
< GP (NoDrif_ ) ——— ANTARES v, + 7, sensitivity (2007-2 B . 2 Neutrino Energy [GeV]
o~ I GP neutrinos (Drift) ——— AMANDA-II v, + 1 limit - 5 K : 2 3 . - "
'E 10— S==== GPneutrinos (Flux from Fermidata) ~ ——~ AMANDA-I v, +, sensitivity / ; ; T : %fs E 1 ) . \
— E . i +: H : g .
; E 360 : 1 0
) gt — i1 b +; - 103
L — N 2 +i ; / £ 10 IC79 + IC86 Entfaltung
- 164 X 5 2/ 5
A 105 & & S 2 I ZSP, SIBYLL-2.1
w E 4 e, O,
+s‘, i 10-5 L ERS
z Equatorial . Summe aller Komponenten
107 ¢
[ Seeee—
0 TS=2log(L/LO) 124 10_7 r
._l_.
40 -] 8 _l—-—'—
yi 107 reliminar l
075, Ll . _|_. . . ANTARES preliminary * . P y
-150 -100 -50 0 50 100 150 B —— 7 10°F
o Sensitivity: CD:T:V;‘ = 71310 E¥ GeV' em™ sl 577 I [deg] s E 1070
.. . € o k
a Fluxlimit:  ®%%, =10.18-10™-E™ GeV™ em™ s 57 £ ‘ | | | | | | | |
g S T T T T S ST T S S S S S SN A NN N M S B I
Ee ] 10 25 3 35 4 45 5 55 6 6.5
o mons E log, (E, [GeV])
40- 4
20 B
o E
o J
o —"

10° 10° 10 10°
E/GeV

31



a' The IceCube Collaboration

43 Institutions

g

t zu Berlin
Ruhr-Universitit Bochum
RWTH Aachen

Technische Universitit Miinchen
Universitit Born

Technische Universitit Dortmund
Universitit Mainz

L Universitit Wuppertal

Université de Geneve, Switzerland
University of Delaware of Adelaide, Australia $a
University of Kansas

University of Maryland -
University of Wisconsin-Madison
muw«m‘fa
Yale University

) University of Canterbury, New Zealand

Fonds de la Recherche Scientifique (FRS-FNRS) Deutsches Elektronen-Synchrotron (DESY) University of Wisconsin Alumni Research
Fonds Wetenschappelijk Onderzock-Viaanderen Japan Society for the Promotion of Science (JSPS)  Foundation (WARF)
(FWO-Viaanderen) Knut and Alice Wallenberg Foundation US National Science Foundation (NSF)

Federal Ministry of Education & Research (BMBF) Swedish Polar Research Secretariat
German Research Foundation (DFG) The Swedish Research Coundll (VR)

~220 collaborators




technische universitat
dortmund

The ANTARES Collaboration

Moscow
® ;7eP MSU)

Texel .Groningen
Amsterdam

Brest ®
Bamberg

i [ ]
Saclay® Paris @Erlangen

Clermont-Ferrand. .Mulhouse
MP%LsLeAiueCOM) enova
| LAM, Vi
. ®Bologna @Bucharest
Toulon .Pisa
. @Roma
Valenciae  villefranche-sur-Mer oBari

Barcelona g

Catania
@ Oujda .am.. LNS)

24 Institutes
~150 Collaborators

33



