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® Detection principles

" The detectors

B Atmospheric neutrinos

B Search for steady point sources
B Search for transient sources

" Study of the diffuse flux of cosmic
heutrinos



DETECTION PRINCIPLES



The
traditional

method:
v, charged current




Detection Modes

Cherenkov cone spherical Cherenkov front
) L [ [ L [ (] L [ (] L [ L L
Muon track from CC muon Cascade from CC electron and NC
neutrino interactions all flavor interactions
" Angular resolution 0.1° - 0.5° = Angular resolution 2°- 15 °

=dE/dx resolution factor 2-3 "Energy resolution ~ 15%
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THE DETECTORS
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IceCube Neutrino Observatory

\.-,..:,.;:-:1-';2*".'-1.-::‘.-— <— |ceTop air shower detector

81 pairs of water Cherenkov tanks

Operating in final configuration (1C86) since Dec. 2010
2008 2009 2010 >2010

IC1 > 1C9 —> 1C22 — 1C40 — IC59 — IC-79 — IC86

lceCube

86 strings including 8 Deep Core strings
60 PMT per string

1450m

DeepCore
A 8 closely spaced strings

= ~220 v/day

* Threshold
- lceCube ~ 100 GeV
- DeepCore ~10 GeV



Brand New: Lake Baikal, first cluster of GVD

345 m

SURFACE 0m "DUBNA"
Old NT200: ~ 0.0001 km? ,
DUBNA cluster: 0.004 km® [N i w"
(Antares 0.015 km3) et o S | ‘ g .
GVD-1: 1
12 clusters ~ 0.4 km? ;
(~2020) o
GVD-2: el 1276 w IR |
27 clusters ~ 1.5 km? :\ b | ’)

LAKE FLOOR 1366 m




ATMOSPHERIC NEUTRINOS



Atmospheric neutrinos in IceCube
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Atmospheric neutrinos in IceCube
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Oscillations of atmospheric neutrinos

Muon neutrino survival probability
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Oscillations underwater and ice: from ANTARES ...

Am, (107eV?)
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Oscillations underwater and ice: to 3 yrs DeepCore...

4.5 azza Super-K 2012, 90% “

----- ANTARES, 90%

IceCube-79 2012, 90%
IceCube-79 2013, 90%, prel.
T e———lceCube-86 2013, 90%, prel.
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3 years DeepCore

S EXPECtat?‘-‘*“: best fit Determining neutrino oscillation parameters from atmospheric muon neutrino
sooll == - Expectation: no osc. | |-|,,.,, _____ ,, ............. diEﬂppEﬂI‘ﬂﬂCE with three years of IceCube DEEPCDI‘E data

arXiv:1410.7227
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Oscillations of atmospheric neutrinos

Muon neutrino survival probability
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SEARCH FOR

POINT SOURCES



Pre-trial significance skymap, 1C40+59+79+86 (4 years)
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ANTARES point source search
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Upper limits and 5¢ discovery potential
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Combining ANTARES + IC 40/59/79

] Sensitivities: Spectrum x =2.0 Sensitivities: Spectrum x = 2.5

E* ¢°110° Gevem®s)

0
sn|d)

Sensitivities: Spectrum x = 3.0

Icecube
ANTARES
Combined




ANTARES scrutinizes IceCube‘s warm spot

Single source with
E*-D=8x 108 GeV/(cm?s) |~
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IceCube 4 years: upper limits and predictions

E* dN/dJE (TeV cm *

10713
1

Crab Nebula

Flux prediction - Kappes et al.
90% Upper Limit - Kappes et al.
Flux prediction - Amato et al.
90% Upper Limit - Amato et al.
Flux prediction - Link & Burgio

The most realistic model:

- ean-be testRa With: 2+ -+ eee e g e T N

- present sensitivity (2016)

e e . L

90% Upper Limit - Link & Burgio |

model excluded

model
almost ]
excluded




2 examples for stacked-source limits
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SEARCH FOR
TRANSIENT SOURCES



Fireball model External Shock

The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff.
parts of the flow

t~190 > ?

[~

-10 >-100s t~0-=> 190

Energy =



E 2xflux (GeV-cm=2-st.sr)
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Fireball model
AMANDA limit from 408 bursts

Internal Shock
1997-2003
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-10 =-100s
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External Shock

The Flow decelerating into
the surrounding medium
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Fireball model External Shock

The Flow decelerating into

|CECUbe, 225 GRB nternal Shock the surrounding medium
Nature 484 (2012): isions betw di |
rts of the flow

WB & Guetta ruled out
with > 3o

New caldulation of Hijmmm' e

.vawx

| O
et al. gives about one order Pr w»
of magnitude lower v fluxes Afterglow =

10" >10"¢em
Also ANTARES (2007 and
2013, A&A 2013): no
coincidence f
t~190 > ?

New IceCube ahalysis wit /
506 GRB and meanwhiteSful t~0-> 190

detector: see ney o[



Neutrinos from GRB arXiv:1412:6510

506 GRB 10-" H—— Ahlerset all- | 1
[|— Waxman-Bahcall : : 1 140
One single low-significance ?: %0
[ [ ] ] vl B
coincidence, consistent with - -
. - .
atmospheric background o 107 1 117 =
| 160 =
IceCube has ruled out = | z
U : -
neutron escape models = 150 E
i L ]
= | ‘ 11440
S o I oe a ;
BT Eb E < b, _Il-'-"'.....III B%ph / S
O, (E)=dy- { E? ey <E < 10g - — o -
E~4(105)? 10g, < E. T e, 0
\ 107 10r 108 10
Neutrino break energy =, (GeV)
Fig. 1.— Constraint on generic doubly-broken power law neutrino Hlux models as a function of

first break energy £p and normalization ®p. The model by Ahlers et al. (2011) assumes that
only neutrons escape from the GRB fireball to contribute to the UHECR flux. The Waxman-
Bahcall model (1997), which allows all protons to escape the fireball, has been updated to account
for more recent measurements of the UHECR flux (Katz et al. 2009) and typical gamma break
energy ((Goldstein et al. 2012).



Follow-u P observations all-sky devices — pointing devices

— Pointed observations

ANTARES
HESS/MAGIC/Veritas

IceCube
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GALACTIC PLANE



Galactic plane
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STUDY OF A

DIFFUSE COSMIC
NEUTRINO FLUX




IC79/ IC86

f' Erme (5

~1.14PeV



® Muon Veto

" Q,, > 6000
photoelectrons

- 400 Mton eff.

Volume



HESE analysis

Effective target mass for various interactions
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Rejection of atmospheric u and v by ,,selfveto”
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Rejection of atmospheric u and v by ,,selfveto”
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first evidence for an extra-terrestrial flux

shown at IPA2013 [/ceCube, Science 342 (2013)]

[lceCube, Phys.Rev.Lett. 113:101101 (2014)] o}

3 yrs: 37 events in 988 days
bkg. 8.4£4.2 atm. pand 6.6+5.9 atm.v

mostly v, CC and NC cascades
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first evidence for an extra-terrestrial flux

shown at IPA2013 [/ceCube, Science 342 (2013)]

[lceCube, Phys.Rev.Lett. 113:101101 (2014)] o}

 3yrs: 37 events in 988 days
 bkg.8.4%£4.2 atm. pand 6.6+5.9 atm. v

e 4vyears: 54 events

mostly v, CC and NC cascades
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HESE skyplot, 3 years
Showers only

Galactic

0 TS=2log(L/LO) 11.2917



HESE skyplot 4 years

ICECUBE PRELIMINARY ____—

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

| cascade events only |: &,
p-value = 18 %

Galactic

0 TS=2log(L/LO) 10.9

Significance of the warm spot has decreased (p-value from 7% to 18%)
No significant correlation to know sources, neither spatial nor temporal

Need more events to irdentify sources



MESE (Medium Energy Starting Events)

Reduce threshold by further cuts down to ~ 1 TeV

Atmospheric and Astrophysical Neutrinos above 1 TeV Interacting in IceCube

arXiv:1410.1749
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Through-going muons, IC-79/86
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Putting (all) together: Global fit

1D Topology Containment EHEE'%{,:?HEE Zen}t;egr-]ﬂnge Dﬂ;irgilémg Observables

T1 tracks no = 100 90 — 180 2009-2010 energy, zenith

T2 tracks no = 100 85 — 180 2010-2012 energy, zenith

S1 showers yes = 100 0 — 180 2008-2009 ENergy

52 showers ves = 10 0 — 180 2009-2010 energy

H1 showers, tracks Ves = 50 0 — 180 2010-2013 energy, zenith

H2 showers, tracks yes | 0 — 180 2010-2012 energy, zenith, topology

T1 s s s

S e
Hl1

o1 I N T
global e ‘s ?

0 D 10 15
¢pmmpt [ERS]

T1 =tracks (IC59) T2 =tracks (IC79), S1 =showers (IC40), S2 = showers (IC59)
H1 = HESE (IC79/86/86) H2 = MESE (IC79/86)



Putting all together
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Putting all together
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The highest energy muon in 2009-12
w— i . (IC59+79+86)
Reco. muon energy: ~ -0 {& REy IR a ) Ri0E
Reco. zenith: 90°
Date: Qct. 28 2(.)10”




Putting all together
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https://wiki.icecube.wisc.edu/index.php/File:Global_fit_results_single_fits.png
https://wiki.icecube.wisc.edu/index.php/File:Global_fit_results_single_fits.png

Comparison to analysis dominated by shower-like events
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CCH 3 years HESE




Flavor composition

1'( ! muon-suppressed
*——  pion decay
(0:1:0)

pion & muon

(\) € decay
(1:2:0)

neutron
decayv



Flavor composition: a complicated issue

O. Mena, S. Palomares-Ruiz, A. Vincent, Composition of the High-
Energy Neutrino Events in IceCube Phys. Rev. Lett. 113 (2014) 091103

The IceCube experiment has recently released 3 years of data of the first ever detected high-
energy (= 30 TeV) neutrinos, which are consistent with an extraterrestrial origin. In this talk,
we compute the compatibility of the observed track-to-shower ratio with possible combinations of
neutrino favors with relative proportion (a. : «, @ a;)g. Although this observation is naively
favored for the canonical (1 : 1 : 1)5 at Earth, once we consider the IceCube expectations for
the atmospheric muon and neutrino backgrounds, this flavor combination presents some tension
with data. We find that, for an astrophysical neutrino E,? energy spectrum, (1 : 1 : 1)g at
Earth is currently disfavored at 92% C.L. We discuss the trend of this result by comparing the
results with the 2-year and 3-year data. We obtain the best-fit for (1 : 0 : 0)5 at Earth, which
cannot be achieved from any flavor ratio at sources with averaged oscillations during propagation.
Although it is not statistically significant at present, if confirmed, this result would suggest either
a misunderstanding of the expected background events, or a misidentification of tracks as showers,
or even more compellingly, some exotic physics which deviates from the standard scenario.
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Flavor composition: own IceCube analyses

1,1, Vo at source 100

E #I 0:1:0 0.00
e 1:2:0 1.00
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Flavor composition: own IceCube analyses

V, 1V, : v, at source o 20
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Including muon
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...and once more the spectrum

6 different data samples based on data from 2008 — 2012
different strategies to suppress the atm. muon background
Large samples of track-like and cascade-like events

]-D_E: L | T T T T
o i BN FPower law (v, +v, +v,)
Ig _ i W Differential (v, +v, v )]
| i i :
7
w1077}
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10’ 10° 10° 10"
E, [GeV]

assume isotropic astrophysical fluxand v, : v, : v. = 1:1:1 at Earth , then

» can fit with unbroken power-law between 25 TeV and 2.8 PeV
» spectral index —2.5 £0.09 (-2.0disfavoured at 3.80)

> flux at 100 TeV (6.7 +£1.2)x1018 (GeV -cm? -s - sr)*
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Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]
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- Marek Kowalski

arxXiv:1411.4385
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Resolving the sources of the diffuse flux

Luminosity L [ergs/yr]
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