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We know their energy

spectrum over 11 orders of

magnitude (and chem

composition up to 100 TeV)
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We know their energy
spectrum over 11 orders of
magnitude (and chemical
composition up to 100 TeV)

[y
(—J
W
TTT]

Kascade
Kascade Grande
IceTop-73

HiRes 1

HiRes 2
Telescope Array

E’SF(E) [GeV' m2s1sr]
3
|

[u—y
(=]
TTT] T T T TTTTT

Auger

CHEE
I KES e K AR

r a¥'sll
00000 muy

PRD 86: 010001 (2013)

But not where they ~~_ Tibet-lll
come from: arrival

directions are isotropic i
to within 1% \

lceCube-59

Abbasi et al., ApJ, 746, 33, 2012 20 TeV
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\Ulti-messenger astropnysics with neutrnnos

A GSFC (http:

)

» Nuclel can be deflected by magnetic
fields



http://apod.nasa.gov/apod/ap040908.html
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\Ulti-messenger astropnysics with neutrnnos

A GSFC (http:

)

» Nuclel can be deflected by magnetic
fields

» Gamma rays can be absorbed

are difficult to stop and
travel In straight lines
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Detecting eV neutrinos
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Detecting eV neutrinos
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Detecting eV neutrinos
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Detecting eV neutrinos
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[he world's neutrino telescopes
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he world's neutrino telescopes

Long Outer String

rototype String

o[ ake Baikal
¢1/2000 km?
228 PMTs
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[he world's neutrino telescopes
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he world's neutrino telescopes
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[he world's neutrino telescopes
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Detecting neutrinos
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Neutrnno event signatures
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Neutrnno event signatures

Charged-current v,

(data)

Up-going track

Factor of ~2 energy resolution
< 1 degree angular resolution

IBE BUBE TeVPA 2015 - Jakob van Santen - Astrophysical neutrinos in lceCube



Neutrnno event signatures

Charged-current v,

(data)

Up-going track

Factor of ~2 energy resolution
< 1 degree angular resolution
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Neutrnno event signatures

Charged-current v Neutral-current / ve

(data) (data)

Up-going track Isolated energy
deposition (cascade)

with no track

Factor of ~2 energy resolution 15% deposited energy resolution
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV)
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Neutrnno event signatures

Charged-current v Neutral-current / ve

Up-going track Isolated energy
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with no track

Factor of ~2 energy resolution 15% deposited energy resolution
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV)
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“Double-bang”

(none observed yet: T
decay length is 50 m/PeV)



Sackground: penetrating muons

1%i_mgle—muon energy distribution at 41 deg zenith
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Sackground: penetrating muons

Early I B S - Late 1%i_mgle—muon energy distribution at 41 deg zenith
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Solating neutrino events: two strategies
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Solating neutrino events: two strategies

Up-going tracks

l y-dominated

t  vonly

North

Atmosphere
(exaggerated)
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Solating neutrino events: two strategies

Up-going tracks

Air shower

lceCube | p-dominated

t  vonly

Atmosphere
(exaggerated)
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Air shower
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Solating neutrino events: two strategies

Up-going tracks

Air shower

l y-dominated

t  vonly

North

Atmosphere
(exaggerated)

Air shower
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Solating neutrino events: two strategies

Up-going tracks

Air shower

l y-dominated

t  vonly

Atmosphere
(exaggerated)

Air shower

Astrophysical source
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Solating neutrino events: two strategies

Up-going tracks

Air shower

l y-dominated

t  vonly

Atmosphere
(exaggerated)

Air shower

Astrophysical source

e Farth stops penetrating muons

¢ ffective volume larger than detector
e Sensitive to vy only

e Sensitive to half the sky

e Signal dominated above ~100 TeV
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Solating neutrino events: two strategies

Up-going tracks Active veto

Air shower

l U-dominated

t  vonly

Atmosphere
(exaggerated)

Air shower

Astrophysical source

e Farth stops penetrating muons

¢ ffective volume larger than detector
e Sensitive to vy only

e Sensitive to half the sky

e Signal dominated above ~100 TeV
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Solating neutrino events: two strategies

Up-going tracks Active veto

Air shower

l u-dominated U ,Veto

t  vonly

Atmosphere
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Air shower

Astrophysical source

e Farth stops penetrating muons

¢ ffective volume larger than detector
e Sensitive to vy only

e Sensitive to half the sky
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Solating neutrino events: two strategies

Up-going tracks Active veto

Air shower

l u-dominated U, Veto vy o

t  vonly “
RN

Atmosphere
(exaggerated)

M
Air shower x

e Farth stops penetrating muons

¢ Effective volume larger than detector
e Sensitive to vy only

¢ Sensitive to half the sky

¢ Signal dominated above ~100 TeV

Astrophysical source
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Solating neutrino events: two strategies

Up-going tracks

Air shower

Air shower

Astrophysical source

e Farth stops penetrating muons

¢ ffective volume larger than detector
e Sensitive to vy only

e Sensitive to half the sky

e Signal dominated above ~100 TeV
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l U-dominated

v only

Atmosphere
(exaggerated)

Active veto

U VetO Vp o

N
5l |
X

¢ \/eto detects penetrating muons
e ffective volume smaller than detector
e Sensitive to all flavors

e Sensitive to the entire sky
e Signal dominated above ~10-100 TeV
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Low energy neutrinos

® Neutrino oscillations

® [ndirect dark matter searches
Penetrating muons

® Cosmic ray composition

® CR anisotropy

® High-energy interaction models
High energy neutrinos

ICECUBE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TeVPA 2015 - Jakob van Santen - Astrophysical neutrinos in Ice

Cube



\any different analyses

10

Low energy neutrinos
® Neutrino oscillations
® [ndirect dark matter searches
Penetrating muons
® Cosmic ray composition
® CR anisotropy
® High-energy interaction models
High energy neutrinos
® Clusters of neutrino arrival directions (steady point sources)
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® [ndirect dark matter searches
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® High-energy interaction models
High energy neutrinos
® Clusters of neutrino arrival directions (steady point sources)
® Neutrinos associated with transients (e.g. gamma-ray bursts)
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Low energy neutrinos
® Neutrino oscillations
® [ndirect dark matter searches
Penetrating muons
® Cosmic ray composition
® CR anisotropy
® High-energy interaction models
High energy neutrinos
® Clusters of neutrino arrival directions (steady point sources)
® Neutrinos associated with transients (e.g. gamma-ray bursts)
® Diffuse excess over atmospheric neutrino background
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® Clusters of neutrino arrival directions (steady point sources)
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r shower physics (e.g. charmed-meson production)
tra-high-energy “GZK” neutrinos from proton interactions
ith the CMB
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Low energy neutrinos
® Neutrino oscillations
® [ndirect dark matter searches
Penetrating muons
® Cosmic ray composition
® CR anisotropy
® High-energy interaction models
High energy neutrinos
® Clusters of neutrino arrival directions (steady point sources)
® Neutrinos associated with transients (e.g. gamma-ray bursts)
® Diffuse excess over atmospheric neutrino background
® Air shower physics (e.g. charmed-meson production)
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Atmospheric pion/kaon

(conventional) component:

» Steeply falling spectrum (1
power steeper than primary
cosmic rays)

» Strongly dominated by vy,

» Peaked at the horizon

Atmospheric charmed meson

(prompt) component:

» Spectrum follows primary
COSMIC rays

» Equal parts vy and ve

» [sotropic

» Not vet conclusively observed
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Atmospheric pion/kaon

(conventional) component:

» Steeply falling spectrum (1
power steeper than primary
cosmic rays)

» Strongly dominated by v,

» Peaked at the horizon

Atmospheric charmed meson

(prompt) component:

» Spectrum follows primary
COSMIC rays

» Equal parts vyand ve

» [sotropic

» Not vet conclusively observed

Astrophysical component:

» Spectrum harder than primary
COSMIC rays

» Equal parts vy, Ve, Vr

» Isotropic?



—vidence for high-energy astropnysical Nneutrinos

» Selected high-energy
starting events in lceCube

C. Kopper et al, PoS(ICRC2015)1081

: IBE BUBE TeVPA 2015 - Jakob van Santen - Astrophysical neutrinos in lceCube


http://pos.sissa.it/archive/conferences/236/1081/ICRC2015_1081.pdf
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Atmospherc neutrino seli-veto
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Atmospherc neutrino seli-veto
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—vidence for Nign-energy astropnysical Nneutrinos
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VWhat about the northerm sky and v/

The high-energy starting event sample is dominated by cascades from the southern sky.
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at high energies
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C. Weaver, PRL 115 (2015) 081102

10°

We look for the same excess in incoming muons from the northern sky
High-energy muons reach the detector from km away — large effective volume
Only sensitive to CC v, = explicit handle on vy flux
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VWhat about the northerm sky and v/
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The high-energy starting event sample is dominated by cascades from the southern sky.
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The high-energy starting event sample is dominated by cascades from the southern sky.
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See S. Schonen’s talk on 6-year northern hemisphere muon analysis
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What about W'/

Dedicated search for characteristic T decay signature

D. Xu, arXiv:1509.06212 (submitted to PRD)
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VWhat happens below 100 Tev? v

Outer-layer veto =% Energy-dependent veto

Neutrino-dominated for Eqep > 60 TeV  Neutrino-dominated for Eqep > 1 TeV
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otarting event search apbove 1 eV
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Adding statistics

19

Select cascade events near the edge and outside of the instrumented volume

Fully contained Partially contained
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Adding statistics
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Select cascade events near the edge and outside of the instrumented volume

Fully contained

Partially contained
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above 10 TeV

< 10% penetrating
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Only 40% overlap with
starting-event samples
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Combined analysis

20

Combine dedicated
track, cascade, and
starting event samples
INto a single analysis

Increased sensitivity to:
® Energy spectrum
® Flavor composition

% I CECUBE
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L. Mohrmann,
Apd 809, 98 (2015)
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Combined analysis: energy spectrum
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Combined analysis: energy spectrum
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Combined analysis: flavor composition

23

Ve 1 V),

: v_ at source

0:1:0
1:2:0

cf. Bustamente et al. PRL 115, 161302 (2015)

ICECUBE

L. Mohrmann, Apd 809, 98 (2015)
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Combined analysis: flavor composition

Ve 1V, V. at source O
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Combined analysis: flavor composition

Ve 1V, V. at source O
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Combined analysis: flavor composition

23

Ve 1V, V. at source O

m 0:1:0 %
O 1:2:0
A 1:0:0

Muon-damped pion decay: allowed

Pion decay: allowed
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cf. Bustamente et al. PRL 115, 161302 (2015)
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Conclusions

IceCube observes an astrophysical neutrino flux
INn mMultiple channels, but its sources are still unknown.

The neutrino flavor ratio iIs consistent with 1:1:1
Pure neutron decay Is excluded, but other scenarios are still
allowed.

Astrophysical excess observable down to 10 TeV in the
southern sky.
An active muon veto removes atmospheric neutrinos when
the overburden is small enough.

This is an exciting time for neutrino
telescopes. Stay tuned for more data!
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eV neutrinos from cosmic rays
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p+y =7 +p

(or p)
LYY+ P TeV gamima rays (also from leptonic processes)
>
_|_ -
-7 N Cosmic rays?
_I_ =
+ — s K“x, -
Le” ¥y, +t Vet v, +n -
TeV neutrinos
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Vetoing down-going atmaospneric Nneutrnnos

AtmOSpheriC muons and Primary cosmic ray
neutrinos are produced In
the same Processes.

Sufficiently vertical/high-
energy atmospheric
neutrinos come with
accompanying muons!

Passing fraction

Neutrino energy [GeV]

1.5 km of ice

A Schdnert, Resconi, Schulz,
Phys. Rev. D, 79:043009

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009
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ceCune's overburaden
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—vidence for Nign-energy astropnysical Nneutrinos

» Use outer layer of
PMTs as an active
veto to select
neutrino events

» 30 events with more
than 6000 PE (~30
TeV deposited
energy) observed in 3
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VWhnat about extremely nigh energies’?
CR protons > 50 EeV interact with the CMB, producing neutrinos:

p‘|‘7CMB—>A—>n‘|‘7T+—>VM

“GZK” neutrinos would be more energetic than any atmospheric
neutrino or muon — simple selection for largest possible

acceptance
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Results: angular distribution
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—arly NiNts of a Nign-energy excess

Northern hemisphere v, events in
59-string configuration (2009-2010)

High-energy cascade events in 40-
string configuration (2008-2009)
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Constraints on neutrnos from GRBS
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\odel-independent GRB constraints
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Constraints on fluxes rom individual sources

closest continuous source in FoV
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—Relationsnip to extragalactic diffuse gamma rays
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—Relationsnip to extragalactic diffuse gamma rays
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Interpret with care:

: Fermi data points are
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Correlations with astrophysical Index
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T double-pang reconstruction
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Simulated 1 PeV CC vy interaction: T decays after 50 m

Resolution depends strongly on
Interaction geometry.

NoO T events observed to date.
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ascade reconstruction: nypothesis and data
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Cascade reconstruction: likelihood fit
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Cascade reconstruction: likelihood fit
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(Cascade reconstruction: energy
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Starting tracks
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Deposited-energy resolution for showers in lceCube
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