IceCube Lab

324 optical sensors

22222
22222

Recent IceCube results

lceCube found neutrinos.
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Content...

* |IceCube
* New diffuse results on high energy neutrinos

* Resent point source results

 The mysteries of astrophysical neutrinos
* Future Ideas

 What | did not talk about...
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Why astrophysical neutrino search?

Neutrinos point back to their sources !

Jan Auffenberg 3
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Why astrophysical neutrino search?
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Astrophysical neutrinos may be dominant at ~100 TeV
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Astrophysical neutrino search

IceCube Lab

IceTop
= == 81 Stations
= 324 optical sensors

50 m
IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors
1450 m
DeepCore
8 strings-spacing optimized for lower energies
/ 480 optical sensors
Eiffel Tower =
L5 324 m
2450 m
2820 m

Bedrock
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What neutrino produces what

CC Muon Neutrino
so called “track”
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vu+N—> u+ X

factor of = 2 energy
resolution

< 1° angular resolution

signhature?

Neutral Current /Electron
Neutrino
so called “cascade”

CC Tau Neutrino
so called “double bang”
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v+ N—> T+ X

= +15% deposited energy
resolution

= 10° angular resolution
(at energies 2 100 TeV)

(not observed yet)



What is an astrophysical neutrino
sighature?
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events
per km?yr

Zenith 0.150148
Azimuth 3.50723
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* point sources (tracks point better than cascades)
* Tau neutrinos (suppressed in CR showers)

* excess in neutrino spectrum

e Cosmic Ray induced particles are background!
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Starting event analyses

Veto layer where no first hits
in time are allowed

Scooter Dr. Strangepork

I oo |

Veto protected volume

197834 |0Q no=4987 222117

28 events in 2 years of data
less tracks (8) than cascades (20)
* nov,signature

Science

But what do we see?
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Starting event analyses

Dr. Strangepork
K 'Hﬂ |

Tracks!

1978.34 ogno=4987 2221.17

Patterns...

Jan Auffenberg



Starting event analyses

Dr. Strangepork
I 'Hﬂ |

Jan Auffenberg
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Results 2 years

starting events i Showers "—e—
| Tracks +--<---

Veto layer where no first hits
in time are allowed
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Veto region where events
are allowed to start

Deposited EM-Equivalent Energy in Detector (TeV)

e 20 Cascades with good energy reconstruction
e 8 tracks with good directional reconstruction

Expectation from not astrophysical sources:
10-6 +5-3.6

Inconsistent at 4.10 with background
(3.60 for the lower 26 events)
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Diffuse flux 2 years

Harder than any expected
atmospheric background

Merges well into background at
low energies
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Charge Threshold

Bkg. Atmospheric Muon Flux (Tagged Data)
Bkg. Atmospheric Neutrinos (7/K)

2 Bkg. Uncertainties (All Atm. Neutrinos)
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
All Events (Trigger Level)

Data

EZ/////Z
10*

Total Collected PMT Charge (Photoelectrons)
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Diffuse flux 2 years

* Harder than any eXpeCted Background Atmospheric Muon Flux
H Bkg. Atmospheric Neutrinos (x/K)
atmospherlc baCkground ¥ZZZ) Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
° Merges We” |nto background at " Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
low energies g
AN
&
* Potential cutoff at about 2-5 PeV 8
o
2
« at1.6*15,,PeVwhenfitinga E
N}
hard cutoff
Best fit:

©1.2+0.410%E2GeVcm2slsgrl

Deposited EM-Equivalent Energy in Detector (TeV)
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Diffuse flux 2 years

* Harder than any eXpeCted Background Atmospheric Muon Flux
H Bkg. Atmospheric Neutrinos (x/K)
atmospherlc baCkground ¥ZZZ) Background Stat. and Syst. Uncertainties
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Deposited EM-Equivalent Energy in Detector (TeV)
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No significant north-south anisotropy
Southern Sky (downgoing)

///

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties

Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~? Spectrum
Data
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7477 /.
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0.0
sin(Declination)

Compatible with isotropic flux

Events absorbed in Earth
from Northern Hemisphere

* Minor excess in south
compared to isotropic, but
not significant
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Southern Sky (downgoing)
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Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

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

IceCube Preliminary

(7222272720777 777
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0.0 0.5
sin(Declination)

e 227277

No significant north-south anisotropy

Compatible with isotropic flux

* Events absorbed in Earth
from Northern Hemisphere

*  Minor excess in south

compared to isotropic, but
not significant
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Point source map with no hot spot
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Summary 2 year data:
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Science article
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Charge Threshold

T T
[ Bkg. Atmospheric Muon Flux (Tagged Data)
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Declination (degrges)

T L |
Showers —e—
Tracks -+

28 events
no ndrth/sfhth
anisatropy
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Summary 2 year data:
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Summary 2 year data:
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Summary 2 year data:
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Summary 3 year data:

Charge Threshoid
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Summary 3 year data:
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ZZ22 Bkg. Uncertainties (All Atm. Neutrinos)
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Showers —e—
IceCube preliminary Tracks --><--

Deposited EM-Equivalent Energy in Detector (TeV)

8 new events (one track)
sub PeV gap filled
Background incompatibility:

( 4.80 after post incorporating
the first 2 PeV events)
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No significant north-south anisotropy
with 2 years data

Northern Sky (upgoing)

Southern Sky (downgoing)

= 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 E2 Spectrum

eoe Data

IceCube Preliminary

/A +++++++++++++++++++++++ 7
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q
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sin(Declination)

Compatible with isotropic flux

e Events absorbed in Earth
from Northern Hemisphere

e Minor excess in south

compared to isotropic, but
not significant
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No significant north-south anisotropy

with 3 years data

Background Atmospheric Muon Flux

Bkg. Atmospheric Neutrinos (7/K)

Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum
Data

: 2
777

[
]
Ll

0.0
sin(Declination)

Compatible with isotropic flux

e Events absorbed in Earth
from Northern Hemisphere

e Minor excess in south

compared to isotropic, but
not significant
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Future perspectives

Southern Sky (downgoing) Northern Sky (upgoing)

102 [ Background Atmospheric Muon Flux Qu eSti O n S :
[ Bkg. Atmospheric Neutrinos (7/K)
Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charr:n Limit) . . .
X . ziagtr;aHBkg. Best-Fit Astrophysical E~* Spectrum ) Th e re IS a m I no r excess I n th e
10 .
southern sky. Where does it come
from?

* what are the extraterrestrial
neutrino sources?
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Consequence:

Showers +—e—i
Tracks =--><--

IceCube preliminary * We need more detections from the
southern sky!
* We need more tracks (directional

reconstruction)!

Declination (degrees)

Deposited EM-Equivalent Energy in Detector (TeV)
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Requirements:

* We need more detections from the
southern sky!

* We need more tracks (directional
reconstruction)!

N E <100 TeV Neutrino induced muon tracks
i f? without coincident air shower
| in an extended detector Volume

13 E
i ]‘a
3 l+ : i

Is it a high energy neutrino without air shower? 29



IceTop hit frequency (arbitrary units)

IceTop Veto —~

distance to
closest tank:
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>250m
/
e >500m
/
>750m

e

on-time
- -

H H window
llllilllllllll I lllllllll

-3000 -2000 -1000 0 1000 2000 3000
time relative to shower front in ns

/

ICRCI13 1D 0374 30



N

Single tank hit probability

IceTop Veto —~

1

§ & Events with 0-37° inclination

B Events with 37-45° inclination

- | s Events with 45-60° inclination
10— off-time window hit ptobability
102

~ L] —— M
10° &

L pad b by by ] | | L

0 500 1000 1500 2000 2500

Tank distance relative to the shower axis in [m]

/

ICRCI13 ID 0375 31



Distance to the center of IceCube grid north-south [m]

lceVeto simulation
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L 1 11l
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Number of Events on log scale
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8000 ; Inclination cos(0)
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-8000 -6000 -4000 -2000 0 2000 4000 6000 8000
Distance to the center of IceCube grid east-west [m]

lceVeto is a sub-PeV CR energy veto with 10* efficiency!

943 additional modules
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Distance to the center of Icecube [m]

99.999% Veto efficiency
For PE > 4000
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Diffuse muon neutrino flux
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IceCube triggered CR flux Based on current IceCube

IceCube CR flux after Veto Simulations for 79 string configuration

SEETULLE DR ERIEI  and current IceCube diffuse neutrino
-2 H 1 . . .

£ downgoing naurtrine fux flux limits integrated up to 10 PeV.
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IceVeto would lead to ~2.6 events
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detected on 0.06 background per year!
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>50 significance
(without systematic errors)
after one year.
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lnice chame |ogmf’qi) The strongest argument remains
background free pointing

Remember:
The applied Veto efficiency is calculated with simulations that are based on real data.
33
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Many more tracks compared to

starting track analyses

IceVeto
Starting Track
Galactic Center
IceTop
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Declination (degrees)

80 I
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40
20

ok
-20
.40 +
.60
-80

—
Showers —e—i
Tracks +---x---

'CDIII|IIII|IIII|IIII|IIII|IIII|II

o

0.9

1

Inclination cos(0)

Deposited EM-Equivalent Energy in Detector (TeV)

Only the crosses are
tracks!

5.5 times more neutrino induced muon tracks from the Galactic Center (62° inclination)
between 30 TeV -5 PeV based on an E-2 neutrino flux. 34




Interesting for CR Physics?

H4a composition assumption
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cos6>0.95

0.95>c0s620.90
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Iogm(E/GeV)

* |ce Veto has 8.5 times more statistics for coincident detection after the knee

compared to IceTop/lceCube
* Also: high p; muon detection to constrain charm production experimentally
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What | could not talk about in detail

« 1C22 Halo [Phys.Rev.D84:022004] e—e [C79 GC LE Prel
« |C79 Halo Prel

o~ |C79 GC HE Sensitivity Prel

10-18"'

Fermi Halo [Astrophys.).761.91)

IceCutéPreliminary
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Engel et al.
x0~ Kotera et al. (FRII)
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 Ahlers et al. (best)

Yoshida et al.

O
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\§5 e o7 075 08 085 0% 0% 100 8 10
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lceCube
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& Summary ISR

lceCube

* with 3 years of data IceCube found a neutrino
flux that is at 5.70 incompatible with standard
background (number preliminary)

* neutrino sources and anisotropy remain
unclear (new point source analysis coming
soon)

e future surface extensions could help to solve
the mystery especially at the southern sky

* Future remains interesting!

Jan Auffenberg



