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Cosmic Ray Acceleration and Neutrino Production

Similar processes (incl. p+p) happening in:
• cosmic ray sources (ambient light, gas)
• outer space (cosmic microwave background)
• Earth’s atmosphere (N, O, etc. nucleus)

p+γ→ p+π 0,n+π +

π + → µ+ + νµ

µ+ → e+ + νe + νµ

Fermi shock acceleration:  dN/dE ~ E-2

astrophysical source 
neutrinos
cosmogenic neutrinos
atmospheric neutrinos
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1:2:0	flavor	ratio	at	source
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The IceCube Detector
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digital optical module (DOM)
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Detection Principle
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Northern Sky
νµ µ

N X

W

cosmic ray

νatm

atmospheric μ
cosmic ray

Cosmic-ray muons: ~3000 / second
Atmospheric neutrinos: ~1 / 5 minutes
Astrophysical neutrinos: ~1 / month
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Event Topologies
Positions, times, and amplitudes of Cherenkov light deposition: neutrino direction + energy
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CC	Muon	Neutrino Neutral	Current	
/Electron	Neutrino	

track (data)

factor of ≈ 2 energy resolution
< 1° angular resolution at high 

energies

shower (data)

≈ ±15% deposited energy 
resolution

≈ 10° angular resolution
(at energies ⪆ 100 TeV)

“double-bang” (⪆10 PeV) 
and other signatures 

(simulation)

(not observed yet)
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High-Energy Starting Event Search
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• High-energy star ting 
event (“HESE”) search

• Veto layer excludes 
atmospheric muons 
and some atmospheric 
neutrinos

• Sensitive to all flavors, 
all directions

courtesy C. Kopper
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Latest Results (2010–2014 data)
• 54 events in 1347 days

• Estimated backgrounds:
– 9.0+8.0

-2.2 atm. neutrinos
– 12.6±5.1 atm. muons

• Significance over 
background-only 
hypothesis: ~7σ

arXiv:1510:05223
update of PRL (2014), Science (2013)
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-like events
are indicated with crosses whereas shower-like events are shown as filled circles. The error bars show 68%
confidence intervals including statistical and systematic errors. Deposited energy as shown here is always a
lower limit on the primary neutrino energy.

ID Edep (TeV) Time (MJD) Decl. (deg.) R.A. (deg.) Ang. Err. (deg.) Topology
38 200.5+16.4

�16.4 56470.11038 13.98 93.34 . 1.2 Track
39 101.3+13.3

�11.6 56480.66179 �17.90 106.17 14.2 Shower
40 157.3+15.9

�16.7 56501.16410 �48.53 143.92 11.7 Shower
41 87.6+8.4

�10.0 56603.11169 3.28 66.09 11.1 Shower
42 76.3+10.3

�11.6 56613.25669 �25.28 42.54 20.7 Shower
43 46.5+5.9

�4.5 56628.56885 �21.98 206.63 . 1.3 Track
44 84.6+7.4

�7.9 56671.87788 0.04 336.71 . 1.2 Track
45 429.9+57.4

�49.1 56679.20447 �86.25 218.96 . 1.2 Track
46 158.0+15.3

�16.6 56688.07029 �22.35 150.47 7.6 Shower
47 74.3+8.3

�7.2 56704.60011 67.38 209.36 . 1.2 Track
48 104.7+13.5

�10.2 56705.94199 �33.15 213.05 8.1 Shower
49 59.9+8.3

�7.9 56722.40836 �26.28 203.20 21.8 Shower
50 22.2+2.3

�2.0 56737.20047 59.30 168.61 8.2 Shower
51 66.2+6.7

�6.1 56759.21596 53.96 88.61 6.5 Shower
52 158.1+16.3

�18.4 56763.54481 �53.96 252.84 7.8 Shower
53 27.6+2.6

�2.2 56767.06630 �37.73 239.02 . 1.2 Track
54 54.5+5.1

�6.3 56769.02960 5.98 170.51 11.6 Shower

Table 1: Properties of the events observed in the fourth year. A list of events #1-#37 can be found in [3].
The Edep column shows the electromagnetic-equivalent deposited energy of each event. “Ang. Err.” shows
the median angular error including systematic uncertainties.
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Highest-energy HESE Event
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2 PeV — “Big Bird”



Skymap (HESE)
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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No significant clustering found, including around Galactic plane

x tracks
+ showers



Point-source Search Skymap
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p-value:	44%

p-value:	39%

No point source found (7 years of data)
Nor thern sky: Nsource > O(103)



What are the Sources?
• No resolved neutrino point 

source yet

• No source-class correlation 
observed yet

• Constrained:
– flux < ~1% GRBs1

< ~15% starburst galaxies2

< ~30% blazars3

• Unconstrained so far :
– radio AGN
– supernovae
– “choked” source models

SCAR 2016 1223 Aug 2016

1 IceCube collab., Ap.J.Lett. 2014
2 Bechtol et al., arXiv:1511.00688
3 IceCube collab., submitted to Ap.J.

Blazar stacking flux limit



Multi-messenger Neutrino Follow-up

• Neutrino candidates identified with South Pole online system
• Par tner observatories aler ted
• Public GCN via AMON for HESE track-like + EHE (extremely high-energy) events
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Anna Franckowiak  |  Multimessenger Astronomy with Neutrinos  |  4.7.2016  |  Page 22 

Optical, X-ray, Radio and Gamma-Ray Follow-Up 

SN/GRB 

Optical Telescopes 
(iPTF, MASTER, 

Tarot, Pan-STARRS, 
ASAS-SN) 

•  Increased sensitivity 
for transient neutrino 
sources (choked, dark 
GRBs, AGN flares) 

•  Source identification 

X-ray (Swift) 

Cherenkov 
Telescopes 
(MAGIC, Veritas, 
HESS) 

ANTARES JCAP 1602 (2016) 
Ackermann et al.arXiv:0709.2640 
IceCube A&A 539, A60 (2012) 
Thomas Kintscher and IceCube Coll. 
2016 J. Phys.: Conf. Ser. 718 062029 

Radio Telescopes 
(MWA) 



From DOMs to Neutrino Alert
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DOMs

DAQ PnF

data acquisition
processing &

filtering

I3MS
trigger
~5 sec

filter
~20 sec

Madison, WI

Iridium RUDICS 
2.4 kbps/modem

I3MS

followup
server

satellite
~20 sec

custom 
messaging 

system

from photon at DOM to neutrino alert:
< 1 minute



Looking Forward: The IceCube–Gen2 Facility

• IceCube–Gen2 High-Energy 
Array
– high-statistics energy spectrum
– high-energy track events to 

pinpoint sources

• PINGU
– low-energy infill of DeepCore
– precision oscillation and mass 

hierarchy

• Extended surface detector + 
veto

• Additional radio detection 
technology

SCAR 2016 1523 Aug 2016



IceCube -Gen2
Col l a borat ion

14.09.2015 VLVnT 2015 - Roma 23

EHWD-G2 Overview:  Power Plant Sled

Electrical Closet

Electrical Heater 
Bank

High Pressure 
Pumps

Exhaust Heat 
Exchangers

C1000 
Microturbine

array
Fuel Daytank

Air-Ride Cargo 
Sled

Streamlined Drilling & Logistics
• Next-generation Enhanced 

Hot Water Drill
– reduced footprint
– smaller crew

• Transport equipment and 
fuel using South Pole 
Traverse
– fewer flights needed

• May also reduce hole 
diameter
– reduced fuel usage

23 Aug 2016 SCAR 2016 16

IceCube -Gen2
Col l a borat ion Mobile Drilling System

Power Plant Sleds (3x)

Fuel Bladders Control Hub & Workshops

Water Storage & Filtration

Quick Specs
Hole diameter 60 cm

Hole depth 2600 m

Hole spacing 300 m

Hole lifetime 30 hr

Total Thermal Output 5.4 MW

Nom. Thermal power 
delivered to nozzle

4.7 MW

Dry weight (est.) 365 tons

Fuel/hole 21,000 L

Max holes/season 20-23

Crew size 28

Construction cost $20 M

• 4.7MW thermal delivery to drill nozzle
• 48 hour hole production rate
• 90% thermal efficiency

Meet or exceed EHWD thermal performance

• Equipment and fuel delivered to Pole via traverse, 
minimize dependence on LC130s

• Reduced logistical footprint at Pole, smaller crew

Compatible with trending logistics

• Safety
• Mobility
• Reliability
• Degassed holes

(+8 hours)
• Cleaner drill water

• Reduced 
manpower

• Reduced setup / 
decommission 
time

G2 Improvements

14.09.2015 VLVnT 2015 - Roma 21



IceCube–Gen2 Target Sensitivity
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Baseline Gen2 DOM
• updated electronics

New technologies
• more PMTs
• wavelength shifters
• narrow profile
• better glass, gel

P. Peiffer: Optical sensors for IceCube 6

Di	erent sensor-concepts for Gen2

Gen2 DOM

(baseline)

D-Egg

• In sequence of boldness 

mDOM WOM LOM

Modernized Gen1
Digital Optical Module

P. Peiffer: Optical sensors for IceCube 18

WOM

Wavelength-shifting Optical Module

P. Peiffer: Optical sensors for IceCube 6

Di	erent sensor-concepts for Gen2

Gen2 DOM

(baseline)

D-Egg

• In sequence of boldness 

mDOM WOM LOM

Modernized Gen1
Digital Optical Module

Point source sensitivity & new technology

22

PRELIMINARY

•“Just a big IceCube” has 
~three times the point 
source sensitivity  

•Significant performance 
improvements expected 
from new sensors:  

Sensitivity to steady point sources

Timo Karg  |  mDOM & WOM Prototype Development  |  27 July 2015  |  Page  

Data Acquisition Concept – mDOM
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Goal: Sensitivity  
to all prospective  
source classes 

Dual optical sensor in an Ellipsoid 
Glass for Gen2 

3 

Φ = 300 mm 

Point source sensitivity
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Summary
• IceCube has observed a diffuse flux of 

high-energy astrophysical neutrinos
– “first light” for neutrino astronomy

• No evidence of anisotropy
– likely par tially extragalactic
– no point source found yet

• Stacking analyses limit contribution 
from GRBs, blazars

• Robust multi-messenger campaigns in 
progress

• Design of new IceCube–Gen2 facility 
underway

SCAR 2016 1823 Aug 2016
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