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The CR-ν-γ connection
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• Cosmic Rays discovered by 
Victor Hess in 1912

• Cosmic Ray spectrum spans over 
10 decades in energies and 
nearly 30 orders of magnitude in 
flux.

• After more than a century origin is 
still unknown
- Galactic CRs: Supernova 

remnants?
- Extragalact ic CR: AGNs, 

GRBs, Magnetars?
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Why neutrinos?

5

๏ GAMMA-RAYS 
They point to the sources but they get 
absorbed and have multiple emission 
mechanisms 

Earth
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๏NEUTRINOS 
They are neutral and weak 
particles: point to the source 
carrying information from the 
deepest parts.

๏COSMIC RAYS 
Deflected by magnetic fields 
(E < 1019 eV)

Slide from J. A. Aguilar, SuGAR 2015
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The ν spectrum
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• Atmospheric neutrinos (π/K)
- dominant < 100 TeV

• Atmospheric neutrinos (charm)
- “prompt” ~ 100 TeV

• Astrophysical neutrinos
- maybe dominant > 100 TeV

• Cosmogenic neutrinos
- > 106 TeV
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Detection principle
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ν

μ 

Position, Time, Amplitude of the recorded signal in DOMs 

ν Energy, direction

Natural radiator is low cost and  
allows huge instrumented regions  

but it takes time to know it well! 
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South Pole Station

Skiway

IceCube outline Geographic South Pole

The IceCube neutrino observatory
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IceCube: the world’s largest neutrino telescope
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• 5186 Digital Optical Modules (DOMs) in deep ice
• 86 “strings”
• ~125 m between string
• 60 DOMs per string, 17 m between DOMs  

IceTop
81 stations
162 frozen water tanks
1 km2 air shower surface array

IceCube array (1 Gt instr. volume)
86 strings (including deep core)
1 km3 deep ice array

DeepCore (20 Mt instr. volume)
8 strings 
low energy extension
threshold: 10 GeV

Digital Optical Module
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Deployment of the final string - Dec 18 2010
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In-ice signature
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through-­‐going	
  muons	
  →	
  

νµ

νe

	
  cascade	
  →	
  all	
  flavors

• Good angular resolution: 0.2˚- 1˚

• Vertex can be outside detector: 
- no Eν direct measurement 
- increased effective volume.

• νe, ντ and all flavour neutral current 

• Fully active calorimeter: high energy 
resolution (~15%) 

• Angular resolution not as good as for 
tracks.
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IceCube science
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The birth of neutrino astronomy
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First evidence of an extraterrestrial flux of neutrinos [IceCube coll., Science 342 (2013)]
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The birth of neutrino astronomy
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Observation of High-Energy Astrophysical Neutrinos in Three Years of IceCube Data [IceCube, Phys.Rev.Lett. 113:101101 (2014)] 

• 37 events allow for rejecting a purely 
atmospheric origin hypothesis at the 5.7 σ. 

• Observed flux consistent with an isotropic 
and equal flavour E–2 power-law spectrum, 
as expected for an astrophysical neutrino 
flux. 

• Expected background: 8.4±4.2 atm. µ  and 
6.6+5.9 ν
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The birth of neutrino astronomy
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IceCube preliminary analysis of 4 years of data (2010 - 2014)

• 54 events allow for rejecting a purely 
atmospheric origin hypothesis at the 7 σ. 

No significant spatial or 
temporal correlations

Too few events to 
identify sources

cascade events only 
p-value = 18%
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Proposed source candidates
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• IceCube has demonstrated the feasibility of the detection technique and 
proved the physics concepts  

➡ performance superior to expectations

• IceCube has discovered the hypothesised flux of high-energy cosmic ν’s. 

➡ neutrino astronomy is right behind the corner

•  IceCube has demonstrated that an in-ice based detector can pursue 
physics related to ν mass 

20

From discovery to astronomy

…We need more data to solve the mystery of 
the origin of cosmic neutrinos
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From discovery to astronomy
…We need more data to solve the mystery of 

the origin of cosmic neutrinos

We wait for several 
years to increase 

statistics 

(~tens of events in 4 years 
means we could not even 
reach the statistics we need 
during IceCube lifetime)

Construct a bigger 
detector (10 km3) to 

enhance our 
chances of new 

discoveries
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The Future: IceCube-Gen2
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PINGU High Energy Extension
Further in-fill of deep core. 
Lower the energy threshold few GeV 
Oscillations and Neutrino Mass Hierarchy

Extension of IceCube array 
Look for high-energy events 
GZK and astrophysical neutrinos

IceCube

PINGU

Additional components:
IceCube-Gen2 Cosmic Ray Veto Array—a ~100-km2 surface detector for veto for cosmic 

rays background
IceCube-Gen2 Radio Array —a 100 to ~300-km2 scale detector for extremely high energy 

(≥ 1018 eV) cosmogenic neutrinos.
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High-Energy In-Ice Component
Scale: O(100) strings, O (10 km3)
Physics goals: identify the source of cosmic neutrinos and CRs, neutrino 
and particle physics
Surface component like IceTop

Thanks to the ice properties (long 
absorpt ion length) we can 
instrument 10 times more volume 
with almost the same number of 
sensors used in IceCube. 

More spacing/less dense detector: 
first study shows that we can 
work with that!
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High-Energy In-Ice Component
White paper:submitted in Dec. 2014 [arxiv.org:1412.5106 ]
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High-Energy In-Ice Component: “strawman" detector

top area (+60m border)
volume: 9.7 km3

strings: IceCube+120
spacing: ~240 m

top area (+60m border)
volume: 14.2 km3

strings: IceCube+120
spacing: ~300 m

top area(+60m border):
volume: 1.2 km3
strings: IceCube
spacing: ~125 m
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High-Energy In-Ice Component: “strawman" detector
Increase in volume and projected area (still optimisation 
to different analysis needed to fix the final design).
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High-Energy In-Ice Component: point source 
sensitivity

Sensitivity (in background dominated) assumed to scale as:
sqrt(Area*) / resolution**  

* bigger Area due to larger instrumentation, ** better resolution due to longer lever arm
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High-Energy In-Ice Component: Glashow resonance

Larger volumes provide rates higher by an order of magnitude

Electron anti-neutrinos with an 
energy of E ~6.3 PeV have an 
enhanced probability to scatter off 
atomic electrons in the ice by 
forming a W-boson (Glashow 
resonance). 


It is  observable mostly as a peak in 
the cascade energy spectrum.


rate of contained cascades induced by electron 
anti-neutrinos with 5 PeV < E < 7 PeV
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IceCube-Gen2 Cosmic Ray Surface Array
๏ Preliminary studies presume that the southern sky is inaccessible to the 

detector due to atmospheric μ’s background. 
๏ Background can be greatly suppressed by dedicating  parts  of  the  in-ice  

instrumentation  in  order  to  tag incoming muon tracks (HESE analysis).
๏ Cosmic-ray showers can be directly vetoed on the ice surface (IceTop-

like detector). Used for CR physics and veto the in-ice atmospheric μ’s 
and ν’s. 

Sensitivity to sources in the Southern sky greatly enhanced 
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PINGU - Precision IceCube Next 
Generation Upgrade
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40 strings, 60 (->96) DOMs/
string, ~ 5m spacing, ~ 25 m 

between strings

Scientific goal:   
• precise measurement of ν osc. param;  
• determination of the ν mass ordering;  
• indirect search for WIMP DM at low energies  

(PINGU Energy threshold ~ 1 GeV)
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PINGU - Precision IceCube Next 
Generation Upgrade

Several current or planned experiments will have sensitivity to the 
neutrino mass ordering in the next 10-15 years.

 Expected  sensitivities  (for  rejecting  the  inverse  hierarchy  assuming  the normal hierarchy) of different 
experiments with the potential to measure the neutrino mass hierarchy

 widths of the bands 
cover the maximum 

sensitivity differences 
corresponding to the

two hierarchy cases in 
combination with other 

parameters (energy 
resolution difference 

for JUNO, mixing 
angle θ23 for PINGU 

and INO )
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Photosensor R&D
IceCube DOM - simplified using  “modern” technology

Small PMTs in one module
24 X 3’’PMTs in 14’’ diameter pressure vessel
2x effective area of standard IceCube DOMs

4π coverage

Wavelength 
shifters: 

large collection area
better UV sensitivity

low noise rate
cost effective

Dual optical 
sensors:

Improved angular 
sensitivity

Better acceptance to 
UV photons
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Conclusions
• IceCube has observed a diffuse high-energy cosmic neutrino flux paving 

the road for neutrino astronomy. 

• No evidence for point source has been found yet: more data needed to 
resolve the origin 

• IceCube-Gen2 represents the future for neutrino astronomy

• High-Energy In-Ice Component:  10 km3 - scale detector instrumented with 
same number of photosensors as IceCube to discover and study the 
sources of cosmic neutrinos 

• PINGU: low energy in-fill detector to make precision measurements of ν 
oscillation and mass ordering

• Surface components: cosmic ray surface array, radio array.

34

Interesting times for neutrino astronomy…stay tuned!
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Atmospheric neutrinos at Earth

p
π+

μ+

νμ

๏ CONVENTIONAL NEUTRINOS 
- Pions and kaons. 
- 2-body decay 
- mostly νμ 
- E < 100 TeV  
- ϕ ~E-3.7

p

D+

νμ
μ+

K0

๏ PROMPT NEUTRINOS 
- D± mesons 
- 3-body decays 
- equal νμ and νe 
- E ~ 100 TeV 
- ϕ ~E-2.7

 prompt model: Enberg Reno Sarsevic

15 km

๏ COSMIC RAYS 
ϕ ~E-2.7

Earth

Atm
osphere



Astrophysical Neutrinos at Earth

νμ

๏ ASTROPHYSICAL NEUTRINOS 
- Many different models.  
- Long base line oscillations transforms the 
νμ:νe:ν𝛕  ratio from 1:2:0 into 1:1:1. 

- E > 100 TeV 
- ϕ ~E-2

ν𝛕

νe

15 km

The key features to 
discriminate against 
background are directionality 
and energy 

Earth

Atm
osphere
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Active Veto technique
Reject events with light 
deposition in veto layer 
and high charge in the 
fiducial volume.

ν1. Atmospheric muons 
rejected

veto layer
Fiducial volume 

3. High energy 
astrophysical neutrinos
accepted

2. Atmospheric neutrinos 
rejected
(due to accompanying muon)

μ
ν
μ

1 2 3
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High-Energy In-Ice Component: Radio Array
Radio technique is cost effective method to detect neutrinos at very high energies. 
Coincidentally, South Pole ice is also a unique location for radio (radio quite environment)

ARA, Arianna coll. already working in this direction. 
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High-Energy In-Ice Component: ντ detection
Two cascades: 
1st from  the ντ CC interaction, 2nd (hadronic or electromagnetic) from  decay.

Double bang feature: two cascades well separated are unambiguous signature.   

Rate of ντ assuming flux as measured in 
HESE-3yrs and equal flavour ratio at the 
detector. Factor of 10 increase w.r.t. 
IceCube 
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PINGU - Precision IceCube Next 
Generation Upgrade
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Predicted sensitivity to ν oscillations after 3 
years (96 DOMs/string)

Significance of the ν mass hierarchy 
determination


