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Motivation

High energy neutrinos are expected to be produced in 
astrophysical objects by the decays of charged pions made in 

cosmic ray interactions with radiation or gas. 
-IceCube Collaboration, PRL 113, 101101 (2014) 

Everyone agrees… but is this indeed what we have seen?

Most studies so far have tried to identify sources by correlating with poorly-
resolved arrival direction. What can we say from the flavour & energy 

composition alone?



The dawn of neutrino astronomy

Neutrinos are ridiculously weakly interacting, but this can be 
seen as a feature, rather than a bug: 
!
- They allow us to see inside sources (eg. SN 1987A) 
- Unlike cosmic rays they point back at their source 
- Unlike protons, photons, there is no attenuation in IGM  
- Also: quantum number not carried by photons, CRs: 
flavour  



Where do neutrinos come from?

Katz & Spiering (2012)



Where do neutrinos come from?

NEW!
Katz & Spiering (2012)



Flavour composition in astrophysical sources

Pion sources ⇡+ ! µ+ + ⌫µ

(c.c. for      )⇡�

“muon-damped”
⇡+ ! µ+ + ⌫µ

(c.c. for      )⇡�

(1 : 2 : 0)

(0 : 1 : 0)
“muon source”

⇡+ ! µ+ + ⌫µ
(c.c. for      )⇡� (1 : 1 : 0)

Neutron source n ! p+ e� + ⌫̄e (1 : 0 : 0)

(↵e : ↵µ : ↵⌧ )

µ+ ! e+ + ⌫µ + ⌫̄e

µ+ ! e+ + ⌫µ + ⌫̄e

(GRBs, AGNs, blazars, pulsars…)
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Interactions with the charged sector: detection

nucleus

⌫ ⌫

nucleus+stuff

Z

Neutral-current (NC)



Interactions with the charged sector: detection

nucleus
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Final-state lepton: 
electron: deposits E   
muon: can travel ~ km  
tau : decays to stuff, with 
20% b.r. to muon.
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Event topology

Muon track Shower (cascade)

Other topologies at even higher energies (when tau lifetime ~ detector resolution): 
• Double-bang 
• lollipop 
• popillol	 	 	 	

good angular res. (~ degree) bad angular res. (~ 10 degrees)

Images: icecube.wisc.edu

http://icecube.wisc.edu


First “light”

Images: IceCube/Sesame Workshop

January 3, 2012: 1.14 PeVAugust 9, 2011: 1.04 PeV



Stockholm for scale

icecube.wisc.edu

http://icecube.wisc.edu


28 events after 2 years of data
37 events after 3 years of data

(out of 3000 atm. events/s!!!)

New Search Protocol



The 36 IceCube events

8 muon tracks, 28 showers 
30 TeV < E < 2 PeV Still consistent with  

an Isotropic flux

IceCube Collaboration, PRL 113, 101101 (2014) 

most analyses assume (1:1:1) - let’s examine this hypothesis

(atm) (astro)



Flavour analysis (arXiv:1404.0017)



Likelihood analysis: tracks vs showers

(free)

8 28

N tr/sh
⌫i depends on

-spectrum 
-cross section 
-effective mass 
-attenuation 
-fraction of E —> EM energy



Likelihood analysis: tracks vs showers

(free)

8 28
Naively, (1:1:1) gives (track : shower) of (1:4) 

N tr/sh
⌫i depends on

-spectrum 
-cross section 
-effective mass 
-attenuation 
-fraction of E —> EM energy



Flavour composition at Earth: no backgrounds
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Atmospheric background

• Neutrinos 

•  50%-70% produce tracks 

• Expect ~ 6.6 in 3yr data 

• Muons  

• ~100% produce tracks 

• Expect ~ 8.4 in 3yr data
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Three-year flavour composition
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Not surprising

From background muons & neutrinos, 
 ~12.1 tracks are expected

Only 8 are observed 

Very little room for astrophysical muon neutrinos!



Spectral analysis (arXiv:1502.02649)



New technology

• Include spectral information (and errors) on all the observed 
neutrino events 

• Simultaneously vary all model parameters (spectral index, 
number of atmospheric bg. neutrinos & muons, flavours and 
astro flux) 

• Slower/stronger/better calculation of the angle-averaged 
atmospheric fluxes + attenuation & regen. 

• Tricky effective mass inversion (function of deposited E) 

• More accurate computation of the muon track energy deposition



Unbinned analysis

& likewise for 
atmospherics

throw into 
MultiNest

Instead of N:



Unbinned analysis

& likewise for 
atmospherics

throw into 
MultiNest

Instead of N:



Including spectral information (28 TeV - 3 PeV) 
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Including spectral information (28 TeV - 3 PeV) 
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While the number of 
muon tracks is not 
quite consistent with 
an astro explanation, 
their spectrum is not 
necessarily consistent 
with an atmospheric 
origin

atmospherics
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Freeing spectrum, atmospheric background
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Cut events below 60 TeV: removing atm. muons
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Cut events below 60 TeV: removing atm. muons
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Extending the analysis to higher energies

There is no a priori reason to cut the analysis at 3 TeV. In 
fact, at E ~ 6.3 PeV, Glashow resonance from production of 

on-shell W by electron antineutrino

Barger et al 2014

ECM =
p
2E⌫̄eme = MW

E⌫̄e = 6.3 PeV



Above 3 PeV: the Glashow resonance?
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Glashow resonance

Relation to the cosmic ray spectrum?

na
sa

.g
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Break in the spectral index

No break Unit break at 1 PeV



Two potential puzzles

• Is there a deficit in astrophysical muon neutrinos? 

• Is there a deficit in electron antineutrinos > 3 PeV?



What if the BF continues to lie away from (1:1:1)?

Some non-standard dominant source, 
e.g. neutron decay 
!
Matter effects in the source (Mena et al. 2006) 
!
Interactions in the source (e.g. muon 
energy loss before decay)  
!
Strange new source properties (black 
hole firewall?) (Afshordi & Yazdi 2015)

Gamma-ray limits can constrain all of these 
(e.g. Anchordoqui et al. 2014)
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What if the BF continues to lie outside the “source” triangle?

Exotic new physics?  
-Neutrino decay (Beacom et al 2003) 
-CPT violation (Barenboim & Quigg 2003) 
-Pseudo-Dirac (Crocker et al. 2002, Beacom et al. 2004)  
-New effects during propagation 
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What if the BF continues to lie outside the “source” triangle?

Exotic new physics?  
-Neutrino decay (Beacom et al 2003) 
-CPT violation (Barenboim & Quigg 2003) 
-Pseudo-Dirac (Crocker et al. 2002, Beacom et al. 2004)  
-New effects during propagation 

Something more banal: misidentification of tracks?
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What if the BF continues to lie outside the “source” triangle?

Exotic new physics?  
-Neutrino decay (Beacom et al 2003) 
-CPT violation (Barenboim & Quigg 2003) 
-Pseudo-Dirac (Crocker et al. 2002, Beacom et al. 2004)  
-New effects during propagation 

Something more banal: misidentification of tracks?
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-Different methods (e.g. binned vs unbinned) 
-Some angular info (4 bins) 
- Inclusion of 101 more low-E showers

!
30% track mis-ID, energies up to 10 PeV
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IceCube Feb. 11 2015

(also different spectra)



IceCube Feb. 11 2015

Us, April 2014

(also different spectra)



IceCube Feb. 11 2015

Us, April 2014



Conclusions

• Amazing results from IceCube 

• “First light” in high-energy neutrino astronomy has given 
us a lot to think about, including some interesting puzzles 

• 17 more events this year … 

• Including angular information will help 

• Need more data… KM3NeT, Gen-2 IceCube?



Thank you



Neutrino-ice interactions

Cherenkov Light yield: ~ total 
electron track length

EM Cascade: ~ 100% energy deposition

Hadron Cascade: inefficient, due to 
higher Cherenkov threshold of hadrons; 

binding energies

Muon track: muons travel ~ km in ice. 
Average muon deposited energy (via 

electrons created in scattering) is about 12% 

Measured energies are always “EM-equivalent”



Showers: neutral current

Exposure time
Effective detector mass

Attenuation  
(passage through earth)

Incoming neutrino 
spectrum

Cross-section



Showers: charged current



Showers: charged current

As in NC case (outside box):  counting final 
states giving EM deposition



Tracks in IceCube



Flavour ratio at source?
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Still not enough statistics to discriminate
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Tracks only

IceCube fit
our fits



Showers only

IceCube fit
our fits
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Flux normalisations



Atmospherics



Prompt charm component





(angle-averaged) Attenuation/regeneration



Effective mass


