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First astrophysical neutrinos?!



Topics of Astroparticle Physics:  !

Neutrino Astroparticle Physics!

PINGU-I!PINGU-I!

Eν ~  MeV - EeV!
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What is the origin of Cosmic Rays  with E up to 1020 eV ?  !
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Neutrino Astroparticle Physics: Motivation!

100 GeV! 100 EeV!



        GZK cutoff!
Greisen, Zatsepin!
And Kuzmin (1966) 
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Neutrino Astroparticle Physics: Motivation!

100 GeV! 100 EeV!



- do not point back to the source 

Neutrinos as probes of the high-energy Universe	


§  Protons with Ep< 10 EeV 
directions scrambled by 
magnetic fields!
-  Initial Pierre Auger Collaboration result, !
Science 318  (2007)  938,   linking CR  and 
AGN’s, weaken after new data analyzed!

§  γ-rays: straight-line propagation 
but reprocessed in the sources; 
TeV γ-ray astronomy: many 
newly discovered (galactic and 
extragalactic sources)!
- Fermi-LAT confirms SNR as sources of CR 
Science vol. 339 (2013) 807. Does not explain 
the highest energy CR!

§  Neutrinos: straight-line 
propagation, unabsorbed, 
not GZK suppressed,  but 
difficult to detect 

Neutrino Astroparticle Physics: Motivation!



The Cosmic Neutrinos Production Mechanisms!

§  “On-source” astro-ν	


§  “GZK” cosmogenic ν	
 EeV!

matter!

radiation! ν	
photo production!

CMB!
100EeV p!

p!

p!

TeV - PeV!

p+ p→ π +...→ν +...   

p+γ→Δ→ p+π → p+γγ( )
                → n+π → n+ν +...

p+γCMB →Δ→ p+π → p+γγ( )
                     → n+π → n+ν +...

hadro production!

Source: S. Yoshida (TeVPA2013)!



Rate = Neutrino flux x Neutrino Effective Area  
         =  Neutrino flux x Neutrino Cross Section x Absorption in Earth  
            x Size of detector x (Range of muon for νµ)  
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Expected	  GZK	  neutrino	  rates	  in	  1	  km3	  detector:	  	  ~	  1	  per	  year  

Need for a 1 km3  Neutrino Detector 



Neutrino Telescopes!

South Pole!
 Antarctica!

§  Antares!
§  Km3net (3 sites)! §  Lake Baikal!

§  IceCube!
§  Pingu!

Techniques: §  optical detection!

Northern Sky 

Southern Sky 



Neutrino Telescopes: optical detection principle	


ν 

µ 

Neutrinos of all flavors interact in or near the detector 
through charged current (CC) or neutral current (NC) 
weak interaction:!
!
!

!
!
!
!

!
!
Neutrino interaction identification method: !
Observe the secondaries!

§  O(km) muon tracks from νμ CC!
              1 TeV ~ 2.5 km, 1PeV ~ 15 km !
§  O(10 m) e-m and/or hadronic  cascades !
from νe CC, low energy ντ CC, and νx NC!

via Cherenkov radiation detected by a 3D array of 
optical sensors!

ν" , ν"

hadronic
shower

W, Z 
ice!

water!



 
 IceCube!

Geographic South Pole!

IceCube at the South Pole	


Counting House 

Amundsen-Scott !
South Pole Station!





        Digital Optical Module (DOM)


Configurations:!
2006:  IC9!
2007:  IC22!
2008:  IC40!
2009:  IC59!
2010:  IC79!
2011:  IC86!

The IceCube Detector	




Event Signatures!

Tracks: 
§   
§  through-going muons 
§  pointing resolution <1o  

€ 

νµ + N →µ + X

Cascades:      

§  good energy resolution for cascades 
contained in the detector ~10%   

€ 

νe(τ ) + N →e(τ ) + X
ν f + N →ν f + X   f = e, µ,τ

§  e-m and hadronic cascades 
§    

Composites  
§  starting tracks   
§  tau double bangs 
§  good directional and energy resolution 

Neutrino interaction identification method:   observe the secondaries (tracks, cascades) !
via Cherenkov radiation detected by a 3D array of optical sensors!



Atm. ν 

Atm. µ 

Reconstruct µ tracks and identify their origin (Cosmic Rays vs atm. νµ) 
by their   direction!

Up-going! Down-going!

Atmospheric muons!
(background)!

 Muons induced by νµatm !
(signal or bg)!

Monte Carlo!

Up-going µ	

	

Down-going µ	

!

Cosmic Rays Background Rejection!



Point Source Neutrino Search	


Atm. ν 

Atm. µ 

Search for excess of astrophysical neutrinos from a 
common direction over the background of 
atmospheric neutrinos 



 
§   4 years of data: IC40+IC59+IC79+IC86, Livetime: 1371 days 
§   Total number of events: 178k (upgoing) + 216 (downgoing) 

IceCube: 4 Years Point Source Search: Skymap!

PRELIMINARY 

Southern Sky (above the horizon) 
Data dominated by atm. µ’s 

Northern Sky (below the horizon) 
Data dominated by atm. ν’s  

§  Search for excess of astrophysical neutrinos from a common 
direction over the background of atmospheric neutrinos!

§  All-sky search and a priori source list !



 
§   4 years of data: IC40+IC59+IC79+IC86, Livetime: 1371 days 
§   Total number of events: 178k (upgoing) + 216 (downgoing) 
§   Hottest spots and post-trial p-values:  
§   Nothern sky: Ra=11.45deg, Dec=31.35deg,   37.6 % (not significant) 
§   Southern sky: Ra=296.95deg, Dec=-75.75deg,   9.3 % (not significant) 

IceCube: 4 Years Point Source Search: Skymap!

PRELIMINARY 

Southern Sky (above the horizon) 
Data dominated by atm. µ’s 

Northern Sky (below the horizon) 
Data dominated by atm. ν’s  -log10p=5.04!

nSrcbest=40.17!
γbest = 3.45 

-log10p=5.96!
nSrcbest=16.16!
γbest = 2.34 

§  Search for excess of astrophysical neutrinos from a common 
direction over the background of atmospheric neutrinos!

§  All-sky search and a priori source list !

No evidence for point sources!



IceCube: 3 Years Point Source Search: Upper Limits!

§  Northern sky:  1 TeV – 1 PeV!
§  Southern sky: 100 TeV – 100 PeV !

arXiv:
1207.3105!

No evidence for point sources!

§  Search for excess of astrophysical neutrinos from a common 
direction over the background of atmospheric neutrinos!

§  Stacking analyses!



Fireball model:!
Internal shocks in GRBs → acceleration for UHECRs!

Neutrino production in p-γ interactions in fireball!

 
Neutrinos From Gamma Ray Bursts!



Nature	  84,	  351	  (2012)	  

Results: !
!
§  215 GRBs in Northern sky!
§  2 events observed:!
       both trigger IceTop,  likely atm. muons!

§  Neutrino flux limits in tension with  
fireball model!

Search for neutrinos from direction of GRB in short time window (<±1 day) 
around trigger time (=satellite measurement of GRB):!

 
IC40+IC59  Neutrinos From Gamma Ray Bursts!



Search for Diffuse Neutrino Fluxes!

Atm. ν 

Atm. µ 

Energy 

Atmospheric ν, µ 

Harder Spectrum 
ν (E-2) 

Astro. ν 

§  Search for excess of astrophysical 
neutrinos with a harder spectrum than 
background atmospheric neutrinos 

 
§  Advantage over point source search: can 
detect weaker fluxes 
 
§  Sensitive to all three flavors of neutrinos 
 
§ Disadvantage: high background 

Diffuse flux = effective sum from all (unresolved) extraterrestrial sources (e.g.AGNs)!
Possibility to observe diffuse signal even if flux from an individual source is too small to be !
detected by point source techniques. !



Atmospheric Neutrinos!

§  atmospheric νµ  spectrum, 
measure in IC40  

 
§  atmospheric νe spectrum, 

measured in IC79 (Deep Core)  
 
 
§  predicted prompt atmospheric ν-

fluxes from charmed meson 
decays, Enberg et al !

     (not yet measured)!

§  WB (Waxman-Bahcall) 
theoretical limit on  diffuse 
astrophysical νμ !



IC59 Search for a Diffuse Flux of Muon Neutrinos!
!

Energy estimator:  reconstructed 
energy loss dE/dx!

the highest energy event !

Best-fit results:!
E-2 norm        = (2.7 +/- 5.9) ×10-9 E2 GeV cm-2 s-1 sr-1!

Prompt norm = (0 +/- 1.216) × [Enberg et al. + Gaisser knee]!



IC59 Neutrino-Induced Cascade Search Results!

§  After final selections (including Ereco > 38TeV ) !
     8 data events were found (4 bg events expected)!

A. Schoenwald et al,  for the IceCube Coll.,  ICRC2013 paper 0662!

§  (contained) cascade search analysis in IceCube,  335 days (2009-2010)!
§  Energy range 43 TeV < Eν < 6 PeV  (central 90% ν signal events) !

Likelihood fit results:  !
- Flux limit (per flavor)!

!
-  Prompt neutrinos:!

!
- Nuisance parameters with no strong deviation from nominal value   !

2.9−2.6
+3.2ΦEnberg

Φ90%= 1.7x10-8 (E/GeV)2 (GeV-1 s-1 sr-1 cm-2) 
43 TeV < Eν < 6 PeV!



First observation of PeV‐energy neutrinos with IceCube!
Phys. Rev. Let. 111 (2013) 021103!



IC79+IC86 analysis of Extremely High Energy filter data (670 days, 2010-2012) 
to search for cosmogenic or GZK all-flavor neutrinos (PeV-EeV)!

First observation of PeV‐energy neutrinos with IceCube!
Phys. Rev. Let. 111 (2013) 021103!

Two cascade like PeV events,  found in an analysis dedicated 
to a search for bright events!



Cascade Reconstruction!



 A follow up search on 2 PeV cascades: !
§  Selecting for high energy neutrino events with vertices well contained in the detector 

volume (no flavor tagging, combination of neutrino induced muons and cascades)!

IC79+IC86 Contained Vertex Events Search!

10.6−3.6
+4.7

12.1±3.4

C. Kopper et al,  for the IceCube Coll.,  ICRC2013 paper 0650!

Results:  
Observed 28 events (21 cascade-like, 7 track-like) in 30 TeV < Eν < 1.2 PeV, expected               
number of background µ and conv. ν events   (                including prompt ν) 

Accepted for publication in Science!



IC79+IC86 Contained Vertex Events Search!

10.6−3.6
+4.7

Likelihood fit: ! 60TeV ≤ Eν ≤ 2PeV
Ecutoff =1.6−0.4

+1.5 PeV
E2Φ90% = 1.2± 0.4( )×10−8 GeV-1s-1sr-1cm-2%& '(

Energy range:!
Results: !

(per ν flavor)!

C. Kopper et al,  for the IceCube Coll.,  ICRC2013 paper 0650!

Accepted for publication in Science!

Purely atmospheric origin (µ + atm. ν) of 28 events rejected at 4 σ level. !



IC79+IC86 Contained Vertex Events Search!

No evidence of spatial clustering found!

a follow up search on 2 PeV cascades!



12) IceCube IC59 Cascade Limit (prelim) 

12)  

Diffuse Fluxes – Status !

A. Karle, TeVPA2013!



§  Resonant  W production                       at  Eν = 6.3 PeV  !
!
§   Unique channel:  sensitive to electron anti-ν flux  	

   IceCube does not distinguish ν and anti-ν induced  DIS events!

§  Hadronic particle showers                   are dominant:   Γqq/Γtot ~ 70%!
 

	


νe + e
− →W−

IceCube MC Simulation:!
Hadronic Cascade at 6PeV !

ICRC2013!

W− → qq

CR sources pp vs pγ collisions:  Glashow Resonance!



CR sources pp vs pγ collisions:  Glashow Resonance!
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pp!

pγ	


Evis  [PeV]!

Evis  [PeV]!

!
§  proton collisions - pp!

!!
!anti-νe and νe produced equally!

    at Earth: anti-νe : νe  = 1 : 1*!
!

§  proton photon scattering – pγ	


p+ p→ N π 0 +π + +π −( )+...

 

 
(*)ratios at earth from Bhattacharya et. al., arXiv:1108.3163!

 p+γ→Δ+ →
π + +n
π 0 + p

#
$
%

&%

no anti-νe produced at source  !
at earth: anti-νe : νe    = 0.22 : 0.78* 

H. Niederhausen, J. Kiryluk   for the IceCube Coll.,  ICRC2013 paper 0494!

νe + e
− →W−



	

§   “GZK” cosmogenic ν	


o  Production !
!
o  CR spectrum:!
	


 	


The Cosmic Neutrino Fluxes 

p+γCMB →Δ→ π +n→ν +...

E−α exp −E Emax( )
Emax ~ 1020.5eV,   α = 2.0

Cosmic Ray flux 
(IceCube) 

UHE CR flux 
(Auger/TA) 

§  allowed range of the ν flux!
     Ahlers et al, Astropart.Phys. 34 106 (2010) 
§  the ν fluxes from strongly  evolved and no evolved  
     Yoshida et al, Prog.Theo.Phys. 89 833(1993) 

GZK cosmogenic ν’s!
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EeV! 10EeV!100PeV!

GZK cosmogenic ν’s: calculations depend on:!
Composition [p, mix], evolution of sources, highest 
energy Emax , injection spectrum,  end of galactic CR!



0.037 Mpc!

3 Mpc! 33 Mpc! 28000 Mpc!

1 Mpc = 3.26 million light-years !

Astronomical Distances!



(IC79+IC86)  Search for Cosmogenic GZK Neutrinos!

§  Data from 2010‐2012!
§  Energy range PeV – EeV!

o  no atmospheric background is 
expected !

§  Two neutrino-induced 
cascade events found !

     at ~1 PeV.!

Phys. Rev. Lett. 111, 021103 (2013)!

Southern 
sky!

Northern 
sky!



Neutrino Telescopes!

South Pole!
 Antarctica!

§  Antares!
§  Km3net!

§  Lake Baikal!

§  IceCube!
§  Pingu!
§  RICE!
§  ARA!

§  Anita!
§  Arianna!

Coast of Antarctica!

Techniques: §  optical detection!
§  radio detection 



cosmic ray spectrum • cosmic ray composition • cosmic ray anisotropies • atmospheric 
neutrinos (prompt component, oscillations, effects of quantum gravity, sterile neutrinos, … ) 
• neutrino point sources • gamma ray bursts • GZK neutrinos • multimessenger approaches 

• diffuse ν fluxes • dark matter • magnetic monopoles • supernova bursts • shadow of the 
moon • atmospheric physics • glaciology • climatology • new technologies for highest 

energies (radio, acoustics) !

Summary!
§  Era of km3 neutrino astronomy has begun!

o  100,000+ high-energy neutrinos on the books!

§  Atmospheric neutrino flux measurements (cascade and muon 
channels) !

§  Prompt neutrino limits (cascade and muon channels) !
§  Two 1 PeV neutrino-induced cascades detected!
     Evidence for astrophysical neutrinos ! !
§  No astrophysical neutrino sources !
     detected yet!
§  No neutrinos seen from GRBs!

o  Setting limits on physics of fireball model!

§  Continued gains in sensitivity!
o  Continuous data taking with full detector,  improved analysis techniques!


