


Crab Nebula – Optical (Hubble) 
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Crab Nebula – X-Ray (Chandra) 
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Crab Nebula - Composite 

2012 May 29  Chad Finley ‐ Oskar Klein Centre ‐ Stockholm University  4 



A New Window 

Every band of the electromagneDc 
spectrum is a unique window  

If we can detect high energy neutrinos 
from space, a new and complimentary 
window onto astronomy will be opened 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The sun, “seen” in MeV neutrinos by Super‐Kamiokande  



Why Neutrinos? 

Cosmic ray spectrum of protons 
and nuclei extends above 108 TeV 

Extraordinary particle accelerators 
exist, but still not identified after 
100 years (this year!) 

•  Supernova remnants? 
•  Microquasars? 
•  Active galactic nuclei? 
•  Gamma ray bursts? 

Cosmic ray interactions with matter 
and photons near source produce: 
 pions  decay to neutrinos 
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(William Hanlon) 



A. M. Hillas 

Size of accelerator and 
magne)c field within 
accelerator must be large 
enough to keep parDcles 
confined during acceleraDon 

Biggest challenge: 
  Ultrahigh energy cosmic 
rays –  
  UHECR: 
  acceleraDng protons, nuclei 
up to 1020 eV 

Cosmic Ray 
Challenge: 
“Hillas Plot” 
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Why Neutrinos? 

Cosmic ray sources may be 
opDcally thick; neutrinos can 
reveal “hidden” sources 

Above 100 TeV, universe is opaque 
for photons, due to pair‐
producDon off background 
radiaDon fields (CMB, IR)  

 γ + γIR,CMB,radio -> e+ + e-

Neutrinos are unique probe above 
these energies
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Photon propagation distances (P. Gorham) 

108 TeV 

1 TeV 

Distance 
 to AGNs 
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ν 

detector

µ 

•  Neutrino interacts in detector medium 
•  Outgoing relaDvisDc muon may travel km 
•  Detector records Dmes and locaDons of Cerenkov photon hits 

νµ µ 

N X 

W 

Cerenkov light

Neutrino Detection Principles 
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E = 6 TeV  E = 6400 TeV 

Muon Neutrinos 

Long muon track       good poinDng 
Neutrino interacDon outside detector      energy (light) measured is lower bound 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E = 375 TeV 

νe + N→ e- +X  

E = 6000 TeV 

τ- 

ντ + N→ τ- +X  
ντ

τ decays 

νe and ντ cascade events  
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Water and Ice are both excellent 
media, with different advantages 

ANTARES (Mediterranean) 

IceCube  (South Pole) 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Detector Media 
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Fresh Water  Sea Water  Glacial Ice 

Baikal  ANTARES / KM3NeT  IceCube 

Sca>ering Length:  30 – 50 m  > 250 m  ~ 20 m 

Absorp)on Length:  22 – 24 m  55 – 60 m  ~ 100 m 

Background:  Moderately low  ~ 45 kHz  ( 40K )  ~ 300 Hz 

Glacial ice is not as clear as water  
(though much clearer than ice from your freezer) 

Glacial ice extremely dark / low background environment 

OperaDng detector in ocean or glacier present different technical 
challenges as well…  



Sea Water is Moving: 
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Ice ProperDes measured with 
specialized device 

R
efl
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Ice Properties are Inhomogeneous 

Small dust in ice varies with depth 

Traces climate changes over past  
90 000 years 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J. J. Hernandez-Rey (VLVnT11) 
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J. J. Hernandez-Rey (VLVnT11) 



IceCube 

Chad Finley ‐ Oskar Klein Centre ‐ Stockholm University 

50 m

1450 m

2450 m

2820 m

IceCube In-Ice Array
86 Strings, 60 Sensors
5160 Optical Sensors

AMANDA-II Array
(Precursor to IceCube)

Deep Core
6 Strings - Optimized for low energies
360 Optical Sensors

Eiffel Tower
324 m

IceCube Lab

IceTop
80 Strings each with
2 IceTop Cherenkov Detector Tanks
2 Optical Sensors per tank
320 Optical Sensors

IceCube

Bedrock

2004 Project Start    1 Hole
2009 Current Status    59 Holes
2011 Projected Completion 86 Holes
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• 86 strings 

•  1.5 km ‐ 2.5 km deep 

•  typically 125 m 
spacing between 
strings 

•  60 Modules per 
string 

•  1 km3 ‐‐ 1 Gton 
instrumented volume 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        Digital Optical Module 

Electronics 

PhotomulDplier Tube 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  T. DeYoung (VLVnT11) 
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  T. DeYoung (VLVnT11) 
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  T. DeYoung (VLVnT11) 
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  T. DeYoung (VLVnT11) 
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Cosmic Ray Background 
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cosmic ray 

air shower 

muons 

neutrinos 



Atm nu Bkg  vs.  Atm muon Bkg 
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ANTARES 2008 data (173 acDve days) 
D. Dornic   Moriond 2009 

Up‐going 
neutrinos 

Down‐going 
muons 



Differential Sensitivity Dependence on Direction 
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IC40 Differential 5σ Discovery Potentials  
(for E-2 signal injected in 1/2 decades of energy) 

Downgoing: Atm muon background 

Upgoing:  
Atm ν background 



Differential Sensitivity Dependence on Direction 
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δ = +30° 
δ = +60° 

δ = ‐8° 

δ = ‐30° 
δ = ‐60° 

δ = +6° 

Downgoing: Atm muon background 

Upgoing:  
Atm ν background 



ANTARES and IceCube-40 differential sensitivities 
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Dashed: IceCube , Full: ANTARES 

J. Brunner 

2012 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1 TeV  PeV = 103 TeV 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ANTARES 2007‐08 (5 & 12 lines)   304 days liveDme    arXiv:1108.0292  ApJL in press 

IceCube 2008‐09 (40 strings)  375 days liveDme 



IceCube 40 + IceCube 59  E-2 Sensitivity 
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Preliminary 

J. A. Aguilar et al., ICRC 2011  



Time-Dependent All-Sky Search (IceCube-59) 
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Preliminary 

M Baker et al., ICRC 2011  



Time-Dependent All-Sky Search (IceCube-59) 
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Most significant spot: 
r.a.   = 21.35° 
dec. = ‐0.25° 
    ns = 14.5 
     γ  = ‐3.9 
    σT = 5.5 days  (FWHM 13 days) 
    T0 = 55259 MJD  (2010 Mar. 4) 
‐log10 p‐value = 6.69 

Preliminary 

M Baker et al., ICRC 2011  



Time-Dependent All-Sky Search (IceCube-59) 
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Most significant spot: 
r.a.   = 21.35° 
dec. = ‐0.25° 
    ns = 14.5 
     γ  = ‐3.9 
    σT = 5.5 days  (FWHM 13 days) 
    T0 = 55259 MJD  (2010 Mar. 4) 
‐log10 p‐value = 6.69 

Post‐trial p‐value:  1.4%  Preliminary 

M Baker et al., ICRC 2011  



Time-Dependent All-Sky Search (IceCube-59) 
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IC‐59 
preliminary 

Most significant spot:   r.a. = 21.35°   dec. = ‐0.25° 
             ns = 14.5 

     γ  = ‐3.9 
     σT = 5.5 days  (FWHM 13 days) 
     T0 = 55259 MJD  (2010 Mar. 4) 

Events (weight of space & en. terms) 

Best‐Fit Gaussian Time Window 

M Baker et al., ICRC 2011  



Time-Dependent Search (IceCube-59) 
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SensiDvity and Discovery PotenDal 

as a FuncDon of DuraDon of Flare 

FWHM ~ 60 days 

FWHM ~ 2 days 
SensiDvity 

Time‐Dependent: 

Discovery potenDal 

5‐σ Discovery potenDal 

Time‐integrated (“Steady Search”) 

90% CL SensiDvity  

20 

5 

Cross‐overs where 
Time‐Dependent 

outperforms 
Time‐Integrated 

Preliminary 

M Baker et al., ICRC 2011 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Cosmic Ray Moon Shadow 
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Moon Shadow Seen in Cosmic Ray Muons by IC-40 
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Moon bin contains 
30% of point‐spread 
funcDon. 

In bin, expect deficit 
of 3400×0.3 = 1000 

Observe deficit of 
900 out of 27 000. 
 5 σ.  



Cosmic Ray Anisotropy 
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Features seen by IceCube in Southern sky match 
features in North seen by Tibet Array 



Cosmic Ray Anisotropy – Energy Dependence 
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IceCube 59‐string data (2009‐10) 

2012 ApJ 746 33 



Diffuse Astrophysical Neutrino Fluxes 
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ANTARES ‐‐ Phys. Leu. B 696 (2011) 1622 
IceCube ‐‐ Phys. Rev. D 84, 082001 (2011)  

Waxman Bahcall “Bound” 



Solar Searches:   
Dark mauer parDcles scauer and get 
trapped in sun. 

As trapped density grows, annihilaDon rate 
reaches equilibrium with capture rate. 

Search sensiDve to sca>ering cross sec)on 

Galac)c Halo Searches: 
AnnihilaDon occurs in densest region of 
dark mauer halo in galacDc center 

Search sensiDve to annihila)on cross 
sec)on 

Indirect Dark Matter Searches 
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χ + χ  W + W  ν + ν Neutrinos are typical end products of 
dark mauer annihilaDon 

χ 



Spin-Dependent Scattering Cross Section Limits  
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M. Danninger, Schleching 2012 
IceCube = AMANDA + IceCube‐22 + IceCube‐40 



Supernova MeV Neutrino Detection in IceCube 
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Short paths of MeV positrons do not create detectable 
“tracks.”  But they increase the noise rate. 

Bursts of low‐energy (MeV) neutrinos  
from core collapse supernovae 
Neutrinos interact in the ice: 

The produced positron is emiued almost isotropically 

  νe+ p → n + e+ 
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Integrated over 10s 

IceCube 

AMANDA 

5 σ at the 
LMC 

Supernova Neutrino Search 

AMANDA 

IceCube 
30 kpc 

ParDcipate in SNEWS (SuperNova Early Warning 
System): a collaboraDve effort among Super‐K, 
SNO, LVD, KamLAND, IceCube, BooNE and 
gravitaDonal wave experiments 

SN 1987A in Large Magellanic Cloud 

  IceCube sees out to the LMC (~50 kpc) 

~ few per century  =>  long wait! 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GRBs best candidate for UHE CR   

•  Internal shocks as fireball 
expands, accelerate parDcles via 
Fermi mechanism 

•  Aggregate energy output of 
GRBs good match to cosmic ray 
energy density 

PredicDon: 

HE protons coexist in the 
expanding fireball with the  
photons which we later observe 
as the GRB 

p + γ interacDons  =>  pions 
   =>  neutrinos 

Predicted neutrino fluxes well 
within reach of km3 detector 
2012 May 29 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Analysis: two‐years of data used from the 
parDally‐constructed IceCube detector 
(2008‐10) 

Stack 215 GRBs  (mostly from Fermi GBM) 

Typical gamma emission duraDon: 
 ~ 30 seconds 

=> Low background search 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Two Searches performed in parallel: 

“Model‐Dependent” search: 
•  Use search window defined by start 
and end of observed gamma 
emission 

•  Use model predicDon of neutrino 
flux and energy spectrum to weight 
the search 
⇒ Most sensiDve if models are right 

“Model‐Independent” search: 
•  coincident search Dme window 
expandable up to ± 1 day  (NB: 
neutrinos closer to GRB Dme given 
more significance) 

•  No specific weighDng to model 
predicDons 
⇒ “Catch‐all” analysis 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Results: 

both searches consistent 
with background‐only 
hypothesis.   

No single neutrino candidate 
event from GRB detected. 

Upper limits 4x or more 
below predicDons 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Results: both searches consistent with background‐only hypothesis.  No single 
neutrino candidate event from GRB detected. 

What’s ruled out? 

Model  Normaliza)on  Predicted neutrinos 

Ahlers et al. (2011)  Cosmic rays (via neutrons)  113 

Rachen et al. (1998)  Cosmic rays (via neutrons)  84 

Waxman (2003)  Cosmic rays  27 

Gueua et al. (2004)  Gamma spectrum  14 

Recent detailed numerical calculaDons (e.g. hup://arxiv.org/abs/1112.1076 ) with 
the same astrophysical assumpDons as analyDcal models claim flux could be 10x 
lower. 
⇒ SDll detectable or excludable by full IceCube detector 

Otherwise, challenge intensifies how to explain the origin of UHECR 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DistribuDon of observed p values for the loudest GW event associated with each 
neutrino analysed in the low frequency analysis. The red dot indicates the largest 
deviaDon of the low p tail from the uniform distribuDon null hypothesis; this occurs due 
to having the three loudest events below p3 ∼ 0.013. DeviaDons this large or larger occur 
in approximately 64% of experiments under the null hypothesis. The black line shows 
the threshold for a 5‐sigma deviaDon from the null hypothesis.  

 ANTARES in its 5 line configuraDon 
during the period January ‐ September 
2007, which coincided with the fi}h and 
first science runs of LIGO and Virgo, 
respecDvely.  

The LIGO‐Virgo data were analysed for 
candidate gravitaDonal‐wave signals 
coincident in Dme and direcDon with 
the neutrino events.   
144 2‐line events and 14 3‐line events 
were coincident with on‐Dme of at least 
2 GW sites. 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GW + ν  Astronomical Reach 

Advanced LIGO: 

x10 beuer
 amplitude
 sensiDvity 

⇒ x1000
 rate=(reach)3 

⇒ 1 year of IniDal
 LIGO < 1 day of
 Advanced LIGO! 

LIGO ~ 2007 
2009 - 2010 
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