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39	
  Ins8tu8ons	
  
~220	
  collaborators	
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Concept of Large Neutrino Telescopes 

Between	
  300-­‐600	
  nm	
  2*	
  104	
  Cherenkov	
  photons/m	
  of	
  a	
  muon	
  track	
  
Good	
  scaling	
  with	
  dE/dx	
  as	
  radia8ve	
  losses	
  increase	
  above	
  10	
  TeV	
  

β∼1	
  and	
  θc∼43o	
  

Natural	
  radiator	
  is	
  low	
  cost	
  and	
  allows	
  
huge	
  instrumented	
  regions	
  
à  Deep	
  sea	
  or	
  lake	
  
à  Deep	
  clear	
  Ice	
  

The image cannot be displayed. Your computer may not 
have enough memory to open the image, or the image 
may have been corrupted. Restart your computer, and 
then open the file again. If the red x still appears, you may 
have to delete the image and then insert it again.
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Cosmic	
  Rays	
  and	
  Neutrinos	
  

target	
  

accelerator	
  
π±	
   ν


ν

ν

γ

γ


π0	
  
p


the	
  γ  –  ν  connec8on	
  
for	
  hadronic	
  accelerators	
  

µμ±	
  

CR – ν connection 

Driving theme: Origin of Cosmic Rays 



Neutrinos	
  Provide	
  a	
  Unique	
  Window	
  	
  
on	
  the	
  HE	
  Universe	
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Universe	
  opaque	
  to	
  high	
  energy	
  
(>10’s	
  TeV)	
  photons:	
  
	
  
	
  γ	
  +γEBL+CMB	
  à	
  e+	
  +	
  e-­‐	
  
	
  p+γCMB	
  à	
  Δ+	
  à	
  n+π+	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  μ++νμ	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Cosmogenic	
  “GZK”	
  neutrinos	
  	
  

Protons	
  deflected	
  by	
  magneAc	
  field	
  
for	
  E	
  <	
  1019	
  eV	
  
•  Not	
  poin@ng	
  back	
  for	
  distant	
  sources	
  
	
  
1)  Neutrinos	
  are	
  a	
  candidate	
  for	
  

high	
  energy	
  (>10TeV)	
  cosmic	
  
astronomy!	
  

2)  Neutrinos	
  provide	
  unambiguous	
  
evidence	
  of	
  hadronic	
  
accelera@on!	
  



Neutrino	
  Telescopes	
  –	
  A	
  Brief	
  Heritage	
  

Telescopes	
  for	
  TeV	
  energies:	
  	
  
•  First	
  envisioned	
  by	
  Greisen,	
  Markov	
  1960	
  

–  Conceptually	
  simple	
  but	
  technically	
  challenging	
  

•  Pioneering	
  effort:	
  DUMAND	
  near	
  Hawaii	
  
•  First	
  and	
  second	
  genera8on	
  in	
  90’s	
  

–  proof	
  of	
  principle	
  :	
  Baikal,	
  AMANDA,	
  NESTOR.	
  	
  

•  Current	
  genera8on	
  experiments	
  	
  
–  IceCube,	
  ANTARES,	
  Auger	
  	
  

•  The	
  Era	
  of	
  km3	
  Scale	
  Detectors	
  is	
  Finally	
  Here	
  
–  IceCube	
  completed	
  construc8on	
  Dec	
  18,	
  2010	
  !	
  

•  IC	
  86-­‐string	
  Data	
  Taking	
  Began	
  May	
  13,	
  2011	
  
–  km3NeT	
  project	
  in	
  Mediterranean,	
  GVD	
  in	
  Bakail	
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IceCube	
  Detector	
  
Detector	
  Comple8on	
  Dec	
  2010	
  

   9 strings  (2006)  
 22 strings  (2007)  
 40 strings  (2008)  
 59 strings  (2009)  
 79 strings  (2010)  
 86 strings  (2011)  

IC79	
  



IceCube	
  at	
  South	
  Pole	
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Opera8onal	
  support:	
  	
  
ICL	
  maintenance	
  
~60	
  kW	
  power	
  to	
  electronics	
  
90	
  GB/day	
  filtered	
  out	
  and	
  sent	
  on	
  satellite	
  
2	
  winterovers	
  
summer	
  popula8on	
  (around	
  5-­‐7	
  pop	
  Dec	
  -­‐	
  Jan)	
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Detec8on	
  Methods	
  
up-going νµ 
→  point  sources  

CR shower 
in IceTop  light	
  collec8on	
  by	
  DOMs	
  

 νe cascade 
→  all  7lavours 

 µ bundle  
νµ


µ


νe


µ


 background 
& 
physics 



Muon	
  Events	
  from	
  Data	
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Downgoing	
  muon	
  bundle	
  



IceCube	
  Detector	
  Status,	
  Rates	
  

•  Detector	
  performance	
  parameters	
  increase	
  faster	
  
than	
  the	
  number	
  of	
  strings	
  	
  
–  Longer	
  muon	
  tracks	
  (km	
  scale)	
  
–  Improved	
  analysis	
  techniques	
  

Strings	

 Data	


(year)	



Livetime	

 trigger rate 	


(Hz)	



HE ν rate 	


(per day)	



AMANDAII(19)  	

 2000-2006 	

 3.8 years 	

 100	

 ~5 / day	



IC40 	

 2008-09	

 375 days	

 1100	

 ~40/ day	



IC59 	

 2009-10	

 350 days 	

 1900	

 ~70/ day	



IC79 	

 2010-11	

 320 days	

 2250	

 ~100/day	



IC86-I	

 2011- 2012	

 ~ year	

 2700	

 processing 	



IC86-II	

 current	

 2700	

 running	
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Run	
  transi;on	
  typically	
  mid	
  May	
  

DeepCore	
  
Installed	
  

IC86	
  achieving	
  ~	
  99%	
  upAme	
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Cosmogenic	
  Neutrino	
  
	
  	
  EHE	
  Search	
  (diffuse)	
  

Diffuse	
  Search	
  
AGN/GRB	
  

1)	
  Diffuse	
  Searches	
  use	
  energy	
  to	
  
separate	
  from	
  isotropic	
  
atmospheric	
  Neutrino	
  background	
  

Search	
  Strategies	
  for	
  Astrophysical	
  Neutrinos	
  

Astrophysical	
  Neutrinos	
  



IceCube	
  Diffuse	
  Neutrino	
  Searches	
  

•  Look	
  for	
  neutrino	
  events	
  at	
  high	
  energy,	
  above	
  the	
  
rapidly	
  falling	
  atmospheric	
  neutrino	
  spectrum.	
  
–  ν µ signal	
  looks	
  for	
  upward	
  going	
  tracks	
  
–  Cascade	
  events	
  (CC	
  ν e and ν τ , NC	
  ν µ,τ,e)	
  contained	
  
showers	
  	
  

•  	
  ν µ diffuse	
  search	
  
–  IC	
  40-­‐string	
  published	
  [Phys.	
  Rev.	
  D	
  84,	
  082001	
  (2011)	
  arXiv:1104.5187v5	
  ]	
  
–  New	
  Results	
  from	
  IC	
  59-­‐string	
  ν µ search	
  

•  Cascade	
  search	
  
–  updated	
  Results	
  for	
  IC	
  40-­‐string	
  search	
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IC	
  59-­‐string	
  diffuse	
  ν µ Search	
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Atm.	
  ν	
  

Atm.	
  µ	
  

conventional

prompt*500

as
tr

op
hy

si
ca

l*
20

00

astrophysical

conventional

prompt

Anne Schukraft for the IceCube Collaboration - 4 -

Conventional atmospheric neutrinos (Honda 2006)

Prompt atmospheric neutrinos (Engberg et al.)

Astrophysical neutrinos (IC40 limit)

Energy distribution Zenith angle distribution

of simulated neutrinos in the IceCube detector.

N
o
r
t
h
 

P
o
le

H
o
r
iz
o
n

Diffuse analysis strategyDiffuse analysis strategy

Search	
  for	
  upward	
  going	
  tracks	
  
at	
  energies	
  above	
  atmospheric	
  
neutrino	
  spectrum.	
  
	
  
Rela8ve	
  rates	
  in	
  IceCube	
  (at	
  
trigger	
  level,	
  before	
  analysis	
  
cuts)	
  
	
  
Conven;onal	
  ν µ:	
  Honda	
  2006	
  
Prompt	
  ν µ:	
  Engberg	
  et	
  al.	
  
Astrophysical	
  E-­‐2:	
  at	
  IC40	
  limit	
  



IC	
  59-­‐string	
  diffuse	
  ν µ effec8ve	
  area	
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Analysis	
  cuts	
  to	
  reject	
  	
  
•  Down-­‐going	
  events	
  	
  
•  mis-­‐reconstructed	
  CR	
  

muons	
  
•  mul8ple	
  CR	
  muons	
  	
  
	
  
Achieve:	
  
•  ν purity	
  of	
  99.8%	
  
•  Atm.	
  ν	
  efficiency	
  

~12%	
  
•  E-­‐2	
  ν	
  efficiency	
  ~30%	
  

νµ effec8ve	
  area	
  (m2)	
  vs.	
  νµ energy	
  (GeV)	
  
for	
  various	
  zenith	
  angle	
  ranges	
  



Neutrino	
  Fluxes	
  at	
  analysis	
  level	
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IC59	
  Diffuse	
  ν µ Search	
  fit	
  to	
  data	
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Live8me:	
  348	
  days	
  	
  	
  	
  	
  	
  Events:	
  21943	
  

ν µ 90%CL:	
  	
  	
  Φlim E2	
  <	
  	
  1.44	
  x	
  10-­‐8	
  GeV	
  sr-­‐1	
  s-­‐1cm-­‐2	
  

consistent	
  with	
  0	
  at	
  1.8σ	
  



Highest	
  Energy	
  event	
  in	
  IC59	
  Diffuse	
  muon	
  
neutrino	
  sample	
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Current	
  ν µ	
  Diffuse	
  limits	
  (single	
  flavor)	
  

19	
  

IC59	
  limit	
  

IC40	
  limit	
  

IC59	
  sensi8vity	
  



IC40	
  ν Cascade	
  Diffuse	
  Search	
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6.2. ADDITIONAL BACKGROUND SIMULATION 103

BDT response score
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R
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Figure 6.11: BDT response score of the final 14 events and the data below the final

BDT response score cut of 0.2 with additional muon background. The predicted all-

flavour signal is shown by the green line, the atmospheric neutrino background is shown

by the blue lines, and the atmospheric muon background is shown by the red line. The

cut value is shown in red at BDT response score > 0.2.
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Figure 6.12: Reconstructed energy of the final 14 events and the data below the final

energy cut of 25 TeV with additional muon background. The predicted all-flavour signal

is shown by the green line, the atmospheric neutrino background is shown by the blue

lines, and the atmospheric muon background is shown by the red line. The cut value is

shown in red at Energy > 25 TeV.

signal:	
  ν	
  induced	
  par8cle	
  	
  
showers	
  (νe	
  CC	
  +	
  all-­‐flavor	
  NC)	
  	
  
	
  
background:	
  atm.	
  μ	
  	


	
  
difficult	
  background:	
  atm.	
  μ	
  
with	
  catastrophic	
  energy	
  
losses	
  
	
  
	
  

4/25

Detection Channel

 signal: neutrino induced particle 
showers (NuE CC + all-flavour NC)
(use honda2006+sarcevic_std as a 
baseline for cut development)

 background: atm. µ

 difficult background: atm. µ with 
catastrophic energy losses

 reconstruction benchmarks:

 energy resolution in logE ~ 0.15

 poor angular resolution

sim. 40 TeV atm. muon

Track	
   Cascade	
  

The	
  analysis	
  uses	
  a	
  Boosted	
  
Decision	
  Tree	
  op8mized	
  for	
  
removing	
  atmospheric	
  µ’s	
  

Will	
  Improve	
  with	
  full	
  Volume	
  of	
  
IceCube,	
  which	
  is	
  qualita;vely	
  a	
  
beZer	
  detector	
  for	
  cascades!	
  



IceCube	
  40-­‐string	
  search	
  for	
  neutrinos	
  using	
  cascade	
  
events	
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Found	
  14	
  “cascade”	
  events	
  ayer	
  cuts	
  
in	
  a	
  total	
  live8me	
  of	
  373.6	
  days	
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IC40	
  Diffuse	
  Cascade	
  Search	
  Results	
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Preliminary	
  
	
  
Data:	
  	
  	
  	
  	
  14	
  events	
  
	
  
Backgrnd:	
  11.6	
  events	
  
(Muons	
  &	
  Atm.	
  Neutrinos)	
  

Preliminary	
  



Summary	
  of	
  IceCube	
  diffuse	
  astrophysical	
  
neutrino	
  searches	
  

•  Progress	
  in	
  both	
  muon	
  and	
  cascade	
  channels	
  
•  IC	
  40-­‐string	
  data	
  	
  

–  νµ results	
  published	
  
–  Preliminary	
  results	
  for	
  cascade	
  search	
  

•  IC	
  59-­‐string	
  data	
  
–  νµ preliminary	
  results	
  

•  IceCube	
  has	
  achieved	
  sensi8vity	
  below	
  Waxman-­‐
Bahcall	
  with	
  data	
  from	
  par8al	
  detector	
  
–  Upward	
  fluctua8on	
  in	
  59-­‐string	
  data?	
  

•  We	
  have	
  accumulated	
  2+	
  years	
  of	
  data	
  with	
  “full”	
  
detector	
  (79,	
  86)	
  
–  Sensi8vity	
  well	
  below	
  W-­‐B.	
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  8	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  9	
  

2)	
  Point	
  Source	
  &	
  GRB	
  search	
  use	
  direc@on	
  
[and]	
  @ming	
  to	
  look	
  for	
  signal	
  above	
  	
  

isotropic	
  atmospheric	
  neutrino	
  	
  background	
  

Search	
  Strategies	
  for	
  Astrophysical	
  Neutrinos	
  

Astrophysical	
  Neutrinos	
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Point	
  Source	
  Search	
  in	
  Skymap	
  (IC40+59)	
  

unbinned	
  likelihood	
  

signal	
  term	
  contains	
  angular	
  and	
  energy	
  pdf	
  

all	
  sky!	
  

test	
  sta8s8cs:	
  

43339	
  up-­‐going	
  +	
  64230	
  down-­‐going	
  from	
  723	
  days	
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No	
  significant	
  detec;ons	
  at	
  this	
  point	
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Neutrino	
  Point	
  Source	
  Upper	
  Limits	
  

SuperK 
ANTARES (304 days) 
 
Antares (813 day) 
(my approximation) 
 
AMANDA 
IceCube 40 
IceCube 80 (1 yr pred) 
IceCube 40+59 
KM3NeT 
(predicted)	
  

90%	
  CL	
  sensiAvity	
  for	
  Φ(Eν) proporAonal	
  to	
  E-­‐2	
  	
  

sensi8vity	
  	
  
to	
  models	
  

down-­‐going	
   up-­‐going	
  

IceCube	
  was	
  designed	
  to	
  need	
  several	
  years	
  data	
  of	
  
full	
  detector	
  for	
  sensi8vity	
  to	
  point	
  source	
  detec8on	
  	
  



Gamma	
  Ray	
  Bursts	
  

•  Gamma-­‐Ray	
  Bursts	
  are	
  short	
  bursts	
  of	
  
gamma	
  rays,	
  a	
  few	
  seconds	
  in	
  dura8on	
  

•  Brighter	
  than	
  rest	
  of	
  gamma	
  ray	
  sky	
  
–  Ayerglow	
  las8ng	
  much	
  longer	
  

•  Several	
  genera8ons	
  of	
  satellite-­‐based	
  
observa8ons	
  have	
  shown:	
  

–  Extra-­‐galac8c	
  origin	
  
–  Gamma-­‐ray	
  emission	
  beamed	
  

•  GRBs	
  are	
  a	
  compelling	
  candidate	
  for	
  the	
  
source	
  of	
  accelera8on	
  for	
  UHECRs.	
  

	
  
•  Accelera8on	
  condi8ons	
  required	
  to	
  

produce	
  the	
  observed	
  gamma	
  rays	
  
would	
  also	
  be	
  sufficient	
  for	
  UHECR	
  
produc8on	
  

	
  
•  Observed	
  gamma-­‐ray	
  burst	
  energy	
  

injec8on	
  rate	
  into	
  Universe	
  well	
  
matched	
  to	
  observed	
  UHECR	
  energy	
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GRB	
  in	
  Gamma-­‐Rays	
  

              

Beamed	
  emission	
  in	
  Jet	
  



•  Model	
  dependent	
  stacked	
  search	
  for	
  a	
  neutrino	
  signal	
  in	
  coincidence	
  
with	
  observed	
  GRB	
  gamma	
  signals	
  
–  Northern	
  hemisphere	
  GRB	
  bursts	
  are	
  considered.	
  
–  Spa8al	
  &	
  8me	
  correla8on	
  yields	
  very	
  low	
  background	
  (~Background	
  Free	
  Search)	
  
–  Per-­‐burst	
  neutrino	
  fluence	
  and	
  spectra	
  are	
  calculated	
  based	
  on	
  the	
  measured	
  

gamma-­‐ray	
  spectra.	
  (Gue}a,	
  et	
  al.	
  (2004)	
  )	
  
•  Model	
  independent	
  search	
  more	
  generic	
  on	
  wider	
  8me-­‐scale	
  

–  Up	
  to	
  ±	
  1	
  day	
  and	
  with	
  generic	
  (E-­‐2)	
  spectrum	
  	
  
–  Includes	
  Southern	
  hemisphere	
  for	
  IC59	
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GRB	
  predicted	
  neutrinos	
  

per-­‐burst	
  predicted	
  neutrino	
  
flux	
  for	
  Gue}a	
  et	
  al	
  fireball	
  	
  
(model	
  dependent	
  search)	
  

Search&for&neutrinos&from&GRB&

Yale,&5/23/12& Tom&Gaisser& 22&

Search&for&neutrinos&from&GRB&

Yale,&5/23/12& Tom&Gaisser& 22&



IC40	
  +	
  IC59	
  GRB	
  Search	
  Results	
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producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
production arguments9, but the upper limit is less clear. Although it is
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.?
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Figure 3 | Compatibility of some models of cosmic-ray fluxes with
observations. The cross-hatched area (‘IC50159 Allowed 90% CL’) shows @the
90% confidence allowed values of the neutrino flux (vertical axes, as in Fig. 1)
versus the neutrino break energy (eb) in comparison to model predictions with
estimated uncertainties (points); the solid line labelled ‘IC50159 Allowed 95%
CL’ shows the upper bound of the 95% confidence allowed region. Data were
taken from the model-independent analysis from the time window
corresponding to the median duration of the GRBs in our catalogue
( |Dt | 5 28 s). Spectra are represented here as broken power laws (Wn?{E

21/eb,
E , eb; E22, E . eb}) with a break energy eb corresponding to the D resonance
for p–c interactions in the frame of the shock. The muon flux in IceCube is
dominated by neutrinos with energies around the first break (eb). As such, the
upper break, due to synchrotron losses of p1, has been neglected here, as its
presence or absence does not contribute significantly to the muon flux and thus
does not have a significant effect on the presented limits. eb is related to the bulk
Lorentz factor C (eb / C2); all of the models shown assume C < 300. The value
of C corresponding to 107 GeV is .1,000 for all models. Vertical axes are
related to the accelerated proton flux by the model-dependent constant of
proportionality fp. For models assuming a neutron-decay origin of cosmic rays
(ref. 8 and ref. 10) fp is independent of C; for others (ref. 4) fp / C24. Error bars
on model predictions are approximate and were taken either from the original
papers, where included10, or from the best-available source in the literature15

otherwise. The errors are due to uncertainties in fp and in fits to the cosmic-ray
spectrum. Waxman-Bahcall4 (circle) and Rachen8 (box) fluxes were calculated
using a cosmic-ray density of (1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the
central value20. The Ahlers10 model is shown with a cross. CL, confidence level.
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producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
production arguments9, but the upper limit is less clear. Although it is
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
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line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.?
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Figure 3 | Compatibility of some models of cosmic-ray fluxes with
observations. The cross-hatched area (‘IC50159 Allowed 90% CL’) shows @the
90% confidence allowed values of the neutrino flux (vertical axes, as in Fig. 1)
versus the neutrino break energy (eb) in comparison to model predictions with
estimated uncertainties (points); the solid line labelled ‘IC50159 Allowed 95%
CL’ shows the upper bound of the 95% confidence allowed region. Data were
taken from the model-independent analysis from the time window
corresponding to the median duration of the GRBs in our catalogue
( |Dt | 5 28 s). Spectra are represented here as broken power laws (Wn?{E

21/eb,
E , eb; E22, E . eb}) with a break energy eb corresponding to the D resonance
for p–c interactions in the frame of the shock. The muon flux in IceCube is
dominated by neutrinos with energies around the first break (eb). As such, the
upper break, due to synchrotron losses of p1, has been neglected here, as its
presence or absence does not contribute significantly to the muon flux and thus
does not have a significant effect on the presented limits. eb is related to the bulk
Lorentz factor C (eb / C2); all of the models shown assume C < 300. The value
of C corresponding to 107 GeV is .1,000 for all models. Vertical axes are
related to the accelerated proton flux by the model-dependent constant of
proportionality fp. For models assuming a neutron-decay origin of cosmic rays
(ref. 8 and ref. 10) fp is independent of C; for others (ref. 4) fp / C24. Error bars
on model predictions are approximate and were taken either from the original
papers, where included10, or from the best-available source in the literature15

otherwise. The errors are due to uncertainties in fp and in fits to the cosmic-ray
spectrum. Waxman-Bahcall4 (circle) and Rachen8 (box) fluxes were calculated
using a cosmic-ray density of (1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the
central value20. The Ahlers10 model is shown with a cross. CL, confidence level.
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  events	
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0	
  events	
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IceCube	
  GRB	
  Summary	
  
•  3	
  Yrs	
  (IC22,	
  40,	
  59)	
  without	
  a	
  GRB	
  neutrino	
  detec8on	
  
•  Combined	
  (IC40,	
  IC59)	
  search	
  results	
  	
  Nature	
  Paper	
  

–  GueZa	
  et	
  al	
  fireball:	
  Expect	
  8.4	
  events,	
  see	
  0	
  à	
  0.27	
  
–  Model	
  independent	
  search:	
  no	
  detec;on	
  

•  Where	
  are	
  the	
  neutrinos?	
  	
  
–  GRB	
  fireball	
  neutrino	
  flux	
  

•  Theory	
  in	
  Fireball	
  model	
  is	
  being	
  revisited	
  	
  
•  Recalcula8ons	
  change	
  predicted	
  neutrino	
  significantly	
  

–  	
  GRBs	
  as	
  the	
  origin	
  of	
  cosmic	
  rays	
  excluded	
  in	
  some	
  models	
  
•  E.g.	
  neutron	
  models	
  where	
  neutrino	
  flux	
  is	
  strongly	
  coupled	
  to	
  the	
  observed	
  

cosmic	
  ray	
  flux	
  

•  IC79,	
  86-­‐I	
  already	
  recorded	
  86-­‐2	
  will	
  go	
  near	
  real-­‐8me	
  
–  	
  Sensi8vity	
  scales	
  linearly	
  with	
  exposure	
  
–  Wai8ng	
  for	
  neutrinos	
  from	
  GRBs!	
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Mo8va8on:	
  
	
  	
  -­‐	
  Low	
  mass	
  WIMP	
  search	
  (indirect	
  DM)	
  
	
  	
  -­‐	
  Neutrino	
  oscilla8on	
  physics	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  extend	
  LE,	
  νµ disappearance,	
  ντ	
  
appearance	
  
	
  	
  -­‐	
  southern	
  hemisphere	
  à4π	
  detector	
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CHANG HYON HA et al. ATMOSPHERIC NEUTRINO-INDUCED CASCADES
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Figure 4: Loose Cut result. The event rate in Hertz as func-
tion of months is shown. The squares are 23 days of test
data while simulations are indicated with the various lines.
Dotted lines are the rates without νµ oscillations and hori-
zontal solid lines are with oscillation. The data rate shows
an excess over the νµ prediction and can be explained with
two contributions; oscillation and cascades. Here, the sig-
nal predictions are based on Barr et al. [13]
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Figure 5: Hard Cut result. The plot shows an event rate
as a function of the number of hit DOMs. The sum of all
Monte Carlo is consistent with 281 days of data rate. The
cascades are expected to contribute 59 % and the tracks are
expected to be 41 %. No atmospheric muon background
events remain in 28 hours. The oscillation effect is less than
3 % due to higher energies of cascades and not included
here.

identify an outgoing track from a νCC
µ interaction. With

281 days of full data, we observe 1029 total events ( 650
cascades and 454 tracks are expected from simulation ).
The remaining νCC

µ events have short muons with a median
track length of 80 m where the muon tracks are not easily
visible due to detector granularity. Half of the cascades are
predicted to be νe events and the other half are νNC

µ events.
This selection favors higher energy cascades and the mean
cascade energy increases to 180 GeV, so that oscillation of
νµ → νx has a small (< 3 %) effect. The atmospheric

Loose Cut
Nobs Csig (Cbg)

23 days 824 312 (590)
281 days - 3812 (7208)

Hard Cut
Nobs Csig (Cbg)

281 days 1029 650 (454)

Table 1: The number of events are shown with two final
selections. Nobs means observed events in real data. Csig

andCbg refer predictions of the cascade signal and its back-
ground respectively. Note that the total data (281 days) for
the Loose Cut sample is not open and the results of the test
data (23 days) are only shown.

muon simulation predicts zero events in 28 hours. A sea-
sonal effect in rates will be studied more carefully with the
full data.

3.4 Conclusion

We observe atmospheric neutrino-induced cascade events
for the first time with IceCube 79 string detector with the
DeepCore extension. The preliminary numbers are sum-
marized in Table 1. Possible sources of systematic er-
rors include ice modeling, detection efficiency of DOMs,
neutrino-nucleon cross-sections, and atmospheric neutrino
flux normalizations. Those uncertainties are under evalua-
tion.
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•  Cascades	
  are	
  the	
  signature	
  
of	
  neutral	
  current,	
  νe	
  and	
  
ντ	
  	
  

	
  
•  First	
  observa8on	
  of	
  

atmospheric	
  neutrino-­‐
induced	
  cascades	
  in	
  IC79	
  
with	
  DeepCore	
  	
  

	
  



Standard	
  Atmospheric	
  
Neutrino	
  Oscilla8on	
  in	
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  energy	
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disappearance	
  	
  

muon	
  neutrino	
  	
  
appearance	
  	
  

muon	
  neutrino	
  	
  
disappearance	
  	
  

DeepCore	
  
energy	
  region	
  

Neutrino	
  oscillogram	
  of	
  the	
  Earth	
  
from	
  Akhmedov-­‐Maltoni-­‐Smirnov	
  
modified	
  from	
  arXiv:hep-­‐ph/
0612285v2	
  	
  (private	
  
communica8on).	
  

transiAon	
  
probability	
  

neutrino	
  energy–nadir	
  angle	
  plane	
  



IceCube:	
  First	
  Step	
  in	
  Neutrino	
  Oscilla8on	
  Physics	
  

35	
  

  

Result: Integrated numbers 

Data (317.9 days) MC, std oscillation MC, no oscillation

Low energy 719 789 +- 28 (stat) 1015 +- 32 (stat)

High energy 39639 33710 +- 770 (stat) 33810 +- 770 (stat)

Systematics on integral: 

Systematics 
source

Norm 
Low energy

Norm 
High energy

Correlated Low 
energy
High energy

Uncorrelated
Low energy
High enegy

DOM 
efficiency

10% 15% 10% 5%

Ice model 20% 5% 5% 15%

Atm ν flux 

model

5% 7% 5% 2%

CR norm 25% 25% 25% 0%

CR index 3% 7% 0% 10%

Total Total 35%35% 30%30% 28%28% 20%20%

•  Strategy	
  was	
  to	
  make	
  simple	
  cuts	
  and	
  reconstruc8on	
  in	
  Deep	
  Core	
  to	
  extend	
  sample	
  to	
  
Low	
  energies	
  and	
  look	
  for	
  consistency	
  with	
  standard	
  neutrino	
  oscilla8ons.	
  

•  Not	
  op8mized	
  for	
  DeepCore	
  efficiency,	
  angular	
  resolu8on,…	
  
•  Ongoing	
  Work:	
  more	
  “sophis8cated”	
  analysis	
  for	
  measurement	
  of	
  oscilla8on	
  

parameters	
  

IceCube	
  DeepCore	
  79	
  Strings	
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delta	
  chi-­‐square	
  =	
  33.3,	
  p-­‐value	
  =	
  1	
  x	
  10-­‐8	
  

IceCube	
  νµ disappearance	



χ2 = 52.7 (no	
  oscilla8on)	
  	
  	
  	
  χ2 = 19.4 (std.	
  oscilla8on)	
  	
  	
  dof=20	
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Distribution of the number of hit 
DOMs for vertical events 
(cos(theta)<-0.55) of the low-energy 
event selection. Errors are statistical 
only.!Preliminary	
  

•  IceCube	
  DeepCore	
  has	
  now	
  explored	
  the	
  energy	
  region	
  where	
  standard	
  neutrino	
  oscilla8on	
  are	
  
expected	
  with	
  IC79	
  

•  the	
  non-­‐oscilla8on	
  hypothesis	
  is	
  rejected	
  with	
  high	
  sta8s8cal	
  significance.	
  
•  	
  Data	
  are	
  in	
  good	
  agreement	
  with	
  standard	
  oscilla8on	
  expected	
  from	
  global	
  best	
  fit	
  mixing	
  

parameters	
  available	
  from	
  the	
  literature.	
  
•  Systema8c	
  effects	
  have	
  been	
  inves8gated	
  and	
  factorized	
  in	
  normaliza8on,	
  correlated	
  and	
  

uncorrelated	
  terms.	
  	
  	
  
	
  
	
  



	
  
•  We	
  plan	
  to	
  inves8gate	
  the	
  oscilla8on	
  parameters	
  and	
  test	
  non	
  standard	
  oscilla8on	
  

scenarios	
  (like	
  sterile	
  neutrinos).	
  
	
  
•  More	
  sophis8cated	
  reconstruc8on	
  methods	
  and	
  an	
  improved	
  knowledge	
  of	
  the	
  

op8cal	
  proper8es	
  of	
  the	
  Antarc8c	
  deep	
  ice	
  will	
  provide	
  a	
  reduc8on	
  of	
  the	
  overall	
  
systema8c	
  uncertainty.	
  	
  

	
  
•  The	
  observa8on	
  of	
  atmospheric	
  neutrino	
  oscilla8on	
  provide	
  a	
  star8ng	
  point	
  for	
  the	
  

feasibility	
  study	
  of	
  a	
  next	
  infill	
  phase,	
  Precision	
  IceCube	
  Next	
  Genera8on	
  Upgrade	
  
à	
  PINGU.	
  	
  

	
  
•  With	
  20	
  addi8onal	
  strings	
  and	
  a	
  set	
  of	
  new	
  calibra8on	
  instruments,	
  PINGU	
  will	
  

target	
  precise	
  measurements	
  in	
  the	
  atmospheric	
  neutrino	
  sector.	
  	
  
	
  
	
  
	
  

IceCube	
  and	
  Neutrino	
  Oscilla8ons	
  



FIG. 14: The smoothed distribution of the ⌫µ events in the (Er � cos ✓r) plane. We use �E = 2

GeV and �✓ = 11.25�.

smearing we integrated the event density over the reconstructed energy and zenith angle

bins of the size �Er = 1 GeV and � cos ✓rz = 0.05. The smearing leads to a substantial

decrease of sensitivity. Now the bins with the highest sensitivity to the hierarchy have

the significance Sij ⇠ 0.8 instead of Sij ⇠ 4 for the distribution without smearing. This

reduction is a consequence of integration over regions with di↵erent significance and statistics

as well as over the regions with di↵erent sign of the asymmetry. The region of the highest

significance is along the diagonal E/GeV ⇡ 31| cos ✓z|, and it is shifted towards higher

energies compared to the un-smeared case. The tentative estimate of the total (combined)

significance is Stot = 16.3� (f = 0, zero systematics), Stot = 11.0� with f = 5% and

Stot = 7.2� with f = 10%. This can be compared with the results when no smearing

is performed: Stot = 45.5� (no systematics) and Stot = 28.9� (f = 5%), Stot = 18.8�

(f = 10%). The integrated significance decreases with increasing smearing widths: For

�E = 3 GeV and �✓ = 15� (Fig. 15) we obtain Stot = 10.4� (no systematics), Stot = 7.0�

(5% sytematics) and Stot = 4.5� (10% sytematics). In Fig. 16 we use �E = 4 GeV and

�✓ = 22.5�. In this case Stot = 7.2� (f = 0), Stot = 4.7� (f = 5%), and Stot = 3.0�
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Sta8s8cal	
  significance	
  of	
  
Normal	
  versus	
  Inverted	
  
Mass	
  Hierarchy.	
  
	
  
Sets	
  PINGU	
  
requirements	
  on:	
  
1)  Energy	
  Resolu8on	
  
2)  Angular	
  Resolu8on	
  
3)  Systema8c	
  Errors	
  

Ref:	
  E.	
  Kh.	
  Akhmedov,	
  S.	
  Razzaque,	
  A.	
  Y.	
  Smirnov	
  

We	
  are	
  currently	
  studying	
  
the	
  feasibility	
  of	
  reaching	
  the	
  

needed	
  requirements.	
  

PINGU	
  is	
  a	
  concept	
  for	
  even	
  higher	
  density	
  infill	
  to	
  DeepCore	
  that	
  lowers	
  the	
  
energy	
  range	
  of	
  IceCube	
  to	
  several	
  GeV	
  range	
  with	
  MT’s	
  effec8ve	
  volume	
  

arXiv:1205.7071	
  [hep-­‐ph]	
  

σE	
  =	
  2	
  GeV,	
  σθ	
  =	
  11.25°	
  

3σ	
  –	
  11σ in	
  5	
  Years	
  of	
  running	
  
Includes	
  systema8c	
  error	
  ≤	
  10%	
  	
  



Other	
  Talks	
  and	
  Posters	
  
•  Talks	
  	
  

IceCube:	
  ultra-­‐high	
  energy	
  neutrinos	
  (A.	
  Ishihara)	
  
A	
  review	
  of	
  future	
  experiments	
  (A.	
  Karle)	
  
A	
  review	
  of	
  indirect	
  WIMP	
  search	
  exp.	
  (C.	
  Ro})	
  

•  Posters	
  
–  11	
  –	
  2,	
  Search	
  for	
  Neutrinos	
  from	
  The	
  Galac8c	
  Plane	
  and	
  Other	
  Astro-­‐physical	
  Extended	
  Sources	
  with	
  IceCube.	
  

Naoko	
  Kurahashi	
  	
  
–  12	
  –	
  3,	
  A	
  search	
  for	
  the	
  extremely	
  high	
  energy	
  cosmogenic	
  neutrinos	
  with	
  the	
  IceCube	
  2010-­‐2011	
  data.	
  Keiichi	
  

Mase	
  	
  
–  13	
  –	
  1,	
  Searches	
  for	
  Neutrinos	
  from	
  GRBs	
  with	
  IceCube.	
  Erik	
  Blaufuss	
  	
  
–  14	
  –	
  2,	
  Extending	
  IceCube-­‐DeepCore	
  with	
  PINGU.	
  Elisa	
  Resconi,	
  Darren	
  R	
  Grant	
  	
  
–  15	
  –	
  3,	
  Search	
  for	
  High-­‐Energy	
  Neutrino	
  Point	
  Sources	
  with	
  IceCube.	
  Sirin	
  Odrowski	
  	
  
–  25	
  –	
  1,	
  Supernova	
  detec8on	
  with	
  IceCube	
  and	
  beyond.	
  Ronald	
  Bruijn	
  	
  
–  29	
  –	
  2,	
  Towards	
  an	
  extragalac8c	
  Supernova	
  neutrino	
  detector	
  at	
  the	
  South	
  Pole.	
  Markus	
  Voge	
  	
  
–  40	
  –	
  1,	
  Atmospheric	
  neutrino	
  oscilla8ons	
  with	
  IceCube/DeepCore.	
  Andreas	
  Gross	
  	
  
–  73	
  –	
  1,	
  Determining	
  the	
  dark	
  ma}er	
  proper8es	
  with	
  neutrinos	
  in	
  Ice-­‐Cube/DeepCore.	
  C.	
  R.	
  Das	
  	
  
–  74	
  –	
  2,	
  Search	
  for	
  Dark	
  Ma}er	
  Captured	
  in	
  the	
  Sun	
  with	
  the	
  IceCube	
  Neutrino	
  Observatory.	
  M.	
  Danninger,	
  C.	
  

Ro}	
  and	
  E.	
  Strahler	
  
–  75	
  –	
  3,	
  Search	
  for	
  Dark	
  Ma}er	
  in	
  Galac8c	
  and	
  Extragalac8c	
  Halos	
  with	
  the	
  IceCube	
  Neutrino	
  

Observatory.	
  Carsten	
  Ro}	
  	
  
–  76	
  –	
  1,	
  Search	
  for	
  Secluded	
  Dark	
  Ma}er	
  using	
  the	
  IceCube	
  Neutrino	
  Observatory.	
  Jonathan	
  Miller	
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Summary	
  
•  IceCube	
  has	
  completed	
  construc@on	
  and	
  has	
  already	
  surpassed	
  expected	
  performance.	
  	
  

The	
  era	
  of	
  km3	
  neutrino	
  telescopes	
  has	
  begun!	
  
Neutrinos	
  observed	
  from	
  ~10	
  GeV	
  to	
  ~1	
  PeV	
  	
  	
  (5	
  orders	
  of	
  magnitude)	
  

•  A`er	
  decades…	
  IceCube	
  detector	
  (IC40	
  59,	
  79,	
  86)	
  at	
  sensi@vi@es	
  of	
  Astrophysical	
  importance	
  
o  GRB	
  limits	
  challenging	
  the	
  models	
  (Nature	
  paper)	
  
o  Diffuse	
  at	
  W-­‐B	
  bound:	
  first	
  HE	
  astrophysical	
  neutrinos?	
  
o  EHE:	
  in	
  the	
  range	
  of	
  GZK	
  predicAons	
  	
  A.	
  Ishihara’s	
  Talk	
  
o  point	
  source	
  limits	
  	
  all	
  sky,	
  8me	
  (in)dependent,	
  candidate	
  list,	
  	
  
o  WIMP	
  limits	
  (C.	
  Ro}’s	
  Talk),	
  Monopole	
  limit	
  well	
  below	
  “Parker	
  Bound”	
  
o  Mul8-­‐messenger	
  follow-­‐up	
  program	
  (op8cal,	
  X-­‐ray,	
  γ-­‐ray,	
  Gravity)	
  

•  Measurements:	
  
o  atmospheric	
  neutrino	
  and	
  muon	
  spectrum,	
  lorentz	
  invariance,	
  neutrino	
  oscilla8ons	
  
o  cosmic	
  ray	
  anisotropy	
  on	
  various	
  angular	
  scales,	
  CR	
  composi8on:	
  IceCube/IceTop	
  has	
  unique	
  

capabili8es	
  

•  Future	
  Upgrades:	
  exploit	
  exis@ng	
  facility	
  and	
  infrastructure:	
  à	
  A.	
  Karle’s	
  Talk	
  
o  DeepCore:	
  low	
  energy	
  extension	
  (PINGU)	
  à	
  atmospheric	
  neutrino	
  	
  oscilla8ons,	
  	
  
o  Non-­‐IceCube	
  opportuni8es:	
  high	
  energy	
  GZK	
  with	
  radio,	
  DM-­‐Ice	
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  Stay	
  tuned	
  !	
  



Thank	
  You	
  

42	
  



Backup	
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IceCube	
  Site	
  

Thermal	
  power:	
  5	
  MW	
  	
  
Pressure:	
  140	
  bar	
  
Flow:	
  800	
  L/m	
  (90°C)	
  
24	
  h	
  to	
  drill	
  to	
  2500m	
  

Most	
  importantly:	
  
	
  an	
  excellent	
  crew	
  of	
  drillers!	
  

The	
  drill	
  hea8ng	
  plant	
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Drilling and deployment Dec. 13-18, 2010 
De

pt
h	
  
[m

et
er
]	
  

Day	
  of	
  year	
  

Drill	
  

Deploy	
  

45	
  



60 photomultipliers/string	
  

Installation time: 	
  
10h/string 

Cables	
  meet	
  sensors	
  for	
  the	
  first	
  	
  
8me	
  during	
  the	
  deployment.	
  
Quality	
  program	
  requires	
  close	
  
collabora8on	
  with	
  manufacturers.	
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Moon	
  Shadow	
  of	
  Cosmic	
  Rays	
  using	
  muons	
  
in	
  the	
  IceCube	
  Detector	
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Moon	
  shadow	
  observed	
  in	
  muons	
  –	
  	
  
Check	
  on	
  IceCube	
  poin8ng	
  

Center	
  of	
  moon	
  is	
  spot	
  on	
  	
  
to	
  a	
  precision	
  of	
  <0.1	
  degrees.	
  	
  

Sta8s8cal	
  significance	
  with	
  	
  
IC	
  59:	
  	
  >	
  10	
  sigma	
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νµμ  Angular	
  and	
  Energy	
  Resolu8on	
  	
  

includes:	
  

Moon	
  shadow	
  

νµμ  energy	
  	
  
es8mated	
  
from	
  dE/dx	
  
of	
  muon	
  
(bremsstr.)	
  



Results	
  of	
  fit	
  (Preliminary)	
  	
  

•  astrophysical	
  norm	
  [10-­‐8	
  E2	
  GeV	
  cm-­‐1	
  s-­‐1	
  sr-­‐1]:	
  0.27	
  +	
  0.59	
  
(	
  consistent	
  with	
  zero)	
  

•  prompt	
  norm	
  [Enberg	
  +	
  Gaisser	
  knee]:	
  0	
  +	
  1.216	
  
•  convenAonal	
  norm	
  [Honda]:	
  1.068	
  +/-­‐	
  0.020	
  	
  

	
  (	
  increased	
  normaliza8on	
  by	
  7%)	
  
•  DOM	
  efficiency	
  scaling	
  factor:	
  0.996	
  +/-­‐	
  0.013	
  	
  
•  Delta	
  gamma	
  (E-­‐(gamma	
  +	
  Delta	
  gamma)):	
  -­‐0.037	
  +/-­‐	
  0.023	
  	
  

	
  (spectrum	
  is	
  harder	
  than	
  our	
  input	
  default)	
  
•  Pion-­‐Kaon	
  raAo:	
  1.133	
  +/-­‐	
  0.105	
  	
  

	
  (~	
  13%	
  more	
  kaons	
  than	
  in	
  the	
  Honda2006	
  standard)	
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Significance	
  Skymap	
  (IC40+59)	
  
	
   ra: 75.45     dec: - 18.15	



-log10 p = 4.65	



	
  = 18.3	


	
  = 3.9 	

Honest	
  spot:	
  

Post-­‐trial	
  	
  
p-­‐value:	
  	
  
~67%	
  

preliminary	
  
but:    𝓞(𝟏𝟎𝟎𝟎𝟎𝟎)  𝐭𝐫𝐢𝐚𝐥𝐬	
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IC40	
  1	
  year	
  ANTARES	
  813	
  
days	
  


