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IceCube	  Detector	  
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Detector	  Comple:on	  Dec	  2010	  

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

IC79	  



Detec:on	  Methods	  

light	  collec:on	  by	  DOMs	  

up-‐going	  muons 

νµ	


νe,ντ and	  nc

	  cascade	  →	  all	  flavors	  

Digital	  Op:cal	  Module	  (DOM)	  
•  Low	  Noise	  rate	  (500	  Hz)	  
•  High	  reliability,	  very	  few	  

sensor	  issues	  per	  year.	  
•  Gains	  very	  stable	  to	  <0.3%.	  
•  Digital	  communica:on	  

from	  DOM	  	  
	  

Downgoing	  
muons	  

µ      and	  	  	  	  	  	  	  νµ	




First atmospheric νe 
spectrum (green) PRL 110 
(2013) 151105 

νµ Spectrum	  
PRD	  83	  (2011)	  012001	  

Search	  Strategies	  for	  Astrophysical	  Neutrinos	  

Atmospheric	  Neutrinos	  produced	  terrestrially	  by	  
cosmic	  ray	  interac:ons	  in	  the	  atmosphere	  
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Search	  Strategies	  for	  HE	  Astrophysical	  Neutrinos	  

Astrophysical	  Neutrinos	   GRB	  
cosmogenic 

Separate	  from	  
background	  using:	  
-‐	  Energy	  
-‐	  Spa:al	  correla:on	  
-‐	  Time	  correla:on	  

Mo:vates	  requirement	  of	  at	  least	  1	  km3	  



IceCube	  Detector	  Data	  Runs	  
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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	


IC86-1	
 2011- 2012	
 ~ year	
 2700	
 ~200/day 	


IC86-2	
 2012-2013	
 ~year	
 2700	
 ~200/day	


IC86-3	
 5/13 – 5/14	
 running	
 2700	


Run	  transi6on	  near	  May	  1	  

DeepCore	  
Installed	  

IC86	  achieving	  >	  99%	  upDme	  



Outline	  

•  Impact	  of	  High	  Energy	  Neutrinos	  with	  IceCube	  and	  
implica:ons	  for	  “Neutrinos	  Beyond	  IceCube”	  
–  High	  Energy	  Diffuse	  Neutrinos	  

•  Frist	  evidence	  for	  high	  energy	  astrophysical	  neutrinos	  (Science	  
2013)	  à	  opens	  the	  era	  of	  HE	  ν	  astrophysics!	  

•  Consistent	  with	  projec:ons	  based	  upon	  the	  flux	  of	  high	  energy	  
cosmic	  rays…	  many	  ques:ons	  arise…	  know	  science	  is	  possible	  

•  Opens	  the	  era	  of	  neutrino	  astrophysics	  –	  neutrinos	  are	  there!	  
–  High	  Energy	  Gamma	  Ray	  Burst	  (GRB)	  Neutrinos	  

•  IceCube’s	  2012	  Nature	  Paper	  using	  IC40/59	  data	  has	  ruled	  out	  
GRB	  as	  the	  source	  of	  high	  energy	  cosmic	  rays!	  

•  And…	  S:mulated	  a	  reevalua:on	  of	  the	  astrophysical	  models	  
for	  neutrino	  produc:on	  in	  GRB	  fireball	  model	  

•  now	  at	  sensi:vity	  of	  these	  “new”	  models	  à	  observa:on(?)	  
would	  open	  another	  exci:ng	  era	  of	  par:cle	  	  physics	  and	  
astrophysics	  

9	  



IceCube	  diffuse	  EHE	  astrophysical	  neutrino	  searches	  

•  At	  Neutrino	  2012	  
–  IceCube	  had	  achieved	  sensi:vity	  to	  diffuse	  neutrinos	  at	  about	  Waxman-‐

Bahcall	  flux	  with	  data	  from	  par:al	  detector	  
–  Upward	  fluctua:on	  in	  59-‐string	  νµ data	  (1.8σ)	  
–  IC79,	  IC86-‐1	  EHE	  (GZK	  neutrino)	  	  Search	  

–  2	  events	  at	  ~	  1	  PeV	  found	  in	  data	  (2.8σ)	  
–  Low	  energy	  threshold	  for	  GZK	  search	  

•  Mo:vated	  the	  High	  Energy	  Star:ng	  Event	  search	  (HESE)	  
–  Extend	  sensi:vity	  to	  events	  below	  EHE	  search	  low	  energy	  
threshold	  

–  All	  flavor	  search	  uses	  tracks	  and	  cascades	  
–  2	  years	  data	  from	  à	  IC79,	  IC86-‐1	  (662	  days	  live	  :me)	  

•  Found	  4σ excess	  à	  evidence	  for	  HE	  astrophysical	  neutrinos	  published	  in	  2013	  

–  Add	  IC86-‐2	  as	  third	  year	  to	  HESE	  data	  (988	  days	  live	  :me)	  
–  	  IC79,86-‐1	  νµ diffuse	  neutrino	  search	  as	  suppor:ng	  evidence	  	  

10	  

Updated	  
here	  



2	  events	  found	  at	  threshold	  
~	  1	  PeV	  

11	  

5

FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%, −26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.

The atmospheric muon and neutrino background
events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.

After unblinding the 615.9 days of data, we observe two
events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background

arXiv:1304.5356	  

2.8σ	  excess	  over	  backgrounds	  from	  terrestrial	  sources	  

“Bert”	  
~1050	  TeV	  

“Ernie”	  
~1150	  TeV	  

Phys.	  Rev.	  Leq.	  111,	  021103	  (2013)	  



IceCube	  diffuse	  EHE	  astrophysical	  neutrino	  searches	  

•  At	  Neutrino	  2012	  
–  IceCube	  had	  achieved	  sensi:vity	  to	  diffuse	  neutrinos	  at	  about	  Waxman-‐

Bahcall	  flux	  with	  data	  from	  par:al	  detector	  
–  Upward	  fluctua:on	  in	  59-‐string	  νµ data	  (1.8σ)	  
–  IC79,	  IC86-‐1	  EHE	  (GZK	  neutrino)	  	  Search	  

–  2	  events	  at	  ~	  1	  PeV	  found	  in	  data	  (2.8σ)	  
–  Low	  energy	  threshold	  for	  GZK	  search	  

•  Mo:vated	  the	  High	  Energy	  Star:ng	  Event	  search	  (HESE)	  
–  Extend	  sensi:vity	  to	  events	  below	  EHE	  search	  low	  energy	  
threshold	  

–  All	  flavor	  search	  uses	  tracks	  and	  cascades	  
–  2	  years	  data	  from	  à	  IC79,	  IC86-‐1	  (662	  days	  live	  :me)	  

•  Found	  4σ excess	  à	  evidence	  for	  HE	  astrophysical	  neutrinos	  published	  in	  2013	  

–  Add	  IC86-‐2	  as	  third	  year	  to	  HESE	  data	  (988	  days	  live	  :me)	  
–  	  IC79,86-‐1	  νµ diffuse	  neutrino	  search	  as	  suppor:ng	  evidence	  	  
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Updated	  
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•  find more contained events 
•  total calorimetry 
•  complete sky coverage 
•  flavor determined 
•  some will be muon 
  neutrinos with good 
  angular resolution 
 

High	  Energy	  Start	  Event	  (HESE)	  search	  



HE	  Neutrino	  Diffuse	  Results	  

•  Last	  year	  IceCube	  
published	  the	  first	  
evidence	  for	  high	  energy	  
astrophysical	  neutrinos	  
using	  2	  years	  of	  data	  
–  IC79,86-‐1	  	  “HESE”	  analysis	  
–  28	  events	  detected	  
–  Evidence	  at	  the	  4σ level	  

14	  

Science	  22	  November	  2013:	  	  
Vol.	  342	  no.	  6161	  	  



IceCube	  diffuse	  EHE	  astrophysical	  neutrino	  searches	  

•  At	  Neutrino	  2012	  
–  IceCube	  had	  achieved	  sensi:vity	  to	  diffuse	  neutrinos	  at	  about	  Waxman-‐

Bahcall	  flux	  with	  data	  from	  par:al	  detector	  
–  Upward	  fluctua:on	  in	  59-‐string	  νµ data	  (1.8σ)	  
–  IC79,	  IC86-‐1	  EHE	  (GZK	  neutrino)	  	  Search	  

–  2	  events	  at	  ~	  1	  PeV	  found	  in	  data	  (2.8σ)	  
–  Low	  energy	  threshold	  for	  GZK	  search	  

•  Mo:vated	  the	  High	  Energy	  Star:ng	  Event	  search	  (HESE)	  
–  Extend	  sensi:vity	  to	  events	  below	  EHE	  search	  low	  energy	  
threshold	  

–  All	  flavor	  search	  uses	  tracks	  and	  cascades	  
–  2	  years	  data	  from	  à	  IC79,	  IC86-‐1	  (662	  days	  live	  :me)	  

•  Found	  4σ excess	  à	  evidence	  for	  HE	  astrophysical	  neutrinos	  published	  in	  2013	  

–  Add	  IC86-‐2	  as	  third	  year	  to	  HESE	  data	  (988	  days	  live	  :me)	  
–  	  IC79,86-‐1	  νµ diffuse	  neutrino	  search	  as	  suppor:ng	  evidence	  	  
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Updated	  HESE	  Results	  (3	  Year)	  
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5.7σ	  

•  988	  day	  sample	  
•  detected	  37	  events	  
•  	  expected	  background	  of	  8.4	  ±	  4.2	  cosmic	  

ray	  muon	  events	  and	  6.6+5.9	  atmospheric	  
neutrinos.	  	  
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FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used in our fit and above the majority of the cosmic ray muon
background. The increasing opacity of the Earth to high energy neutrinos is visible at the right of the plot. Vetoing atmospheric
neutrinos by muons from their accompanying air showers depresses the atmospheric neutrino background on the left. The data
are described well by an astrophysical isotropic E�2 neutrino flux (gray line). Colors as in Fig. 2. Variations of this figure with
other energy thresholds can be found in the online supplement.

and shower events together. The first two searched for clustering along the galactic plane, with a fixed width of ±2.5�,184

based on TeV gamma measurements [32], and with a free width of between ±2.5� and ±30�. The last searched for185

correlation between neutrino events and a pre-defined catalog of potential point sources (a combination of the usual186

IceCube [33] and ANTARES [34] lists; see online supplement). For the catalog search, the test statistic (TS) value187

was evaluated at each source location, and the post-trials significance calculated by comparing the highest observed188

value in each hemisphere to results from performing the catalog search on scrambled datasets.189

No hypothesis test yielded statistically significant evidence of clustering or correlations. For the all-sky clustering190

test, scrambled datasets produced locations with equal or greater TS 84% and 7.2% of the time for all events and for191

shower-like events only. As in the two-year data set, the strongest clustering was near the galactic center. None of192

the new events were strongly correlated with this region, however, leaving its statistical significance at the level of the193

2-year data. When using the marginalized likelihood, a test statistic greater than or equal to the observed value was194

found in 28% of scrambled datasets. The source list yielded p-values for the northern and southern hemispheres of195

28% and 8%, respectively. Correlation with the galactic plane was also not significant: when letting the width float196

freely, the best fit was ±7.5� with a post-trials chance probability of 2.8%, while a fixed width of ±2.5� returned a197

p-value of 24%. A repeat of the time clustering search from [10] also found no evidence for structure.198

With or without a possible galactic contribution [35, 36], the high galactic latitudes of many of the highest-energy199

events (Fig. 5) suggest an extragalactic component. Exception may be made for local large di↵use sources (e.g. the200

Fermi bubbles [37] or the galactic halo [38, 39]), but these models typically can explain at most a fraction of the data.201

If our data arise from an extragalactic flux produced by many isotropically distributed point sources, we can compare202

our best-fit all-sky flux with existing point-source limits. By exploiting the additional e↵ective volume provided by203

use of uncontained ⌫µ events, previous point-source studies would have been sensitive to a northern sky point source204

producing more than 1-10% of our best-fit flux, depending on declination and energy spectrum [40]. The lack of any205

evidence for such sources from these studies, as well as the wide distribution of our events, thus lends support to an206

HESE	  3	  Year	  Results	  
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5

FIG. 2. Deposited energies of observed events against model predictions. Uncertainties (hashed region) represent statistical
and systematic uncertainties on the sum of all backgrounds. Muons (red) are computed from simulation to overcome statistical
limitations in our background measurement and scaled to match the total measured background rate. Atmospheric neutrinos
and uncertainties thereon are derived from previous measurements of both the ⇡/K and prompt components of the atmospheric
⌫
µ

spectrum [8].

energy search [9] also saw none). An equivalent explanation would be a softer spectrum; limited statistics prevent us165

from distinguishing between these at present. Correlated systematic uncertainties in the first few points in Fig. 4 arise166

from the poorly constrained level of the prompt atmospheric neutrino background. The presence of this softer (E�2.7)167

component would decrease the non-atmospheric excess at low energies, hardening the spectrum of the remaining data.168

The corresponding range of best fit slopes within our current 90% confidence band on the prompt flux [8] is -2.0 to169

-2.3. As the best-fit prompt flux is zero, the best-fit astrophysical spectrum is on the lower boundary of this interval170

at -2.3 with a total statistical and systematic uncertainty of ±0.3.171

In order to identify any bright neutrino sources present in the data, we employ the same maximum-likelihood172

clustering search as before [10], which uses the directional uncertainty map for each event to fit a point source173

contribution above a flat background, as well as search for correlations with TeV gamma sources. For all tests, we174

determine the significance of any excess by comparing to maps scrambled in right ascension, in which our polar175

detector has uniform exposure.176

As in [10], the clustering analysis was run twice, first with the entire sample of events, after removing the two (28177

and 32) with strong evidence of a cosmic-ray origin, and second with only the 28 shower events, in order to control178

for bias in the likelihood fit toward the positions of single well-resolved muon tracks. We also conducted an additional179

test using the likelihood from [31] marginalized over a uniform prior on the position of the hypothetical point source.180

This reduces the bias introduced by muons, allowing track and shower events to be used together, and also improves181

sensitivity to multiple sources by considering the entire sky rather than the single best point.182

Three tests were performed to search for neutrinos in correlation with known gamma-ray sources, also using track183

best-‐fit	  per-‐flavor	  astrophysical(E-‐2)	  flux	  
	  in	  the	  energy	  range	  of	  60	  TeV	  –	  3	  PeV	  	  

E2φ(E)	  =	  0.95	  ±	  0.3	  ×	  10−8	  GeV	  cm−2	  s−1	  sr−1	  	  

•  consistent	  with	  E−2	  
•  indica:on	  of	  a	  cutoff	  	  

around	  2	  PeV	  above	  
which	  4.1	  events	  would	  
be	  expected	  from	  a	  flux	  
at	  our	  best-‐fit	  level	  

•  The	  range	  of	  best	  fit	  
slopes	  of	  -‐2.0	  to	  -‐2.3.	  

HESE	  3	  Year	  Results	  
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FIG. 4. Extraterrestrial neutrino flux as a function of energy. Atmospheric background has been subtracted by incorporating
it through unshown free parameters in the fit. The vertical error bars indicate the 1� uncertainty on the flux in a particular
energy bin, holding all other values fixed. An increase in the prompt atmospheric flux to the level of the 90% CL limit from
the northern hemisphere ⌫

µ

spectrum [8] would reduce the flux at low energies and is shown in light gray for comparison. The
best-fit power law is E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

interpretation in terms of many individually dim sources. Large contributions from a handful of bright sources cannot207

be ruled out, however, especially in the southern hemisphere, where the sensitivity of IceCube to point sources in208

uncontained ⌫µ is reduced by the large muon background and small target mass above the detector.209

The neutrino spectrum (Fig. 4) can also be used to constrain source properties. In almost all candidate sources210

[41–64], neutrinos would be produced by the interaction of cosmic rays with either radiation or gas. Interactions with211

radiation (p�) typically produce a peaked spectrum, reflecting the energy spectrum of the photons; those with gas212

(pp) produce a smooth power law [5, 6]. While p� models satisfactorily explain some aspects of the data such as the213

possible drop-o↵ at high energies, many involve a central plateau smaller than our observed energy range, placing214

them in weak tension with the data. As an example, the p� AGN spectrum in [41] peaks at several PeV with much215

lower predictions at 100 TeV; thus, while able to explain the highest energy events, it fits poorly at lower energies216

and so is disfavored as the sole source at the 2� level with respect to the simple power-law model described above.217

Gamma-ray burst p� models such as [54, 55] have energy ranges better aligned with our data, with central plateaus218

from around 100 TeV to a few PeV, although existing limits from searches for correlations with observed GRBs are219

more than an order of magnitude below the observed flux [65]. Cosmic ray interactions with gas, such as predicted220

around supernova remnants in our and other galaxies, particularly those with high star-forming rates, produce smooth221

spectra with slopes that reflect post-di↵usion cosmic rays (e.g. E�2.2 in [61]). These generically seem to describe the222

data well. However, large uncertainties on both the measured spectrum and all models discussed here prevent any223

conclusions.224

The best-fit flux level in our central energy range (10�8GeVcm�2s�1sr�1 per flavor) is similar to the Waxman-225

Bahcall bound [66], the sum of neutrino fluxes produced in charged pion decay in all extragalactic cosmic ray accel-226

erators if they are optically thin. Whether this implies the sources of this observed neutrino flux are related to the227

sources of extragalactic cosmic rays is, however, unclear. The bound is derived from the component of the cosmic ray228

spectrum above 1018 eV (1000 PeV), whereas our neutrinos are likely associated with protons at much lower energies,229

The	  best-‐fit	  power	  law	  is:	  
E2φ(E)	  =	  1.5	  ×	  10−8(E/100TeV)−0.3	  GeV	  cm−2	  s−1	  sr−1	  

HESE	  3	  Year	  Results	  

Clearly	  need	  much	  
higher	  sta:s:cs!	  	  
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FIG. 5. Arrival directions of the events in galactic coordinates. Shower-like events are marked with + and those containing
muon tracks with ⇥. Event IDs match those in the catalog in the online supplement and are time ordered. The grey line
denotes the equatorial plane. The color map shows the test statistic (TS) for the point source clustering test at each location.
No significant clustering is observed.

between 1 and 10 PeV [5, 6]. As the evolution of both the neutrino (Fig. 4) and extragalactic cosmic-ray [67] fluxes230

between these two energy ranges is poorly constrained, a direct comparison cannot be made at present.231

Further observations with the present or upgraded IceCube detector and the planned KM3NeT [68] Mediterranean232

neutrino telescope will be required to answer many questions about the nature of the unknown sources of this233

astrophysical flux, in particular clustering searches and measurements of the neutrino energy spectrum and flavor234

distribution [69]. These will provide unique information about the accelerators; the flavor composition, in particular,235

will provide information on whether the flux is, as expected, coming from the decays of charged pions or from another236

source [70]. Follow-up gamma-ray, optical, and X-ray observations of the directions of individual high-energy neutrinos,237

which point directly to their sources, may also be able to identify neutrino sources, and cosmic ray accelerators, even238

from those objects whose neutrino luminosity is too low to allow identification from neutrino measurements alone.239
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Showers	  only	  	  
post	  trial	  p-‐value	  =	  7.2%	  	  
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High	  Energy	  Neutrinos	  	  
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HE	  Astrophysical	  Neutrinos?	  

•  High	  energy	  astrophysical	  neutrinos	  are	  detected	  
–  astrophysics	  and	  par6cle	  physics	  within	  reasonable	  reach!	  

•  Many	  ques:ons	  about	  the	  HE	  Neutrinos	  with	  
astrophysics	  and	  par:cle	  physics	  implica:ons	  
– What	  are	  the	  unknown	  sources	  and	  the	  origin	  of	  cosmic	  
rays?	  

•  Clustering	  and	  point	  source	  searches	  
•  Tracks	  events	  with	  beqer	  angular	  resolu:on	  

– What	  are	  the	  high	  energy	  produc:on	  mechanisms?	  
•  Spectral	  Index,	  spectral	  cutoff,	  Glashow	  resonance	  
•  Flavor	  content	  

•  	  We	  know	  the	  flux	  is	  there	  	  
–  Need	  more	  data	  to	  answer	  these	  ques:ons	  
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Implica:ons	  for	  Neutrinos	  Beyond	  IceCube	  

•  Scaling	  the	  number	  of	  HESE	  events	  with	  E	  >	  500	  TeV	  
=	  3	  (>1.1	  at	  90%	  c.l.)	  
–  +7	  years	  ≈	  10	  events	  	  

•  (>	  3.7	  at	  90%)	  
–  x5	  (50	  years	  equivalent)	  ≈	  50	  events	  	  

•  (>18.3	  at	  90%)	  	  

•  Muons	  above	  300	  TeV	  (~20%	  of	  total),	  which	  give	  
good	  poin:ng!	  
–  +7	  years	  à	  Nµ≈	  2	  events	  	  

•  (>	  0.74	  at	  90%)	  
–  x5	  =	  50	  years	  equivalent	  à	  Nµ	  ≈	  10	  events	  	  

•  (>	  3.7	  at	  90%)	  
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Gamma	  Ray	  Bursts	  
•  Gamma-‐Ray	  Bursts	  are	  short	  

bursts	  of	  gamma	  rays,	  few-‐100	  
seconds	  in	  dura:on	  

•  Brighter	  than	  rest	  of	  gamma	  ray	  
sky	  
–  A~erglow	  las:ng	  much	  longer	  

•  Several	  genera:ons	  of	  satellite-‐
based	  observa:ons	  have	  
shown:	  
–  Extra-‐galac:c	  origin	  
–  Gamma-‐ray	  emission	  beamed	  

	  
•  Internal	  shocks	  in	  GRBs	  were	  a	  

compelling	  candidate	  for	  the	  
source	  of	  accelera:on	  for	  
UHECRs.	  

26	  

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.	  
–  Spa:al	  &	  :me	  correla:on	  yields	  very	  low	  background	  (~Background	  Free	  Search)	  

•  Model	  independent	  search	  more	  generic	  on	  wider	  :me-‐scale	  
–  Up	  to	  ±	  1	  day	  and	  with	  generic	  (E-‐2)	  spectrum	  	  

27	  

Search&for&neutrinos&from&GRB&

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

Search&for&neutrinos&from&GRB&

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

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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Using	  IC40/IC59	  νµ	  data	  

Rule	  out	  GRB	  as	  the	  
source	  of	  cosmic	  rays!	  



GRB	  Neutrinos	  a	  brief	  history	  
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Neutrino energy (GeV)

Waxman & Bahcall
IC40+59 Combined 
Limit
IC40+59 Guetta 
et al.
Total Fireball Prediction

 IC79 All-Sky All-Flavor Cscds
Combined Limit

IC40/59	  model	  dependent	  result	  (2011-‐2012)	  
-‐	  Ruled	  out	  GRB	  as	  the	  UHCR	  source	  
-‐	  Set	  limit	  below	  fireball	  models	  

Models	  reevaluated	  (a~er	  Nature	  Paper)	  
-‐	  Current	  data	  now	  approaching	  models	  
(2014)	  

Preliminary	  



Are	  We	  Star:ng	  to	  See	  GRB	  neutrino	  flux?	  
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Localizations: Possible On-Source Event, GRB

4 / 14

On-Source Event Time and GRB Light Curve

5 / 14

On Source Event

Resulting Test Statistic:

T 0.17
p 11.4%

p (sigmas) 1.2

Event and GRB properties:

Event GRB101213A

Timing 108.64s after T1 T2-T1 = 202.1s
Zen, Az (IC Coords) 92.16�, 79.95� 111.87�, 92.90�

�angle(event, GRB) 23.39�

� in Direction 45.04�(E, Vertex) 0.0005�(SwiftXRT)
Energy 10.22 TeV 7.403x10�6 erg cm�2

6 / 14

Current Status (Updated Fireball Model)

Expected signal events per search, season:
NH Track Searches:
0.27 (IC40), 0.66 (IC59), 0.23 (IC79), 0.34 (IC86)
All-Sky Cascade Search:
0.26 (IC79)

IC40-86 NH track search:
Total expected ⌫ events: 1.5
Total events seen: 0
90% UL: 1.54 x model flux

IC40-86 NH track + IC79 All-Sky cascade search:
Total expected ⌫ events: 1.76
Total events seen: 1
90% UL: 1.31 x model flux

17 / 14

Not	  yet	  significant…	  

:me	  

space	  

IC79	  Cascade	  GRB	  search	  

T100	  



IceCube	  HE	  GRB	  Summary	  
•  Combined	  (IC40,	  IC59)	  search	  results	  à	  Nature	  Paper	  

–  Rule	  out	  GRB	  as	  THE	  source	  of	  HE	  cosmic	  rays	  
–  S6mulated	  new	  astrophysical	  modeling	  of	  neutrino	  produc6on	  

•  Resulted	  in	  lowering	  of	  predic6on	  for	  neutrino	  flux	  

•  IC79,	  86-‐1	  Track	  search	  Preliminary	  
–  No	  observa:on	  of	  signal	  
–  Sensi:vity	  near	  the	  new	  predic:ons	  

•  Added	  IC79	  Cascade	  search	  Very	  Preliminary	  
–  	  See	  one	  event	  with	  expected	  1.7	  from	  current	  models	  	  	  

•  Not	  significant	  (1.2σ)	  

•  Will	  soon	  add	  IC86-‐2,3	  to	  track	  search	  and	  IC86-‐1,2,3	  to	  
Cascades	  
–  Very	  soon	  go	  from	  4yr	  (track)	  +	  1yr	  	  Cascade	  to	  	  6	  yr	  (track)+4	  yr	  
(cascade)	  à	  doubled	  exposure	  

–  1	  event	  now	  à	  …	  	  wait	  and	  see?	  
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Implica:ons	  for	  Neutrinos	  Beyond	  IceCube	  

•  assump?on	  that	  current	  models	  are	  about	  accurate	  and	  
use	  the	  1	  event	  we	  have	  as	  the	  mean	  rate	  
–  Have	  1	  event	  in	  4yr	  of	  mu	  and	  1yr	  cascade	  =	  5	  “GRB-‐yr”	  or	  2.5	  
years	  of	  combined	  (track+cascade)	  exposure	  

–  Soon	  add	  2	  years	  track	  and	  3	  years	  cascade	  =	  5	  years	  
•  Doubled	  exposure	  and	  reach	  limit	  se�ng	  poten:al	  below	  current	  models	  

–  Double	  that	  with	  5	  more	  years	  by	  around	  2020?	  
•  ~few	  events	  with	  large	  uncertainty.	  	  

–  	  caveat	  (s:ll	  theory	  based),	  Low	  sta:s:cs	  
•  Even	  if	  assump:on	  is	  accurate	  may	  have	  only	  small	  number	  of	  events	  

•  Beyond	  IceCube	  detector	  assuming	  X5	  I3	  equivalent	  
–  	  ~20	  events	  (~2-‐4	  GRB	  events	  per	  year	  depending	  on	  
detector)	  

–  Would	  represent	  another	  breakthrough	  in	  HE	  neutrinos	  
•  Astrophysics	  
•  Par:cle	  physics	  
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Summary	  
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•  IceCube	  was	  designed	  as	  a	  discovery	  instrument	  
–  The	  first	  1	  km3	  detector.	  Volume	  required	  to	  reach	  the	  sensi:vity	  
of	  W-‐B	  flux	  mo:vated	  by	  cosmic	  ray	  flux	  

•  IceCube	  was	  successfully	  constructed	  as	  an	  NSF	  MREFC,	  on	  
:me	  and	  on	  budget,	  with	  a	  performance	  exceeding	  the	  
approved	  baseline	  requirements.	  

•  IceCube	  has	  discovered	  diffuse	  astrophysical	  neutrinos!	  
–  We	  know	  the	  flux	  à	  opens	  ques:ons	  on	  sources	  and	  mechanisms,	  
and	  provides	  us	  with	  a	  basis	  on	  what	  we	  need	  to	  make	  
astrophysical	  measurements	  and	  to	  maximize	  the	  science	  output	  

•  The	  IceCube	  observatory	  represents	  an	  exis:ng	  and	  well	  
operated	  infrastructure	  within	  the	  NSF	  South	  Pole	  Facility.	  
–  	  Provides	  an	  ideal	  pla�orm	  to	  leverage	  for	  the	  next	  genera:on	  
detector	  for	  HE	  astrophysical	  neutrino	  precision	  measurements	  


