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Neutrinos	  astronomy	  &	  C.R./γ	  connec@on	  
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81	  

324	  

IC-‐40:	  Apr	  ‘08	  –	  May	  ‘09	  
IC-‐59:	  May	  ’09	  –	  May	  ‘10	  
IC-‐79:	  May	  ‘10	  –	  May	  ‘11	  
IC-‐86:	  May	  ’11	  –	  present	  	  
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Detec@on	  Methods	  

light	  collecUon	  by	  DOMs	  

up-‐going	  muon:	  νµ 

νµ	


µ	


Down-‐going	  µ 
background	  

&	  EHE	  ν	


νe

	  cascade	  →	  all	  flavors	  

DOM	  Low	  Noise	  rate	  (500	  Hz)	  
(300	  Hz	  with	  deadUme)	  
-‐>	  GalacUc	  MeV	  ν	  SN	  search	  
99%	  DOMs	  are	  operaUonal	  
UpUme:	  99.1%	  (May	  2012)	  
>2	  kHz	  of	  muons	  
>220	  atm.	  νµ	  per	  day	  
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Cosmogenic	  (GZK)	  neutrino	  search	  

Background	  MC	  Data	  (10%	  ‘11-‐12’)	  	  Signal	  MC	  

p+ �CMB ! �+ ! n+ ⇡+

>	  100	  EeV	  

⇡+ ! µ+ + ⌫µ
&
e+ + ⌫e + ⌫̄µ

&

Include	  oscillaUons	  

79-‐	  and	  86-‐string	  
IceCube	  (2	  years)	  

keep	  

‘Burn	  sample’	  
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Cosmogenic	  (GZK)	  neutrino	  search	  

Jan	  3rd,	  2012	  	  

Aug	  9th,	  2011	  

Energy	  1-‐10	  PeV	  	  

Energy	  1-‐10	  PeV	  	  

Two	  cascade-‐like	  events	  pass	  selecUon	  criteria	  (672.7	  days)	  
Bckg	  expectaUon:	  0.14	  evt	  (down-‐going	  muons	  +	  atm	  nus)	  
Preliminary	  p-‐value	  0.0092	  (2.36	  sigma)	  
Origin:	  diffise	  (E-‐2),	  prompt	  atm	  ν,	  GZK	  ν,	  conv.	  Atm	  ν,	  	  
dowing-‐going	  µ	
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IC40+IC59 Results ConclusionsIntroduction +IC79 Analysis

miércoles 6 de junio de 12

Time	  Integrated	  Point	  Source	  Search	  

Combined	  IC40/IC59	  

Holest	  Spot.	  RA	  75.45,	  DEC:	  -‐18.15	  
post	  trial	  74.2	  %	  

NGC 1738	

NGC 1739	
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IceCube	  Selected	  Sources	  
No	  significant	  detecUons	  at	  this	  point:	  95.7	  %	  post-‐trials	  p-‐value	  	  

13	  GalacUc	  (SNR,	  etc)	  
30	  ExtragalacUc	  (AGN,	  etc)	  
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Gamma	  Ray	  Bursts	  

Off-‐Ume	   Off-‐Ume	  On-‐Ume	  

T0:	  From	  a	  satellite	  GCN	  

Precursor	  (~100	  s)	  
Prompt	  (T90)	  

Model	  Independent	  (±24	  h)	  

Off-‐Ume	  (full	  year)	  

Very	  low	  background	  
One	  event	  can	  be	  significant	  

IC-‐59	  
98	  northern	  GRBs	  	  
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IC40	  +	  IC59	  GRB	  Results	  –	  Prompt	  Neutrinos	  	  

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
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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Nature	  Vol	  484,	  351	  (2012)	  	  

90%	  c.l.	  =	  0.27	  model	  

8.4	  events	  expected	  	  
0	  events	  observed	  

GRB	  fireball	  neutrinos	  
	  	  	  Theory	  is	  being	  revisited	  
	  	  	  RecalculaUons	  change	  predicUon	  significantly	  
GRBs	  are	  THE	  source	  of	  highest	  energy	  CR	  
	  	  	  Excluded	  for	  neutron	  escape	  models	  
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Outlook	  

ü IceCube	  is	  now	  complete.	  Pay	  alenUon	  to	  
galacUc	  sources	  over	  the	  next	  2-‐3	  years.	  GRB	  
models	  being	  challenged.	  

ü DeepCore	  already	  producing	  results	  and	  ready	  
for	  astrophysical	  studies	  (southern	  
hemisphere	  at	  >10	  GeV,	  oscillaUons,	  dark	  
maler,	  choked	  GRBs,	  etc)	  

ü South	  Pole	  is	  being	  transformed	  into	  a	  
neutrino	  facility:	  Dark	  Maler	  search	  (a	  la	  
DAMA),	  >GeV	  neutrinos	  (DeepCore	  
Extensions)	  and	  GZK	  neutrinos	  (ARA)	  
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39	  InsUtuUons	  
~250	  collaborators	  
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Backup	  
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IC40	  +	  IC59	  GRB	  Results	  –	  Precursor	  &	  AXerglow	  	  

Precursor	  (100	  s).	  Jet	  borrowing	  through	  progenitor	  
	  Hydrogen	  Envelope	  Model	  RejecUon	  factor:	  1.51	  
	  Unlikely	  anyway	  as	  (long)	  GRB	  progenitors	  are	  type	  Ic	  SNe.	  

Aserglow	  (1000	  s).	  p-‐γ	  neutrinos,	  from	  early	  X-‐ray	  aserglow	  

Log10	  E	  /	  GeV	  
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N
/d
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Energy	  –	  Charge	  correla@on	  –	  GZK	  search	  

Channel	  #	  >	  300	  	  
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Event	  Charge	  Distribu@on	  



Gamma	  2012	  Ignacio	  Taboada	  |	  Georgia	  Tech	   17	  

Neutrino	  Energy	  Distribu@on	  –	  GZK	  search	  
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Likelihood	  and	  Density	  Func@ons	  –	  Point	  Source	  

18	  

	  	  	  	  	  	  	  	  	  	  	  	  
Likelihood:	


Background pdf:	


Maximization of the likelihood ratio:	


€ 

logλ = log L( ˆ γ , ˆ n s)
L(ns = 0)
$ 

% 
& 

' 

( 
) EsUmates	  that	  

maximize	  the	  
Likelihood	  

The	  final	  significance	  is	  
determined	  by	  
scrambling	  the	  data	  in	  
r.a.	  and	  repeaUng	  the	  
analysis.	  

Signal pdf:	


Maximize	  wrt:	  
‣ γ,	  the	  neutrino	  spectral	  index	  
‣ ns,	  number	  of	  signal	  events	  
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‣ Total	  events	  (IC40+IC59):	  57460	  (upgoing)	  +	  87009	  (downgoing)	  
‣ LiveAme:	  348	  days	  (IC59)	  +	  375	  days	  (IC40)	  
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Combining	  datasets	  –	  Point	  Source	  Search	  
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Combining	  datasets	  –	  Point	  Source	  Search	  

NGC 1738	

NGC 1739	


observed value	


74.2%	
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IC79	  Analysis	  Outlook	  –	  Point	  Source	  Search	  

?	
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IceCube:	  First	  Step	  in	  Neutrino	  Oscilla@on	  Physics	  

22	  

Simple	  cuts	  and	  reconstrucUon	  in	  DeepCore.	  Extend	  sample	  to	  Low	  energy.	  
Search	  for	  consistency	  with	  standard	  neutrino	  oscillaUons.	  
	  
Not	  opUmized.	  Ongoing	  Work:	  more	  sophisUcated	  analysis	  for	  measurement	  of	  oscillaUon	  
parameters	  

IceCube	  &	  DeepCore	  79	  Strings	  

Data	  (317.9	  days)	   MC	  ,	  Std	  ocilla@on	   MC,	  no	  oscilla@on	  

Low	  Energy	   719	   789	  ±	  28	  (stat)	   1015	  ±	  32	  (stat)	  

High	  Energy	   39639	   33710	  ±	  770	  (stat)	   338810	  ±	  770	  (stat)	  
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IceCube	  νµ	  disapperance.	  Zenith	  Angle	  Distribu@on	  

23	  

χ2 = 52.7 (no	  oscillaUon)	  	  	  	  χ2 = 19.4 (std.	  oscillaUon)	  	  	  dof	  =	  20	  	  	
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Cross	  Check:	  The	  energy-‐proxy	  “Nchannel”	  distribu@on	  of	  the	  LE	  sample	  

24	  

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	  oscillaUon	  are	  
expected	  with	  IC79	  

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

parameters	  available	  from	  the	  literature.	  
•  SystemaUc	  effects	  have	  been	  invesUgated	  and	  factorized	  in	  normalizaUon,	  correlated	  and	  

uncorrelated	  terms.	  	  	  
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Moon	  Shadow	  

IC-‐59	  On	  source	  
PRELIMINARY	  

ü Unbinned	  method	  
ü IC-‐40	  	  	  	  10.5	  σ 

	  (15	  moon	  cycles)	  
ü IC-‐59	  	  	  	  	  14.4	  σ 

	  (14	  moon	  cycles)	  
ü Full	  IceCube:	  	  

	  >5	  σ	  each	  moon	  cycle	  
ü Test	  PSF	  

Cosmic	  Rays
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Atmospheric	  Neutrinos	  
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Diffuse	  νµ	  flux	  limits	  

IC59	  limit	  

IC40	  limit	  

IC59	  sensiUvity	  
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DeepCore	  Filter	  

ü  Superb	  muon	  veto	  
ü  10	  –	  300	  GeV	  over	  4	  π	  sr	  
	  
ü  Search	  for	  DM	  
ü  Neutrino	  OscillaUons	  
ü  Choked	  GRBs	  
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Model	  Independent	  IC40	  /	  IC59	  


