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2002:	
  proposal	
  
2003-­‐04	
  staging	
  
2004-­‐05	
  	
  	
  	
  1	
  	
  	
  	
  	
  4	
  
2005-­‐06	
  	
  	
  	
  9	
  	
  	
  16	
  
2006-­‐07	
  	
  22	
  	
  	
  26	
  
2007-­‐08	
  	
  40	
  	
  	
  40	
  
2008-­‐09	
  	
  59	
  	
  	
  59	
  
2009-­‐10	
  	
  79	
  	
  	
  73	
  
2010-­‐11	
  	
  	
  86	
  	
  	
  81	
  

Deep	
  strings	
  

Surface	
  staEons	
  

Deployment	
  history	
  

>	
  5400	
  Digital	
  OpEcal	
  Modules	
  

1.	
  IceCube	
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IceCube	
  Digital	
  OpEcal	
  Module	
  and	
  
deployment	
  

LED	
  Flasher	
  board	
   HV	
  board	
  

Main	
  board	
  for	
  digiDzing	
  &	
  Dme	
  stamping	
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IceCube	
  ConstrucEon:	
  2004-­‐2011	
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DeepCore	
  subarray	
  

•  8	
  strings	
  with	
  DOMs	
  
separated	
  by	
  7	
  m	
  

•  Plus	
  7	
  standard	
  strings	
  
•  Close	
  spacing	
  of	
  strings	
  
lowers	
  threshold	
  from	
  
>100	
  GeV	
  to	
  <10	
  GeV	
  

•  Atmospheric	
  neutrino	
  
oscillaEons	
  studied	
  near	
  
first	
  oscillaEon	
  maximum	
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DeepCore	
  oscillaEons	
  results	
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IceCube,	
  PR	
  D91(2015)072004	
   IceCube,	
  arXiv:1901.05366,	
  	
  ντ	
  appearance	
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Neutrino	
  oscillaEons:	
  3✕3	
  mixing	
  matrix	
  with	
  main	
  channel	
  for	
  νμ	
  à	
  ντ	
  

Has	
  a	
  maximum	
  at	
  Eν	
  ≈	
  25	
  GeV	
  for	
  L	
  ≈	
  104	
  km,	
  then	
  goes	
  to	
  0	
  for	
  atmospheric	
  ν	
  
as	
  energy	
  increases	
  



Atmospheric	
  ντ	
  appearance	
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Eν	
  	
  5.6	
  to	
  56	
  GeV	
  
	
  cττ	
  =	
  87	
  μm	
  
	
  mτ	
  =	
  1.777	
  GeV	
  so	
  
	
  σ(ντ)	
  <	
  σ(νμ)≈σ(νe)	
  	
  
	
  

Downward	
  events	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Upward	
  events	
  

Events	
  vs	
  L/E	
  (km/GeV)	
  from	
  IceCube	
  arXiv:1901.05366	
  

⌫⌧ ! ⌧
µ+ ⌫⌫
e+ ⌫e
q + q̄ ⇥ 3



Astrophysical	
  ντ	
  appearance	
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P(νμ	
  à	
  ντ)	
  averages	
  to	
  ½	
  over	
  astronomical	
  distances,	
  
so	
  astrophysical	
  neutrinos	
  should	
  include	
  many	
  ντ	
  
Problem:	
  they	
  are	
  difficult	
  to	
  disEnguish	
  in	
  the	
  detector	
  

d

u

p

µ
-

νµ

W
-

Diagram	
  for	
  CC	
  interacEon	
  of	
  a	
  νμ	
  
Analogous	
  diagrams	
  for	
  νe	
  and	
  ντ	
  give	
  

⌫µ ! µ ! track

⌫e ! e ! cascade

⌫⌧ ! ⌧ ! short track ! cascade

Problem:	
  short	
  lifeEme	
  of	
  τ-­‐lepton	
  so	
  event	
  looks	
  like	
  a	
  single	
  cascade	
  	
  	
  

Double……………………………………………..bang	
  
Learned	
  &	
  Pakvasa,	
  Astropart.	
  Phys.	
  3(1995)267	
  	
  

�c⌧⌧ ⇡ 5m⇥ E⌧

100TeV
	
  compared	
  to	
  ≈	
  10	
  m	
  for	
  em	
  cascade	
  from	
  an	
  electron	
  



Astrophysical	
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  candidate	
  in	
  IceCube	
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Astrophysical Tau Neutrinos in IceCube Logan Wille

event, two other IceCube tau neutrino analyses one that uses machine learning and other that uses
a reconstruction method to identify double cascade events also found this event as a tau neutrino
candidate [5] [10]. Further work is under way to address the source of this event, the two analyses
finding this event hints towards this event being a tau neutrino as both analyses have different
dominant backgrounds.

Figure 4: Left: The two waveforms selected by the double pulse algoritm are shown. These
waveforms are on neighboring DOMs (string and PMT ID numebrs are noted as OMKeys) and so
pass the new local coincidence double pulse selection. The waveform recorded on DOM 20, 27
also passed the previous single DOM double pulse algorithm. Right: Event view of the 2014 event.
The interaction appears to start inside of the detector volume, so a neutrino event is highly likely.

The event observed in 2015 is a less significant event with a p-value of 1.0 for all three assumed
spectra. This event passed only the single DOM DPA configuration, the waveform that passed the
cut is shown in Fig. 5. One of the characteristics that shows this event is background like is the
sharp, short duration first pulse, which is a typical signature of Cherenkov radiation from a passing
muon. The reconstructed energy is 117 TeV, once again reducing the likelihood for this event being
a signal tau neutrino as most of the expected signal events are higher in energy. This event was also
observed by the machine learning based double pulse analysis [5]. The event view of this event
(Fig. 5) shows it is likely a background muon neutrino. First, the event starts inside the detector
volume with a horizontal development direction, suggesting it is a neutrino event. Second, the
horizontal development, seen especially on the leftmost strings in the event view, is an indication
of a muon traveling out of the initial cascade and creating additional light as a track. The best
fit event direction suggests that this muon leaves the detector volume soon after being produced,
which creates an event that appears somewhat cascade like with a very short observable track. This
is consistent with roughly one muon neutrino event expected in 8 years.

The final event was observed in 2017 and is two atmospheric muons that pass through the top
of the detector one after the other, otherwise known as coincident muons. This event passed the
selection due to a failure in the splitting algorithm used in IceCube. It is a known background but
no representative simulated event passed to the final level. For these reasons, the event is removed
from the event sample and not used for the forward folding analysis.

The forward folding was applied to the 2014 and 2015 event, excluding the 2017 event. The
results of the fit for the three astrophysical spectra are shown in Table 2. The major take away from
the fit results is the zero astrophysical tau neutrino flux normalization. The analysis prefers zero
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3. Results

Figure 3 shows the frequentist 68.3% confidence interval (left panel) and Bayesian 68.3%
credible interval (right panel) on the CC cross section obtained using the HESE 7.5 sample. For
comparison of frequentist results, the measurement from [7] (gray region) is included in the left
panel. For comparison of Bayesian results, the measurement from from [9] (orange error bars) is
included in the right panel. The prediction from [3] is shown as the solid, blue line and the CSMS
cross section as the dashed, black line. As the ratio of CC to NC cross section is assumed to be fixed,
the NC cross section is identical relative to the CSMS predictions and so is not shown here.

Figure 3: Measured neutrino DIS cross section using the HESE sample with 7.5 years of livetime are shown
as black error bars. The left panel shows the frequentist 68.3% confidence intervals assuming Wilks’ theorem.
The right panel shows the Bayesian 68.3% credible intervals. For comparison, the results from [7] and [9] are
included in the left and right panels, respectively. The prediction from [3] is shown as the blue, solid line, and
the prediction from [2] is shown as the black, dashed line

In both the frequentist and Bayesian results, the lowest-energy bin prefers a lower cross section
while the highest-energy bin prefers a higher cross section than the Standard Model predictions.
However, as the uncertainties are large, none of the bins are in significant tension with the models.

4. Summary

In this proceeding, we have presented a measurement of the neutrino-nucleon cross section
above 60 TeV using a sample of high-energy, starting events detected by IceCube. The measurement
relies on the Earth as a neutrino attenuator, one that is dependent on the neutrino interaction rate and
hence its cross section. The HESE sample used for this analysis spans 7.5 years of livetime with
many improvements incorporated into the analysis chain. As the sample is of starting events, events
from both the norther and southern sky are included, and with the new three-topology classifier, the
likelihood utilizes flavor information as much as possible.

6

T.	
  Yuan	
  for	
  IceCube	
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  Energy	
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  energies	
  

Figure	
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  Resconi	
  book,	
  2016	
  

Cross	
  secEons:	
  CSMS,	
  JHEP	
  1108	
  (2011)	
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Glashow	
  Resonance,	
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  Rev.	
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  (1960)	
  316	
  



Glashow	
  event	
  candidate	
  in	
  IceCube	
  

Erice,	
  21/09/2019	
   Tom	
  Gaisser	
  for	
  IceCube	
   14	
  

•  Discovered	
  in	
  a	
  study	
  of	
  
parEally	
  contained	
  large	
  
cascades	
  

•  Visible	
  energy	
  consistent	
  
with	
  the	
  6.3	
  PeV	
  
resonance	
  energy	
  

•  PoS(ICRC2019)945	
  

⌫e + e� ! W� ! cascade

Lu	
  Lu	
  for	
  IceCube	
  



ImplicaEons	
  of	
  small	
  σν	
  	
  
•  Neutrinos	
  reach	
  Earth	
  unabsorbed	
  from	
  
cosmological	
  distances	
  

•  The	
  Earth	
  starts	
  absorbing	
  up-­‐going	
  neutrinos	
  
only	
  for	
  Eν	
  >	
  10	
  TeV	
  

•  Detector	
  should	
  be	
  as	
  large	
  as	
  possible:	
  
– The	
  fracEon	
  of	
  ν	
  interacEng	
  1	
  km	
  of	
  ice	
  is	
  small	
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�� � 2.6 · 10�34 cm2 at 105 GeV
Product	
  ≈	
  10-­‐5	
  is	
  fracEon	
  of	
  ν	
  of	
  this	
  energy	
  that	
  interact	
  in	
  detector	
  

1 km ice = 0.91 · 6� 1023 · 105 = 5 · 1028 nucleons/cm2
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Jakob van Santen - ISVHECRI 2014, CERN

Evidence for high-energy astrophysical neutrinos
13

‣3 cascades over 
1 PeV in 3 years 
of data 

‣5.7 $ evidence for 
astrophysical 
neutrinos arXiv:1405.5303 (accepted for PRL)

Deposited energy

!

"!

✓

! Veto

!

‣Selected high-energy 
starting events in IceCube

Two	
  ways	
  to	
  idenEfy	
  neutrinos:	
  
1.  Upward	
  using	
  Earth	
  as	
  filter	
  
2.  Events	
  start	
  in	
  detector	
  

 π	
  sr
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Cascade	
  events:	
  	
  
CC	
  interacEons	
  of	
  νe	
  and	
  ντ	
  
NC	
  interacEons	
  of	
  all	
  flavors	
  

StarEng	
  track:	
  CC	
  νμ	
  	
  
Note	
  iniEal	
  hadronic	
  cascade	
  

HESE	
  =	
  High	
  Energy	
  StarEng	
  Events	
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  neutrinos	
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IceCube	
  7.5	
  year	
  HESE	
  analysis	
  
(	
  HESE	
  =	
  High	
  Energy	
  StarEng	
  Event	
  )	
  
PoS(ICRC2019)1004	
  

IceCube	
  6	
  year	
  νμ	
  	
  	
  	
  	
  	
  μ	
  	
  analysis	
  	
  
arXiv:1607.08006,	
  Ap.J.	
  833	
  (2016)	
  3	
  
	
  

The	
  astrophysical	
  signal	
  emerges	
  above	
  a	
  steeply	
  
falling	
  background	
  of	
  atmospheric	
  neutrinos	
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EffecEve	
  areas	
  for	
  upward	
  νμ	
  in	
  IceCube	
  
for	
  the	
  Northern	
  hemisphere	
  and	
  for	
  4	
  
direcEons	
  below	
  the	
  horizon.	
  	
  Note	
  the	
  
absorpEon	
  of	
  the	
  Earth	
  for	
  high	
  energies	
  
from	
  large	
  negaEve	
  zenith	
  angles.	
  
(Fig.	
  from	
  PoS(ICRC2019)1017,	
  J.	
  Steqner	
  for	
  
the	
  IceCube	
  collaboraEon.)	
  

Transparency	
  of	
  the	
  Earth	
  for	
  neutrinos.	
  
Dashed	
  line	
  show	
  passing	
  fracEons	
  at	
  four	
  
neutrino	
  energies.	
  	
  	
  

Affects	
  both	
  atmospheric	
  and	
  astrophysical	
  neutrinos	
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IceCube: Diffuse Astrophysical Muon-Neutrino Spectrum J. Stettner

Figure 1 Total muon-neutrino (n
µ

+ n̄

µ

) effective area of the event selection. Different zenith ranges
are shown as a function of the incident neutrino energy.

1. Introduction

In 2013 the IceCube Neutrino Observatory announced the discovery of a high-energy astro-
physical neutrino flux [1]. This was accomplished by using an outer veto to reduce the atmospheric
background and enable the study of highest-energy starting events. Shortly after, the discovery
was confirmed in the complementary channel of through-going and starting muons coming from
the Northern Hemisphere where the atmospheric muon background is suppressed [2, 3]. Since
then, increasingly larger samples of through-going muon-neutrinos have been used to measure the
high-energy astrophysical flux.

Here, we report on the latest analysis of northern sky muon-neutrinos encompassing almost
ten years of data-taking. The event selection is unchanged compared to previous iterations of the
analysis [3]: It restricts itself to the observation of the Northern Celestial Hemisphere and identifies
high-quality tracks based on a boosted decision tree. Because a median angular resolution of better
than ⇠ 1�(E

n

� 1TeV) is achieved for these events, (mis-reconstructed) atmospheric muons can
be rejected efficiently resulting in a 99.7% purity of the sample.

2. The IceCube Neutrino Observatory and the Data Sample

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov detector embedded in the
Antarctic ice at the South Pole [4]. It detects neutrinos by observing Cherenkov radiation emitted
by charged secondary particles that are created in neutrino interactions. A total of 5160 optical
sensors instrument 86 vertical cables, often called strings, located beneath the surface which are
arranged in an active volume of about one cubic kilometer.

IceCube was completed in December 2010, but data-taking was on-going in previous years
with partial detector configurations. The analysis presented here uses data from May 2009 to

1

(Figure	
  from	
  Atmospheric	
  Neutrinos,	
  TG	
  to	
  appear	
  
in	
  “ParEcle	
  Physics	
  with	
  Neutrino	
  Telescopes",	
  C.	
  
Pérez	
  de	
  los	
  Heros,	
  editro,	
  World	
  ScienEfic.	
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Work	
  in	
  progress	
  reported	
  at	
  TeVPA	
  2018	
  
(AusEn	
  Schneider	
  for	
  IceCube)	
  

Note	
  change	
  in	
  convenEon	
  for	
  direcEon:	
  sin(δ)	
  à	
  cos(θ)	
  

North	
  

South	
  

South	
  

North	
  

New	
  reconstrucEons	
  for	
  all	
  years	
  with	
  IceCube	
  Pass	
  2	
  

Earth’s	
  shadow	
  	
  
(>50%)	
  



Upward	
  νμ-­‐induced	
  muons	
  (10	
  yrs)	
  
•  Red	
  lines	
  show	
  
astrophysical	
  
component	
  

•  Atmospherics	
  
dominate	
  the	
  
angular	
  distribuEon	
  

•  Signal	
  emerges	
  
over	
  background	
  
above	
  100	
  TeV	
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IceCube: Diffuse Astrophysical Muon-Neutrino Spectrum J. Stettner

Figure 3 Data from 2010 to 2018 together with the best-fit expectation from Monte Carlo simu-
lations. Left: Distribution of the cosine of the reconstructed zenith. Right: Distribution of the
reconstructed muon energy. The brown and blue bands mark the central 68% and 90% spread of
the expectation if all fit-parameters are varied within their posterior distribution ranges, taking their
correlations into account.

Figure 4 Scan of the profile likelihood for the two signal parameters: astrophysical normalization
and spectral index. Note that for each scan point, all other parameters are optimized.

5

(Fig.	
  from	
  PoS(ICRC2019)1017,	
  J.	
  Steqner	
  
for	
  the	
  IceCube	
  collaboraEon.)	
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Atmospheric	
  νμ	
  background	
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HESE	
  Angular	
  distribuEons	
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  >	
  60	
  TeV	
  

IceCube Preliminary

From	
  below	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  From	
  above	
  

Fig.	
  from	
  PoS(ICRC2019)	
  1004,	
  A.	
  Schneider	
  for	
  IceCube	
  
Angular	
  dependence:	
  
•  From	
  below:	
  	
  

•  	
  absorpEon	
  for	
  
signal	
  

•  	
  plus	
  intrinsic	
  
excess	
  for	
  
atmospheric	
  ν	
  
near	
  horizon	
  

•  From	
  above:	
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  of	
  

atmospheric	
  ν	
  by	
  
accompanying	
  μ	
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1.	
  Stefan	
  Schönert	
  et	
  al.	
  
Phys.	
  Rev.	
  D79	
  (2009)	
  043009	
  
Can	
  be	
  evaluated	
  analyEcally	
  

Two	
  cases	
  
2.	
  Veto	
  by	
  an	
  unrelated	
  μ	
  
-­‐-­‐also	
  applies	
  to	
  νe	
  
Requires	
  Monte	
  Carlo	
  or	
  
numerical	
  integraEon	
  
TG,	
  Jero,	
  Karle	
  &	
  van	
  Santen,	
  
PRD	
  90	
  (2014)	
  023009	
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High-­‐energy	
  astrophysical	
  neutrinos	
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Astrophysical	
  sources	
  accelerate	
  charged	
  parEcles	
  
Electrons	
  produce	
  photons	
  e.g.	
  by	
  inverse	
  Compton	
  scaqering,	
  but	
  not	
  neutrinos	
  	
  
Protons	
  produce	
  mesons	
  which	
  produce	
  neutrinos	
  as	
  well	
  as	
  photons	
  	
  	
  

⇡0 ! � � ⇡± ! µ± + ⌫µ(⌫µ)

µ± ! e± + ⌫e(⌫e) + ⌫µ(⌫µ)

Neutrinos	
  have	
  the	
  potenEal	
  to	
  idenEfy	
  cosmic-­‐ray	
  sources	
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Figure 4. Combined upper limits (UL) at 90% confidence
level (blue lines) on the three-flavor neutrino flux of the
KRA� model with the 5 and 50PeV cuto↵s (black lines).
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measured by IceCube using an isotropic flux template with
starting events (yellow) and upgoing tracks (green).
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Use	
  HAWC	
  high-­‐energy	
  γ	
  measurements	
  as	
  a	
  template.	
  
	
  Kheirandish	
  &	
  Wood	
  for	
  IceCube	
  and	
  HAWC	
  CollaboraEons	
  PoS(ICRC2019)	
  

Map	
  of	
  IceCube	
  ν	
  excess	
  (blue)	
  superimposed	
  on	
  
HAWC	
  7	
  TeV	
  γ	
  contours	
  (red)	
  

Galactic Neutrino Sources & HAWC Ali Kheirandish

Best Fit Sensitivity Upper Limit (90% C.L.)
Search ns 10�13 [TeV�1cm�2s�1] 10�13 [TeV�1cm�2s�1] p-value
Stacking 15.4 0.7 (0.6) 1.5 (1.3) 0.09
Northern Plane 77.8 2.5 (0.4) 5.7 (0.8) 0.06
Cygnus Region 0.0 1.0 (0.6) 0.4 (0.2) 0.80
J1908+063 Region 12.0 0.7 (0.7) 1.3 (1.3) 0.14
J1857+027 Region 36.7 0.8 (1.2) 2.1 (3.2) 0.02

Table 1: Results of the five analyses performed to test the correlation of high-energy neutrinos with gamma-
rays observed by HAWC. The first column lists the source hypothesis being tested and the second column
shows the best fit number of neutrinos from the source. The third and fourth columns show the sensitivity
flux at 7 TeV and 90% C.L. upper limit flux at 7 TeV, respectively. The final column displays the pre-trial
p-value observed in each test.

the equivalent neutrino flux of HAWC’s measured gamma-ray flux, assuming that all gamma-rays
are hadronic. The neutrino flux is derived from the gamma-ray spectrum measured by HAWC
following [15], assuming hadronuclear interaction at the sources.

The most stringent limit is set for neutrino emission from the Cygnus region. Our search found
an under fluctuation of background from this region. Following IceCube convention, we have set
the 90% C.L. upper limit to the sensitivity of the test. Constructing the upper limit from the fitted
values will reduce the neutrino flux from the Cygnus region by 60%.

The upper limits on the two other regions, however, do not constrain a possible hadronic
component. While the upper limit for the region surrounding 2HWC J1908+06 is marginal to the
maximal hadronic emission from the source, the excess found for the 2HWC J1857+027 region
yields an upper limit on the neutrino emission much larger than the corresponding gamma-ray
emission.

5. Summary & Discussion

Galactic cosmic ray accelerators have long been anticipated to contribute to the flux of high-
energy cosmic rays arriving at Earth. The rich environment of the Milky Way provides the targets
for CRs from these sources to interact and produce high-energy neutrinos and gamma rays. Given
the short distance compared to the extragalactic sources, very high energy gamma rays may survive
absorption and reach the Earth. The rational for identifying Galactic sources of cosmic neutrinos
relies on the multimessenger observation of both high-energy neutrinos and gamma-rays. These
observations allow for a synergistic search with neutrinos and gamma rays.

The HAWC gamma-ray observatory has surveyed the Galaxy at the highest photon energies
to date. Here, we used this survey to search for the Galactic origins of the high-energy cosmic
neutrinos discovered in IceCube. In the absence of a significant excess from our tested hypotheses,
we have determined upper limits on potential neutrino emission for each hypothesis. Therefore,
obtaining the level of contribution of hadronic interactions to the high-energy emission.

The results reported here are marginal to the expectation, and in some cases impose constraints
on the hadronic flux component. The stacking and Northern plane search for neutrino emission

5
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Figure 16. Arrival directions of events with a muon energy proxy above 200TeV. Given the best-fit spectrum the ratio of astrophysical to
atmospheric events is about two to one. The horizontal dashed gray line shows the applied zenith angle cut of 85�. The curved gray line
indicates the galactic plane and the dashed black line the supergalactic plane (Lahav et al. 2000). The multi-PeV track event is shown as a red
dot and the energy proxy value listed in Tab. 4.

Table 4 (continued)

ID MJD Signalness Energy Proxy (TeV) Decl. (deg) 50% C.L. 90% C.L. R.A. (deg) 50% C.L. 90% C.L.

24 56666.50 0.90 850 32.82 +0.16
�0.14

+0.39
�0.41 293.29 +0.18

�0.40
+0.55
�1.08

25 56799.96 0.73 400 18.05 +0.75
�0.63

+1.94
�1.80 349.39 +1.13

�1.75
+2.89
�4.12

26 56817.64 0.66 340 1.29 +0.33
�0.29

+0.83
�0.74 106.26 +0.86

�0.74
+2.27
�1.90

27 56819.20 0.995 4450 11.42 +0.07
�0.08

+0.17
�0.17 110.63 +0.16

�0.28
+0.46
�0.55

28 57049.48 0.46 210 4.56 +0.19
�0.12

+0.68
�0.50 100.48 +0.23

�0.34
+0.95
�1.87

29 57157.94 0.52 240 12.18 +0.19
�0.18

+0.37
�0.35 91.60 +0.10

�0.37
+0.16
�0.74

aThese events were included in Aartsen et al. (2014c).
b These events were included in Aartsen et al. (2015c).
c This event is identical to Event 38 in Kopper et al. (2015).

5.2. Test for anisotropies related to the galactic plane
As discussed in Sec. 4.6 the measurement in this paper

confirms the observation of an all-sky diffuse high-energy as-
trophysical neutrino flux. However, a tension exists between
the measured spectral index of this analysis with the starting
event data which originates mostly from the Southern hemi-
sphere. Furthermore, Neronov & Semikoz (2016) claim in-
consistency of the previously published starting event data
with an isotropic signal with a preference of a galactic lati-
tude dependency. As the comparison to the Southern hemi-
sphere is subject to different energy thresholds and detector
systematics, we perform a simple, self-consistent test for a
dominant signal from the galactic plane.

We split the sample in two right ascension regions,
one containing main parts of the galactic plane: ↵ 2
[0.0�, 108.9�) [ [275.0�, 360.0�) and one excluding it: ↵ 2
[108.9�, 275.0�). These intervals are chosen such, that the
two split samples are of similar statistics, resulting in 162363
and 189931 events respectively. Both samples are fitted in-
dependently and the aforementioned systematics can be con-
sidered identical as they are equalized by the daily Earth ro-
tation.

The fit results, shown in Fig.17, is a small but not statis-
tically significant larger flux and softer spectrum from the
region including the galactic plane. The p-value for both re-
sults being compatible is at about 43%. In conclusion, the
observed flux is not dominated by the galactic plane. How-
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Cosmic Ray Energy Spectrum Ramesh Koirala

Figure 5: Cosmic ray flux using IceTop 2016 data scaled by E

1.65 and compared with flux from other
experiments. This analysis and HAWC’s energy spectrum analysis use different hadronic interaction models.
The shaded region indicates the systematic uncertainties.

The all-particle cosmic ray flux is calculated using Eq. 4.1 in the energy range 250 TeV to
10 PeV and compared with the higher energy measurement of IceCube [2] in the left panel of Fig
4. The spectrum is plotted per logarithmic bin of energy in units of m�2s�1sr�1.

The effect of the hadronic interaction model is not included in the ‘total systematic uncer-
tainty’. Instead, the same analysis steps were repeated using simulation with QGSJetII-04 as the
hadronic interaction model. The statistics of the simulation for the analysis with QGSJetII-04 is
only 10% of that for Sibyll 2.1 but is sufficient for the comparison between the two models, as
shown in the right plot of Fig 4.

Many ground-based cosmic ray detectors measured the cosmic ray flux around this energy
region. Several measurements with their statistical uncertainties are compared with the result of
this analysis in Fig 5. The range of fluxes reflects systematic uncertainties in the measurements.
Since the cosmic ray flux follows a steep power law, a slight difference in energy scale can cause
a large difference in the flux. The IceTop low energy spectrum extension overlaps with the results
from HAWC [17] in the lower energy region and with Kascade [18] and Tunka [19] measurements
at higher energy region, and is higher than the result from Tibet III [20]. The low energy spectrum
is also compared with a direct measurement from ATIC-02 [21]. Since the hadronic interaction
model is different for HAWC and this analysis, this difference can affect their results.

5. Discussion

With this analysis the all-particle cosmic ray energy spectrum from 250 TeV to 10 PeV was
measured, lowering the energy threshold of IceTop from ⇠2 PeV to 250 TeV. Most effort went into
the deployment of a new trigger and filter to select low energy events and into the development of
a new reconstruction method for these hard to reconstruct events.
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Figure 4: Left: The all-particle cosmic ray energy spectrum using IceTop 2016 data. The analysis is done
using simulations with Sibyll 2.1 as the hadronic interaction model. Right: The all-particle cosmic ray
energy spectra using simulations with Sibyll2.1 and QGSJetII-04 as hadronic interaction models. The same
analysis as with Sibyll 2.1 was repeated with QGSJetII-04. The right plot is scaled by E

1.65. The shaded
region in both plots indicates the systematic uncertainties.

Also, the difference in flux due to different temperatures for constant pressure is used as the sys-
tematic uncertainty due to temperature and is less than 2%. These two uncertainties are added and
the summation is used as the systematic uncertainty due to the atmosphere.

Different snow heights for data and simulation affect the low energy spectrum analysis. Ex-
perimental data used in this analysis is from May 2016 to April 2017 and the snow height used for
simulations is from October 2016. Since the average height of snow between experimental data
and simulation is comparable, the systematic uncertainty due to snow is estimated to be small.

The statistical uncertainty is small due to the large volume of data. The systematic uncer-
tainty from the composition assumption is the largest, whereas, the systematic uncertainties from
the unfolding method, effective area, and atmosphere are relatively small. The ‘total systematic
uncertainty’ is calculated by adding individual contributions in quadrature and is larger than the
statistical uncertainty.

4. Flux

Once the core position, direction, and energy of air showers are reconstructed, and the effective
area is known, the cosmic ray flux, or energy spectrum, is calculated. The binned cosmic ray flux
is given by

J(E) =
DN(E)

DlnEp(cos2 q1 � cos2 q2)AeffT
, (4.1)

where DN(E) is the unfolded and pressure corrected number of events with energy per logarithmic
bin of energy in time T , [q1,q2] is the observed zenith range, and Aeff is the effective area. The
effective area for IceTop events with cosq � 0.9 is shown in the right plot of Fig 1 and is used to
calculate the flux. The livetime (T ) used is 28548809.85 s (330.43 days), D log10 E used is 0.2, and
cosq1 and cosq2 used are 1.0 and 0.9 respectively.
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Seasonal Variation of Atmospheric Neutrinos Serap Tilav

[9, 10, 11] is chosen. The data has been collected between May 2012 and May 2017, which
represents a period of largely unchanged detector configuration. The data is based on a high quality
selection of well reconstructed up-going muons with a directional resolution < 1� and < 0.3%
background contamination from atmospheric muons. The data selection is unchanged for the full
observation of this analysis. A high statistics of neutrino counts of typically 140 d�1 is observed in
the South region.

Figure 3: Relative change
of the daily measured
neutrino rates and effec-
tive temperatures for the
South region for the ob-
servation time of the anal-
ysis. The top panel
shows the default 1 d bin-
ning, while the bottom
panel shows the same data
binned and averaged over
30 d. The colors in the
left figure indicate differ-
ent seasons.

The relative change of the daily measured neutrino rates, corrected for detector live time is shown in
figure 3 together with the calculated values of Te f f in the South region. Despite the large statistical
fluctuation of the experimental rates, a correlated variation is indicated by the data. The correlation
becomes obvious when the data is binned in intervals of 30 d.

3. Results

The correlation of relative temperatures and relative neutrino rates in the South zone for all ob-
served days is shown in figure 4 (left panel). A linear fit results in a correlation coefficient of

a = 0.42±0.04 (3.1)

with c2/ndo f = 1884.76/1806. The statistical significance of the correlation with respect to the
non-correlation hypothesis a = 0 based on a c2-test is 11 standard deviations. This represents the
most significant measurement to date of a seasonal modulation of atmospheric neutrinos.
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where ξz is a dimensionless parameter that depends on
the redshift evolution of the sources: ξz ≈ 3 for m = 3
and ξz ≈ 0.6 for m = 0 [7] (ξz ≈ 2.8 for SFR evolu-
tion [71], ξz ≈ 8.4 for FSRQ evolution, and ξz ≈ 0.68 for
BL Lac evolution [72]). Combining Eqs. (5) and (6), we
find

(

EνLeff
Eνµ

1042erg s−1

)

! 1.4 q−2
L

(

ξz
3

)2

F 3
lim,−9

(

∆Ω

2π

)−2

,

(7)
and

neff
0 " 1.1× 10−7Mpc−3 q2L

(

ξz
3

)−3

F−3
lim,−9

(

∆Ω

2π

)2

.

(8)
Note that Eq. (8) gives a lower limit, which can be placed
because we require that the considered standard candle
sources produce the neutrino flux detected by IceCube.
Remarkably, the constraints are quite sensitive to the red-
shift evolution, and are more stringent for weaker evolu-
tion. This is simply because ξz in Eq. (6) comes via the
cubic term in Eq. (3). The background becomes more
important at lower energies or longer exposure time or
poorer angular resolution. If the false number of multi-
plet sources is Nb ∼ 2 − 3, the lower limit is relaxed by
a factor of 4 − 9. Instead, if Eq. (2) is used or m ≥ 3
multiplets are considered more conservatively, the lower
limit changes by a factor of ∼ 10. Also, its precise value
might be affected by details of the muon neutrino data
because of its dependence on Flim (that slightly varies
with zenith angle). However, in either case, our discus-
sion on implications and prospects is unaltered.
In Fig. 3 we show the limits obtained using numeri-

cal calculations. In order to estimate the sensitivity, we
evaluate the number of through-going muons for both the
signal and the background, taking into account the zenith
and energy dependence of the effective area of IceCube
and the absorption of neutrinos within the Earth (see Ap-
pendix A for details). Then, we calculate the probability
to find at least one medium- or high-energy multiplet,
and place upper limits on neff

0 for different redshift evo-
lution models. The limits obtained numerically are con-
sistent with those obtained analytically above. For SFR
evolution, we find neff

0 " 10−7 Mpc−3 and EνLeff
Eνµ

!

1042 erg s−1, consistent with the analytical estimates
given by Eqs. (8) and (7). For EνLeff

Eνµ
∼ 1044 erg s−1,

that corresponds to dN=1/(c/H0) = 0.1, we find qL ≈ 0.9
for no evolution and qL ≈ 2 for SFR evolution, consistent
with the analytic results.
As seen from Fig. 3 and Eq. (8), the lower limit on neff

0
is sensitive to redshift evolution models. As a result, for
nonevolving sources, m = 0 and ξz ≈ 0.6, the limits we
can achieve are neff

0 " 0.9× 10−5 Mpc−3 and EνLeff
Eνµ

!

9 × 1040 erg s−1, respectively. The former (latter) is
two orders (one order) of magnitude stronger than the
SFR case. Note that the absence of multiplets in the
two-year muon neutrino data (including the public high-
energy data set [6]) leads to the lower limit of neff
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FIG. 3: IceCube’s detection determines the local (z = 0)
neutrino emissivity of the Universe, neff

0 EνLeff
Eνµ

, up to un-

certainty related to the unknown redshift evolution of the
sources (see Eq. 6). The solid “IceCube lines” show the
value of neff

0 EνL
eff
Eνµ

implied by observations for no evolu-

tion (ns ∝ (1 + z)0, top thin), SFR evolution [71] (similar
to ns ∝ (1 + z)3 and AGN evolution [73], middle thick),
and rapid FSRQ evolution (bottom thin). Nondetection of
point sources excludes the shaded regions lying to the right of
the dashed and dash-dotted lines (see Eq. 5), corresponding
to the sensitivity obtained for a six-year observation period
with IceCube (dashed lines) and a ten-year observation pe-
riod with IceCube-Gen2 (dot-dashed lines). Thick dashed and
dash-dotted lines are for SFR evolution, whereas thin dashed
and dash-dotted lines are for no evolution (upper curves) and
FSRQ evolution (lower curves). The flat spectrum template
shown in Fig. 1 is used. Colored stars represent the density
and luminosity of various classes of candidate sources.

10−8−10−7 Mpc−3 (as in Ref. [54]), giving an interesting
constraint on BL Lac objects (see Section III).

The effective area of IceCube-Gen2 is expected to be
∼ 5 − 7 times larger than IceCube-86 [74], yielding
Flim ∼ 10−10 GeV cm−2 s−1 after ∼ 10 year obser-
vations at sufficiently high energies and improving the
source density lower limit to neff

0 " 0.4×10−4 Mpc−3 for
the m = 3 or SFR case (see Eq. 8).

The muon neutrino constraints depend not only on red-
shift evolution models but also on the assumed neutrino
spectra, since the limits depend on Flim, which in turn
is affected by the assumed source spectra. Although a
flat spectrum is a reasonable assumption for CR reser-
voirs, the neutrino spectrum may be more complicated,
as often predicted for blazar models (see Fig. 2). We
have expanded our numerical analysis to sources with
harder spectra (s < 2) using the three blazar spectral
templates shown in Fig. 2, and tested the applicability
of Eqs. (7) and (8) for these spectra. Our numerical re-
sults are shown in Fig. 4. As expected, the limits are
somewhat weaker for harder neutrino spectra.
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Realtime Neutrino Alerts Chun Fai Tung

neutrino alert system has shown room for improvement, which includes: (1) provide more neu-
trino candidates from a larger sample pool, (2) avoid mis-characterised events, (3) improve alert
messages’ clarity, and (4) define "signalness" for all the alerts.

To address these issues, updates have been performed on most parts of the realtime alert sys-
tem. These updates include an expanded and improved event selection, which is discussed in
Section 2.1. In addition, the alert message format and alert streams are revamped to improve clar-
ity and reduce confusion for the general astronomy community, which is discussed in Section 2.2.
These updates result in a higher rate of alerts along with a higher signal purity, which is tabulated
in Section 2.3.

2. IceCube Realtime Alert System Update

The infrastructure of the realtime alert system remains largely the same as the previous system,
which is described in detail in [7]. As illustrated in Figure 1, when IceCube detects an event, it

Figure 1: Schematic overview of the realtime alert system. At South Pole, information of the events sat-
isfying the selection criteria is sent North instantly through the Iridium satellite system. In the North, the
signalness of each event is assessed, and is used to decide if an alert is sent out. If the signalness is above
50%, it is sent out via the Gold stream. If it is below 50% but above 30%, it is sent out via the Bronze stream.
Both streams distribute the information in GCN Notice format.

is first processed through the filtering system. For events that pass the filter, they are sent to the
IceCube data center over the Iridum satellite. After reaching the North, the remaining selection
criteria are applied on the event to determine if it is an astrophysical neutrino candidate. If it is
selected as a candidate, it is sent as an alert through either one of the two streams, namely "Gold"
or "Bronze". The choice of stream depends on the signalness of the event, which measures the
probability of the event being caused by an astrophysical neutrino. Signalness is defined as:

Signalness(E,d ) =
N

signal

(E,d )
N

signal

(E,d )+N

background

(E,d )
, (2.1)

where N

signal

and N

background

are the number of signal events and number of background events at
declination d above the selection-specific energy proxy E . For example, E can be the estimated
neutrino energy. Candidates with signalness above 30% but below 50% are sent out in the Bronze
stream, while candidates with signalness above 50% are sent out in the Gold stream. Alerts from
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, andVLA/17B-403 teams*†

Previous detections of individual astrophysical sources of neutrinos are limited to the
Sun and the supernova 1987A, whereas the origins of the diffuse flux of high-energy
cosmic neutrinos remain unidentified. On 22 September 2017, we detected a high-energy
neutrino, IceCube-170922A, with an energy of e290 tera–electron volts. Its arrival
direction was consistent with the location of a known g-ray blazar, TXS 0506+056,
observed to be in a flaring state. An extensive multiwavelength campaign followed,
ranging from radio frequencies to g-rays. These observations characterize the
variability and energetics of the blazar and include the detection of TXS 0506+056
in very-high-energy g-rays. This observation of a neutrino in spatial coincidence with
a g-ray–emitting blazar during an active phase suggests that blazars may be a source
of high-energy neutrinos.

S
ince the discovery of a diffuse flux of high-
energy astrophysical neutrinos (1, 2),
IceCube has searched for its sources. The
only nonterrestrial neutrino sources iden-
tified previously are the Sun and the super-

nova 1987A, producing neutrinos with energies
millions of times lower than the high-energy dif-
fuse flux, such that the mechanisms and the envi-
ronments responsible for the high-energy cosmic
neutrinos are still to be ascertained (3, 4). Many
candidate source types exist, with active galactic
nuclei (AGN) among the most prominent (5), in
particular the small fraction of them designated
as radio-loud (6). In these AGNs, the central su-
permassive black hole converts gravitational energy
of accretingmatter and/or the rotational energy
of the black hole into powerful relativistic jets,
within which particles can be accelerated to high
energies. If a number of these particles are pro-
tons or nuclei, their interactions with the radia-
tion fields andmatter close to the source would
give rise to a flux of high-energy pions that even-
tually decay into photons and neutrinos (7). In
blazars (8)—AGNs that have one of the jets point-
ing close to our line of sight—the observable flux
of neutrinos and radiation is expected to be greatly
enhanced owing to relativistic Doppler boosting.
Blazar electromagnetic (EM) emission is known
to be highly variable on time scales fromminutes
to years (9).
Neutrinos travel largely unhindered by matter

and radiation. Even if high-energy photons (TeV

and above) are unable to escape the source owing
to intrinsic absorption, or are absorbed by inter-
actions with the extragalactic background light
(EBL) (10, 11), high-energy neutrinos may escape
and travel unimpeded to Earth. An association
of observed astrophysical neutrinos with blazars
would therefore imply that high-energy protons
or nuclei up to energies of at least tens of PeV are
produced in blazar jets, suggesting that theymay
be the birthplaces of the most energetic particles
observed in the Universe, the ultrahigh-energy
cosmic rays (12). If neutrinos are produced in
correlation with photons, the coincident obser-
vation of neutrinos with electromagnetic flares
would greatly increase the chances of identifying
the source(s). Neutrino detections must therefore
be combined with the information from broad-
band observations across the electromagnetic
spectrum (multimessenger observations).
To take advantage of multimessenger oppor-

tunities, the IceCube neutrino observatory (13)
has established a system of real-time alerts that
rapidly notify the astronomical community of the
direction of astrophysical neutrino candidates
(14). From the start of the program in April 2016
through October 2017, 10 public alerts have been
issued for high-energy neutrino candidate events
with well-reconstructed directions (15).
We report the detection of a high-energy neu-

trino by IceCube and the multiwavelength/multi-
instrument observations of a flaring g-ray blazar,
TXS 0506+056, which was found to be position-
ally coincident with the neutrino direction (16).
Chance coincidence of the IceCube-170922A
event with the flare of TXS 0506+056 is statis-
tically disfavored at the level of 3s in models

evaluated below, associating neutrino and g-ray
production.

The neutrino alert

IceCube is a neutrino observatory with more
than 5000 optical sensors embedded in 1 km3 of
the Antarctic ice-sheet close to the Amundsen-
Scott South Pole Station. The detector consists of
86 vertical strings frozen into the ice 125m apart,
each equipped with 60 digital optical modules
(DOMs) at depths between 1450 and 2450 m.
When a high-energy muon-neutrino interacts
with an atomic nucleus in or close to the detec-
tor array, a muon is produced moving through
the ice at superluminal speed and creating
Cherenkov radiation detected by the DOMs. On
22 September 2017 at 20:54:30.43 Coordinated
Universal Time (UTC), a high-energy neutrino-
induced muon track event was detected in an
automated analysis that is part of IceCube’s real-
time alert system. An automated alert was dis-
tributed (17) to observers 43 s later, providing an
initial estimate of the direction and energy of the
event. A sequence of refined reconstruction algo-
rithms was automatically started at the same
time, using the full event information. A repre-
sentation of this neutrino event with the best-
fitting reconstructed direction is shown in Fig. 1.
Monitoring data from IceCube indicate that the
observatory was functioning normally at the time
of the event.
A Gamma-ray Coordinates Network (GCN)

Circular (18) was issued ~4 hours after the initial
notice, including the refined directional informa-
tion (offset 0.14° from the initial direction; see
Fig. 2). Subsequently, further studies were per-
formed to determine the uncertainty of the direc-
tional reconstruction arising from statistical and
systematic effects, leading to a best-fitting right
ascension (RA) 77:43þ0:95

"0:65 and declination (Dec)
þ5:72þ0:50

"0:30 (degrees, J2000 equinox, 90% con-
tainment region). The alert was later reported
to be in positional coincidence with the known
g-ray blazar TXS 0506+056 (16), which is lo-
cated at RA 77.36° and Dec +5.69° (J2000) (19),
0.1° from the arrival direction of the high-energy
neutrino.
The IceCube alert prompted a follow-up search

by theMediterraneanneutrino telescopeANTARES
(Astronomy with a Neutrino Telescope and Abyss
environmental RESearch) (20). The sensitivity of
ANTARES at the declination of IceCube-170922A
is about one-tenth that of IceCube’s (21), and no
neutrino candidateswere found in a ±1 day period
around the event time (22).
An energy of 23.7 ± 2.8 TeV was deposited in

IceCube by the traversing muon. To estimate the
parent neutrino energy, we performed simulations
of the response of the detector array, considering
that the muon-neutrino might have interacted
outside the detector at an unknown distance.We
assumed the best-fitting power-law energy spec-
trum for astrophysical high-energy muon neutri-
nos, dN=dEºE"2:13 (2), where N is the number
of neutrinos as a function of energy E. The sim-
ulations yielded amost probable neutrino energy
of 290 TeV, with a 90% confidence level (CL)
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or nuclei up to energies of at least tens of PeV are
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correlation with photons, the coincident obser-
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issued for high-energy neutrino candidate events
with well-reconstructed directions (15).
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Is	
  170922A	
  from	
  TXS	
  0506+056	
  ?	
  
•  Chance	
  coincidence	
  ruled	
  out	
  at	
  >	
  3	
  sigma	
  
•  Consistent	
  with	
  upper	
  limit	
  on	
  ν	
  from	
  blazars*	
  
•  Archival	
  data	
  shows	
  a	
  3.5	
  sigma	
  excess	
  of	
  
neutrinos	
  from	
  TXS	
  0506	
  in	
  2014/15	
  
– But	
  no	
  corresponding	
  flare	
  in	
  gamma-­‐rays	
  (!!)	
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IceCube	
  response	
  to	
  external	
  alerts	
  
(some	
  examples)	
  

•  Archival	
  searches	
  	
  
– Auger	
  Events	
  PoS(ICRC2019)842	
  
– Blazar	
  catalogs	
  PoS(ICRC2019)916	
  
– Gamma-­‐ray	
  bursts	
  PoS(ICRC2019)859	
  
–  IceCube	
  alerts	
  PoS(ICRC2019)929	
  

•  Fast	
  response	
  to	
  
– TeV	
  gammas	
  PoS(ICRC2019)841	
  
– GravitaEonal	
  waves	
  PoS(ICRC2019)918	
  and	
  930	
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CorrelaEon	
  of	
  ν	
  with	
  GW	
  from	
  NS-­‐NS	
  
merger	
  ?	
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 10

17eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10

�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

Search	
  for	
  neutrinos	
  coincident	
  with	
  GW170817	
  by	
  ANTARES,	
  
IceCube,	
  Auger	
  	
  	
  	
  	
  (	
  arXiv:1710.05839v2,	
  Ap.J.	
  850	
  (2017)	
  L35	
  )	
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time [17]. The analysis is complete in a few seconds and skymaps such as the ones in Figure 1
are immediately produced. The skymaps are for internal use in IceCube and the information about
individual neutrinos will be provided in the GCN circular only in case of a significant coincident
GW+HEN event (see Sec. 3).
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No. GW event Possible Source (probability) p-value (binary merger)
[preliminary]

1 S190408an BBH (>99%) 0.15
2 S190412m BBH (>99%) 0.83
3 S190421ar BBH (97%), Trs (3%) 0.62
4 S190425z BNS (>99%) –
5 S190426c BNS (49%), NSBH (13%), Trs (14%), MG (24%) –
6 S190503bf BBH (96%), MG (3%) 0.29
7 S190510g BNS (42%), Trs (58%) –
8 S190512at BBH (99%), Trs (1%) 0.51
9 S190513bm BBH (94%), MG (5%) 0.74
10 S190517h BBH (98%), MG (2%) 0.12
11 S190519bj BBH (96%), Trs (4%) 0.16
12 S190521g BBH (97%), Trs (3%) 0.19
13 S190521r BBH (>99%) 0.16
14 S190602aq BBH (>99%) 0.13

Table 1: GW events detected so far during O3, the possible source classification including their probabilities,
and the p-values of the LLAMA GW+HEN search. The possible source classifications are Binary Black Hole
(BBH), BNS, Terrestrial (Trs), or MassGap (MG; i.e. at least one compact object in a binary system has a
mass 3-5 solar masses). The p-values for BBH candidates are preliminary and are not reported for BNS
candidates as the BNS distributions are currently being revisited for this analysis.

Two different GCN circular templates will be used in response to the GW alerts, depending on
the p-values reported by the two GW+HEN searches. The first case is when neither of the searches
report a p-value < 1%. The GCN circular in this case will report a non-detection as well as fluence
upper limits/sensitivity ranges. The second case is either or both analyses find a p-value < 1%.
In this case, we will report directions (right ascension and declination), angular uncertainties of
neutrino event (the radius of a circle representing 90% confidence level containment by area), time
offset of neutrino with respect to GW trigger, and p-values from both analyses for all significant
neutrino events found in coincident with the GW candidate. The two p-values will be different due
to testing different hypotheses: The LLAMA search presented here uses a Bayesian approach to
quantify the joint GW+HEN event significance, and accounting for known astrophysical priors in
the significance estimate, such as GW source distance. The other [15] is a maximum likelihood
analysis which searches for a generic point-like source coincident with the given GW skymap.

5. Discovery Potential

To test the performance of LLAMA in searching for GW+HEN joint events, we express the
discovery potential in terms of fluence, defined for an E�2 spectrum. The discovery potential is
defined as the signal strength that leads to a 3s deviation from background in 50% of all cases.
Figure 2 shows the detection probability versus fluence. The discovery potential of the search is
indicated by the point where the red dotted line intersects with the blue curve. For comparison, the
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time [17]. The analysis is complete in a few seconds and skymaps such as the ones in Figure 1
are immediately produced. The skymaps are for internal use in IceCube and the information about
individual neutrinos will be provided in the GCN circular only in case of a significant coincident
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3

Maps	
  of	
  possible	
  BNS	
  
neutrinos	
  withiin	
  ±500	
  s	
  

PoS(ICRC2019)930	
  

Table	
  of	
  events	
  from	
  first	
  part	
  of	
  run	
  03	
  from	
  PoS(ICRC2019)930	
  	
  
This	
  analysis	
  would	
  send	
  an	
  alert	
  when	
  p-­‐value	
  of	
  coincident	
  
neutrino	
  is	
  less	
  than	
  0.01	
  



IceCube	
  Upgrade	
  
•  Neutrino	
  oscillaEon	
  physics	
  
–  	
  ντ	
  appearance	
  
– Mass	
  hierarchy	
  

•  Improve	
  calibraEon	
  
– To	
  support	
  improved	
  reco	
  of	
  
of	
  exisEng	
  data	
  

•  ConstrucEon	
  2022/23	
  
•  Sets	
  stage	
  for	
  IceCube	
  Gen2	
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IceTop 

1450 m 

2450 m 

IceCube Collaboration Meeting Banff, Alberta, Canada-March 2014
Wisconsin IceCube Particle Astrophysics Center, WIPAC!

Here:  
120 strings 
1.35 to 2.7 km 
80 DOMs/string 
300 m spacing

0.26	
  km2	
  sr	
   ~	
  10	
  km2	
  sr	
  

A	
  surface	
  array	
  over	
  Gen2	
  increases	
  the	
  acceptance	
  for	
  veto	
  by	
  a	
  factor	
  of	
  40	
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