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2Outline 

✦ Neutrinos and neutrinos as cosmic messenger

✦ Cosmic rays and multi-messenger astronomy

✦ Neutrino astronomy:
✓  Neutrino telescopes

✓  (Some) recent results from IceCube
➡ Search for astrophysical tau neutrinos 
➡ Hunting for neutrino sources

✓ The Future: IceCube-Gen2
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Neutrinos:

A Unique Astronomical Messenger 
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4Neutrinos 

http://j-parc.jp/Neutrino/en/intro-t2kexp.html

Neutrinos: neutral, weakly interacting 
 => hard to detect

• First hypothesized by Wolfgang Pauli in 1930 to explain 
missing energy and momentum in the beta decay

• First detection by Reines and Cowan in 1956

Neutrinos
have small

mass

Figure 2.1: Standard Model particles. Figure is taken from [5].

together and form particles (hadrons) with integer charge such as baryons (particles made of three

quarks) and mesons (particles made of a quark and an antiquark). There are six quarks grouped in

three generations, with the up and down quarks being the first generation, followed by the charm

and strange quarks, then the top and bottom quarks. For example, a proton is made of two up

quarks with charge of +

2
3 ⇥ 2 and one down quark with charge of �1

3 , while a neutron is made of

one up quark with charge of +

2
3 and two down quarks with charge of �1

3 ⇥ 2. So a proton has net

charge of +1, whereas a neutron has net charge of 0. There are also six leptons grouped in three

generations: the electron and the electron neutrino make the first generation, followed by the muon

and muon neutrino, then the tau and tau neutrino. Unlike quarks, electron, muon and tau leptons

have integer charges of +1 or -1, whereas the neutrinos are chargeless. The first generations of

quarks and leptons are the lightest.

The force carriers (bosons) encompass the gluon that mediates the strong interaction, the W±

and Z0 bosons that mediate the weak interaction, the photon that mediates the electromagnetic

interactions, and the Higgs boson that gives mass to all the elementary particles. Figure 2.1 sum-

marizes the elementary particles of the Standard Model. Neutrinos are thought to be massless

5
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5Neutrinos from Space 

The Sun

SN 1987A

image by Hubble Space Telescope

• Solar neutrino problem: 
only 1/2-1/3 of predicted νe 
were detected. 

• SN 1987A detection:
- Kamiokande-II (11     )
- IMB (8     )
- Baksan (5     )

⌫̄e
⌫̄e

⌫̄e

• Solar neutrino experiments:
Homestake, GALLEX, SAGE, 
Kamiokande/Super-Kamiokande, SNO, ...

MeV neutrinos

In the Large Magellanic Cloud, 
~168,000 light years away  

Neutrinos Oscillate

“…for the detection of 
cosmic neutrinos” (2002)
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6Neutrino Oscillation 
REMINDER OF THE QUESTIONS 

!  Three light neutrinos
! Mixing probability 

modified by mass 
squared differences

!  δCP and the mass 
ordering are still 
unknown but within 
reach

!  s23 now limiting next 
steps
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• Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix

solar sectoratmospheric sector

“for the discovery 
of neutrino oscillations, 

which shows that neutrinos
 have mass"(2015)

VOLUME 81, NUMBER 8 PHY S I CA L REV I EW LE T T ER S 24 AUGUST 1998

FIG. 4. The ratio of the number of FC data events to FC
Monte Carlo events versus reconstructed LyEn . The points
show the ratio of observed data to MC expectation in the
absence of oscillations. The dashed lines show the expected
shape for nm $ nt at Dm2 ≠ 2.2 3 1023 eV2 and sin2 2u ≠
1. The slight LyEn dependence for e-like events is due to
contamination (2–7%) of nm CC interactions.

experiment [4]. The Super-Kamiokande region favors
lower values of Dm2 than allowed by the Kamiokande
experiment; however the 90% contours from both ex-
periments have a region of overlap. Preliminary stud-
ies of upward-going stopping and through-going muons
in Super-Kamiokande [24] give allowed regions consis-
tent with the FC and PC event analysis reported in this
paper.
Both the zenith angle distribution of m-like events

and the value of R observed in this experiment signifi-
cantly differ from the best predictions in the absence
of neutrino oscillations. While uncertainties in the flux
prediction, cross sections, and experimental biases are
ruled out as explanations of the observations, the present
data are in good agreement with two-flavor nm $ nt

oscillations with sin2 2u . 0.82 and 5 3 1024 , Dm2 ,
6 3 1023 eV2 at a 90% confidence level. We con-
clude that the present data give evidence for neutrino
oscillations.
We gratefully acknowledge the cooperation of the

Kamioka Mining and Smelting Company. The Super-
Kamiokande experiment was built and has been operated
with funding from the Japanese Ministry of Education,
Science, Sports and Culture, and the United States De-
partment of Energy.

*Present address: NASA, JPL, Pasadena, CA 91109.
†Present address: High Energy Accelerator Research
Organization (KEK), Accelerator Laboratory, Tsukuba,
Ibaraki 305-0801, Japan.
‡Present address: University of Chicago, Enrico Fermi
Institute, Chicago, IL 60637.
§Present address: Institute of Particle and Nuclear
Studies, High Energy Accelerator Research Organization
(KEK), Tsukuba, Ibaraki 305-0801, Japan.
Present address: Stanford University, Department of
Physics, Stanford, CA 94305.
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• Oscillation probabilities (two flavor):

VOLUME 87, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 13 AUGUST 2001

φ(νe) (106 cm-2s-1)

φ(
ν µτ

) (
10

6  c
m

-2
s-1

)

φ(νe) (relative to BPB01)

φ(
ν µτ

) (
re

la
tiv

e 
to

 B
PB

01
)

φES = φ(νe) + 0.154 φ(νµτ)φSK

φCCφES φSNOφSK

φx

φx

φSK+SNO

φSSM

0 1 2 3 4 5 6

0

2

4

6

8

0 0.2 0.4 0.6 0.8 1 1.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

FIG. 3. Flux of 8B solar neutrinos which are m or t flavor
vs the flux of electron neutrinos as deduced from the SNO and
Super-Kamiokande data. The diagonal bands show the total
8B flux f!nx" as predicted by BPB01 (dashed lines) and that
derived from the SNO and Super-Kamiokande measurements
(solid lines). The intercepts of these bands with the axes repre-
sent the 61s errors.

Figure 3 displays the inferred flux of nonelectron fla-
vor active neutrinos [f!nmt"] against the flux of electron
neutrinos. The two data bands represent the one stan-
dard deviation measurements of the SNO CC rate and the
Super-Kamiokande ES rate. The error ellipses represent
the 68%, 95%, and 99% joint probability contours for
f!ne" and f!nmt". The best fit to f!nmt" is

f!nmt" ! 3.69 6 1.13 3 106 cm22 s21.

The total flux of active 8B neutrinos is determined to be

f!nx" ! 5.44 6 0.99 3 106 cm22 s21.

This result is displayed as a diagonal band in Fig. 3, and is
in excellent agreement with predictions of standard solar
models [7,8].

Assuming that the oscillation of massive neutrinos ex-
plains both the evidence for the electron neutrino flavor
change presented here and the atmospheric neutrino data
of the Super-Kamiokande collaboration [18], two separate
splittings of the squares of the neutrino mass eigenval-
ues are indicated: ,1023 eV2 for the solar sector [19,17]
and # 3.5 3 1023 eV2 for atmospheric neutrinos. These
results, together with the beta spectrum of tritium [20],
limit the sum of mass eigenvalues of active neutrinos to
be between 0.05 and 8.4 eV, corresponding to a constraint
of 0.001 , Vn , 0.18 for the contribution to the critical
density of the Universe [21,22].

In summary, the results presented here are the first direct
indication of a nonelectron flavor component in the solar
neutrino flux, and enable the first determination of the total
flux of 8B neutrinos generated by the Sun.
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7Neutrino Sources 

MeV GeV TeV PeVKeV

Connected to 
ultra-high-energy 

cosmic rays!



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

8

Cosmic Rays &

Multi-messenger Astronomy 
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9Cosmic Rays 

Victor Hess 
discovered 

cosmic rays in 
1912



cosmic rays 
bombarding Earth from space

Earth atmosphere as particle detector

10

p+
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11Cosmic Rays: the Oh-My-God Particle 

• The Oh-My-God particle 
was detected by the Fly’s 
Eye detector in 1991 in Utah  

• Energy ~3x1021 eV

That is, 50 joules of kinetic energy.  
Roughly equivalent to a baseball  
kinetic energy thrown at 100 km/h.

But, all contained in an 
atomic scale volume! 
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12Cosmic Rays & Neutrinos 2
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Figure 1
Overview of the cosmic ray spectrum. Approximate energies of the breaks in the spectrum commonly
referred to as the knee and the ankle are indicated by arrows. Data are from LEAP (4), Proton (5), AKENO
(6), KASCADE (7), Auger surface detector (SD) (8), Auger hybrid (9), AGASA (10), HiRes-I monocular
(11), and HiRes-II monocular (11). Scaling of LEAP proton-only data to the all-particle spectrum follows
(12).
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Figure 1.1: The all-particle cosmic ray spectrum as a function of energy per particle from, reproduced from
[5]. The spectrum is a nearly featureless power law over 10 orders of magnitude in energy.
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All particle cosmic ray energy spectrum  

J. Beatty and S. Westerhoff, Ann. Rev. Nucl. Par. Sci. 59 (2009)

Cosmic Rays

The production of 
cosmic rays should also 
lead to the production 
of gamma-rays and 
neutrinos.

J. Beatty and S. Westerhoff, Ann. Rev. Nucl. Par. Sci. 59 (2009)
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• The production of  high-energy cosmic rays should 
also lead to the production of  gamma rays and 
neutrinos

• Acceleration of cosmic rays in astrophysical shocks 
leads to E-2 energy spectrum (Fermi acceleration)

LHC
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13Candidate Cosmic Ray Acceleration Sites 

Active Galactic Nuclei (AGNs) Gamma Ray Burst (GRB)

‣ Fermi acceleration: 
dN

dE
⇠ E�2

⌫

‣At Earth’s surface: 
⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1

Supernovae

If cosmic rays interact before decaying, spectrum is softer

Expected astro. ν flux at Earth E2ϕν ~ 10-8 GeV cm-2 s-1 sr-1 (TeV-PeV)



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

14

Source: http://web.physik.rwth-aachen.de/~wiebusch/Research.html

 Cosmic Rays: 
• Abundant
• Origin unknown
• Charged, trajectory deflected
• At highest energy, absorbed by CMB 

 Gamma Rays: 
• Interact with CMB
• absorbed by infrared background

 Neutrinos: 
• Weakly interact
• Point back to source

Unique messenger from 
the high-energy Universe!

Multi-messenger Astronomy with Neutrinos 

http://web.physik.rwth-aachen.de/~wiebusch/Research.html
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15Hadronic vs Leptonic Processes 

8+

InteracPons+

Gamma/electrons+
without+neutrino+

producPon++

Neutrinos+are+a+diagnos8c+
for+hadronic+interacPons+

CRs+propagaPon+
through+radiaPons+

Gamma/electrons+soon+become++
low+energy+EM+cascades+

Bremsstrahlung
Leptonic processes:  

no neutrino production

Hadronic processes:  
neutrino production
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InteracPons+

Gamma/electrons+
without+neutrino+

producPon++

Neutrinos+are+a+diagnos8c+
for+hadronic+interacPons+

CRs+propagaPon+
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Gamma/electrons+soon+become++
low+energy+EM+cascades+
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Synchrotron

8+

InteracPons+

Gamma/electrons+
without+neutrino+

producPon++

Neutrinos+are+a+diagnos8c+
for+hadronic+interacPons+

CRs+propagaPon+
through+radiaPons+

Gamma/electrons+soon+become++
low+energy+EM+cascades+

Inverse Compton
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Gamma/electrons+
without+neutrino+

producPon++
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for+hadronic+interacPons+
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Pair production

8+

InteracPons+

Gamma/electrons+
without+neutrino+

producPon++

Neutrinos+are+a+diagnos8c+
for+hadronic+interacPons+

CRs+propagaPon+
through+radiaPons+

Gamma/electrons+soon+become++
low+energy+EM+cascades+

p - Synchrotron

Neutrinos are a diagnostic 
for hadronic interactions 
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16Multi-messenger Astronomy 

The Universe is opaque to EM radiation for ¼ of the spectrum,  
i.e. above 10-100 TeV where IceCube sees cosmic neutrinos. 
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Neutrino Astronomy:


1. Neutrino Telescopes


2. (Some) Recent Results from IceCube


3. The Future: IceCube-Gen2 
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18The World’s Existing Neutrino Telescopes 

TeVPA 2015 - Jakob van Santen - Astrophysical neutrinos in IceCube

The world’s neutrino telescopes
5

2. Recent physics results from NT200

The physics program of the Baikal experiment covers the
typical spectrum of high energy neutrino telescopes [5–10]. In
this paper we review selected astroparticle physics results from
the long-term operation of NT200, in particular, an improved limit
on the diffuse astrophysical neutrino flux, upper limits on the
muon flux from annihilation of hypothetical weakly interacting
massive particles (WIMPs) in the Sun, and a limit on the neutrino
flux associated with gamma-ray bursts.

2.1. A search for extraterrestrial high-energy neutrinos

Our search for high energy extraterrestrial neutrinos is based
on studies of bright cascades detected in the telescope NT200. A
full cascade reconstruction algorithm (for vertex, direction, and
cascade energy) was applied to the 1038 live days of data taken
with NT200 in 1998–2002. Cuts were then placed on this
reconstructed cascade energy to select neutrino-induced events.
Within systematic and statistical uncertainties there are no
significant excess above the expected background from atmo-
spheric muons (see Fig. 2). For an E!2 behaviour of neutrino
spectrum a 90% C.L. upper limit on the neutrino flux of all flavours
obtained with the Baikal neutrino telescope NT200 is:
Ev

2Fo2.9"10!7 cm!2 s!1sr!1 GeV, for 20 TeVoEvo20 PeV.

2.2. A search for WIMP neutrinos from the Sun

A possible signal from WIMP annihilation in the Sun would
appear as an excess of upward going muons over atmospheric
neutrinos arriving from the direction of Sun. We have applied two
sorts of quality cuts, optimized for high and low WIMP masses.
We have selected 510 and 2376 upward going muon candidates in
the two data samples for 1007 live days. The distributions of

correlation angles between these muons and the Sun were
compared to the corresponding off-source background expecta-
tion. In Fig. 3 we show the results for the sample of larger
statistics.

No indications for excess muons were found. The 90% C.L.
upper limits on the muon flux from the Sun are obtained as
functions of the WIMP mass for b anti-b (soft channel) and W+W!

(hard channel) neutrino energy spectrum [11]. For WIMP masses
4500 GeV the limit depends weakly on the WIMP mass and is
Fo3"103 km!2 yr!1. The presented results are preliminary,
and allow estimating the NT200 sensitivity for high energy
neutrinos from DM annihilation processes in the Sun.

Fig. 1. The Baikal Telescope NT200+ and the GVD prototype string with 12 OM.

Fig. 2. Reconstructed cascade energy distribution for data (dots) and for
MC-generated atmospheric muons (boxes); true MC energy distribution given as
histogram.
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Fig. 3. Mismatch angle C (Muon/Sun): data and background (histogram).
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•Lake Baikal 

•1/2000 km3 

•228 PMTs

NT-200+

!
storey

Figure 1. Schematic view of the ANTARES telescope. The inset shows a photograph of an optical
storey.

astrophysical objects: sources of high energy gamma rays, massive black holes and nearby
galaxies.

1.1 The ANTARES neutrino telescope

The ANTARES telescope [3] became fully operational in 2008. The detector comprises
twelve detection lines anchored at a depth of 2475 m and 40 km off the French coast near
Toulon. The detector lines are about 450 m long and host a total of 885 optical modules
(OMs), each comprising a 17” glass sphere which houses a 10” photomultiplier tube. The
OMs look downward at 45� in order to optimise the detection of upgoing, i.e. neutrino
induced, tracks. The geometry and size of the detector make it sensitive to extraterrestrial
neutrinos in the TeV-PeV energy range. A schematic layout of the telescope is shown in
Figure 1.

The neutrino detection is based on the induced emission of Cherenkov light by high
energy muons originating from charged current neutrino interactions inside or near the in-
strumented volume. All detected signals (hits) are transmitted via an optical cable to a shore
station, where a computer farm filter the data for coincident signals in several adjacent OMs.
The muon direction is then determined by maximising a likelihood which compares the time
of the hits with the expectation from the Cherenkov signal of a muon track. Details on the
event reconstruction are given in Ref. [7, 10].

Two main backgrounds for the search for astrophysical neutrinos can be identified: down-
going atmospheric muons which have been mis-reconstructed as upgoing and atmospheric
neutrinos originating in cosmic ray induced air showers at the opposite side of the Earth.
Depending on the requirements of the analysis both backgrounds can, at least partially, be
discriminated using various parameters such as the quality of the event reconstruction or

– 2 –

ANTARES

•Mediterranean Sea 

•1/100 km3 

•885 PMTs

IceCube

•South Pole glacier 

•1 km3 

•5160 PMTs

Larger, sparser → higher energies
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19IceCube Detector Goal: detecting TeV-PeV astrophysical neutrinos 
Construction completed in December 2010



Light Detection Sensor - DOM
5160 DOMs buried in the ice 
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 Digitization of PMT waveforms in 
ice, with ns precision time stamps

IceCube DOMs and Waveforms 

 Analog Transient Waveform 
 Digitizer (ATWD) waveform:  

✦ Three channels with (16x, 2x, 0.25x) 
of nominal gain 107 

✦ Time window: 422.3 ns, 128 samples 
 with 3.3ns/sample 
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•  Neutrinos cannot be 
detected directly


• Detecting light from 
neutrino interactions 
with the ice nuclei (DIS)


• Sensitive to single 
photonμ

νμ

v >
c

n

sonic boom
“light boom” -  the Cherenkov effect



 Event Topology - “Track”
Muon



 Event Topology - “Cascade”
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● 15% resolution on the
deposited energy

● 10° angular resolution
(above 100 TeV)

● Vertex seperation ~50m/PeV

● Not yet observed

(1) Track: charged current νμ 

(2) Cascade / Shower: all neutral 
current, charged current νe, low-E 
charged current ντ

• <1o Angular resolution

• Factor ~ 2 energy 
resolution

• 10o Angular resolution 
above 100 TeV

• 15% energy resolution 
on deposited energy

“high degeneracy”
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⌧

� ! ⌫⌧ + hadrons

⌧� ! ⌫⌧ + ⌫̄e + e�

⌧� ! ⌫⌧ + ⌫̄µ + µ�

⌫⌧ +N ! ⌧� +X
(64.8%)(

(17.8%)(
(17.4%)(

5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.

76

E ντ = 300 PeV

(3) Double Cascades:  
High-E ντ charged current

Neutrino Signatures in IceCube 

Simulation

• Tau decay length scales ~ 1PeV / 50m

• Not yet detected: active search ongoing
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27Background — Atmospheric Muons & Neutrinos 

IC79%muon%MC%event%

2600/sec(of(these(in(IC86..(
Major%background!%

Red:%early%
Blue:%late%

‣Conventional: 

‣ Prompt: 

dN

dE⌫
⇠ E�3.7

⌫

dN

dE⌫
⇠ E�2.7

⌫

Atmospheric prompt ντ is ~10 times lower than νμ and νe 

⌫e : ⌫µ ' 1 : 1

⌫e : ⌫µ ' 1 : 2

neutrino : muon ~ 1 : 106



 IceCube Collecting Data - What happens in 10 milliseconds?



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

29Muons Detected per Year in IceCube 

✦ Atmospheric μ     7x1010  (3000/s)

✦ Atmospheric ν      μ   >8x104   (1/6 minuts)

✦ Cosmic ν       μ     ~ 10

Finding astrophysical 
neutrinos is like.. finding a

 needle in a bunch 
of haystacks!
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30Diffuse Astrophysical Neutrinos: Detection Strategy 

(1) Veto method: all sky, all flavor, 
starting events

(2) Through-going events: 
northern sky, νμ CC and 

muonically decay ντ CC events
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 4: Arrival angles of events with Edep > 60TeV compared to predictions. Colors as in Fig. 2.

the fourth year of data (see gray dashed line in Fig. 3). The variable spectral index fit results in a
best-fit spectral index of �2.58± 0.25, softer than the corresponding best-fit index of �2.3± 0.3
obtained with three years of data. The new fit is compatible with the 3-year result within errors
(see Fig. 5); however, the lack of PeV-energy events in the fourth year of data in combination with
the comparatively high yield of events in that year has resulted in a much steeper spectral fit.

Fig. 6 shows a fit of the spectrum using a more general model, parameterizing the astrophysical
flux as a piecewise function of neutrino energy instead of an unbroken single power law. The new
dataset presented here is also used in a global fit of several IceCube analyses, presented in these
proceedings [7].

5. Spatial Clustering

A maximum-likelihood clustering method [3] was used to look for any neutrino point source
in the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right as-
cension. As before, the analysis was run twice, once with all events and once with only shower-like
events in the sample. We removed events #32 (two coincident muons from unrelated air showers)
and #28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering analyses.
This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.

We also performed a galactic plane clustering test using a fixed width of 2.5� around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.
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Science  22 Nov 2013:Vol. 342, Issue 6161 (2-yr)
Phys. Rev. Lett. 113, 101101 (3-yr)

PoS(ICRC2015)1081 (4-yr)

• 54 events in 1347 days, highest 2 PeV cascade
• Expected atmo. bg: 21.6+9.5-5.6 
• Reject pure atmo. origin at ~ 7σ
• Best fit astro. flux:

E2�(E) = 2.2± 0.7⇥ 10�8(
E

100TeV
)�0.58 GeVcm�2 s�1 sr�1
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-like events
are indicated with crosses whereas shower-like events are shown as filled circles. The error bars show 68%
confidence intervals including statistical and systematic errors. Deposited energy as shown here is always a
lower limit on the primary neutrino energy.

ID Edep (TeV) Time (MJD) Decl. (deg.) R.A. (deg.) Ang. Err. (deg.) Topology
38 200.5+16.4

�16.4 56470.11038 13.98 93.34 . 1.2 Track
39 101.3+13.3

�11.6 56480.66179 �17.90 106.17 14.2 Shower
40 157.3+15.9

�16.7 56501.16410 �48.53 143.92 11.7 Shower
41 87.6+8.4

�10.0 56603.11169 3.28 66.09 11.1 Shower
42 76.3+10.3

�11.6 56613.25669 �25.28 42.54 20.7 Shower
43 46.5+5.9

�4.5 56628.56885 �21.98 206.63 . 1.3 Track
44 84.6+7.4

�7.9 56671.87788 0.04 336.71 . 1.2 Track
45 429.9+57.4

�49.1 56679.20447 �86.25 218.96 . 1.2 Track
46 158.0+15.3

�16.6 56688.07029 �22.35 150.47 7.6 Shower
47 74.3+8.3

�7.2 56704.60011 67.38 209.36 . 1.2 Track
48 104.7+13.5

�10.2 56705.94199 �33.15 213.05 8.1 Shower
49 59.9+8.3

�7.9 56722.40836 �26.28 203.20 21.8 Shower
50 22.2+2.3

�2.0 56737.20047 59.30 168.61 8.2 Shower
51 66.2+6.7

�6.1 56759.21596 53.96 88.61 6.5 Shower
52 158.1+16.3

�18.4 56763.54481 �53.96 252.84 7.8 Shower
53 27.6+2.6

�2.2 56767.06630 �37.73 239.02 . 1.2 Track
54 54.5+5.1

�6.3 56769.02960 5.98 170.51 11.6 Shower

Table 1: Properties of the events observed in the fourth year. A list of events #1-#37 can be found in [3].
The Edep column shows the electromagnetic-equivalent deposited energy of each event. “Ang. Err.” shows
the median angular error including systematic uncertainties.
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Science  22 Nov 2013:Vol. 342, Issue 6161 (2-yr)
Phys. Rev. Lett. 113, 101101 (3-yr)

PoS(ICRC2015)1081 (4-yr)

All sky post trial p-value: 58%
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Figure 7. Event view of the PeV track-like event recorded by IceCube on June 11, 2014. Left: Top and two side views. Right: Perspective view.
Shown are the IceCube DOMs as black dots. The colors indicate the photon arrival time from red (early) to green (late) and the size of the
sphere the amount of measured charge. Note that the scaling is non-linear and a doubling in sphere size corresponds to one hundred times the
measured charge. The blue line shows the reconstructed particle track. The reconstructed equatorial coordinates of this event are dec = 11.42�

and ra = 110.63�. This event deposited an energy of 2.6 ± 0.3 PeV within the detection volume.

The two-dimensional contours of the profile likelihood as a
function of the signal parameters are shown in Fig. 6. While
the fitted astrophysical flux normalization is strongly corre-
lated with the astrophysical spectral index, these astrophysi-
cal signal parameters are found to be largely independent of
the prompt flux normalization.

The model assumes an unbroken power-law for the astro-
physical signal. We estimate that neutrinos in the experimen-
tal data sample with energies mainly between 191 TeV and
8.3 PeV contribute to this observation. This energy range is
shown in Fig. 5. It defines the central range of neutrino ener-
gies that contribute 90% to the total observed likelihood ratio
between the best-fit and the conventional atmospheric-only
hypothesis. Note that this definition is different from Aartsen
et al. (2015c,b).

4.3. Multi-PeV track-like event
The selected data include one exceptionally high-energy

muon event that is shown in Fig. 7 (Schoenen & Raedel
2015). The deposited energy has been measured to (2.6 ±
0.3) PeV of equivalent electromagnetic energy Aartsen et al.
(2014a). Assuming the best-fit atmospheric energy spectrum
from this analysis (see Fig. 5) the p-value of this event be-
ing of atmospheric origin has been estimated to be less than
0.005%, strongly suggesting an astrophysical origin.

The segmented energy loss reconstruction described in
Aartsen et al. (2014a) can be used to reconstruct the direc-
tion of through-going muons. This includes the timing of not

only the first photon but all photons as well as the total num-
ber of photons. The reconstructed direction of the event is
given in Tab. 4 and discussed in Sec. 5.1.

In order to estimate the angular uncertainty and the most
likely muon and neutrino energy we have simulated events
with energies according to our best-fit energy spectrum with
directions varying by 1� around the best-fit direction. Addi-
tionally, the position where the muon enters the instrumented
volume has been varied within 10 m. Systematic uncertain-
ties due to the lack of knowledge about the optical ice prop-
erties are taken into account by varying the ice model param-
eters within their uncertainties during the simulation.

Based on these simulations we evaluate the muon energy
at the point of entrance into the instrumented volume, that
results in the observed deposited energy. The obtained me-
dian muon energy is (4.5 ± 1.2) PeV where the error range
corresponds to 68% C.L.

For the estimation of the median expected neutrino energy
we have taken into account that high energy muons arise
not only from ⌫µ charged current interactions but also from
muonic decay of charged current ⌫⌧ interactions and muonic
W� decays in ⌫̄e + e� ! W� interactions. Here, we as-
sume the best-fit astrophysical spectrum and an equal flux of
all flavors but include the effects of the Earth’s absorption for
the specific declination of the event. Under these assump-
tions, we find 87.7% probability of a primary ⌫µ, 10.9% for
a primary ⌫⌧ and 1.4% for a primary ⌫̄e. The respective prob-

336 Year Through-going Tracks
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Figure 5. Best-fit neutrino spectra for the unbroken power-law
model. The line widths (blue, red) represent the one sigma error
on the measured spectrum where the green line represents the up-
per limit on the prompt model (Enberg et al. 2008). The horizon-
tal width of the red band denotes the energy range of neutrino en-
ergies which contribute 90% to the total likelihood ratio between
the best-fit and the conventional atmospheric-only hypothesis. The
black crosses show the unfolded spectrum published in Kopper et al.
(2015).

4.2. Astrophysical flux
The best-fit for the unbroken power-law model of the as-

trophysical flux results in

�⌫+⌫ =
�
0.90+0.30

�0.27

�
· (E⌫/100 TeV)�(2.13±0.13) (4)

in units of 10�18 GeV�1 cm�2 sr�1 s�1. The statistical sig-
nificance of this flux with respect to the atmospheric-only hy-
pothesis is 5.6 standard deviations. The fit results are shown
in Fig. 5 and summarized in Tab. 3. The quoted errors are
based on the profile likelihood using Wilks’ theorem (Wilks
1938) and include both statistical and systematic uncertain-
ties. No contribution from prompt atmospheric neutrinos is
preferred by the best-fit spectrum and an upper limit, based
on the profile likelihood is shown in Fig. 5. For more infor-
mation about the upper limit for prompt atmospheric neutri-
nos see Sec. 6.

Table 3. Best-fit parameter values for
the unbroken power-law model. �

astro

is the normalization of the astrophysical
neutrino flux at 100 TeV and is given
in units of 10�18 GeV�1 s�1 sr�1 cm�2.
�

prompt

is given in units of the model in
Enberg et al. (2008). The normalizations
correspond to the sum of neutrinos and
antineutrinos.

Parameter Best-Fit 68% C.L.

�
astro

0.90 0.62 � 1.20

�
astro

2.13 2.00 � 2.26

�
prompt

0.00 0.00 � 0.19
Figure 6. Two-dimensional profile likelihood scans of the astrophys-
ical parameter �

astro

, �
astro

and the prompt normalization �
prompt

in units of the model in Enberg et al. (2008). The contours at 68%,
90% and 95% CL assuming Wilks’ theorem are shown.
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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-

2.6 PeV deposited, 
most probable 

neutrino energy ~ 9 PeV

29 events > 200 TeV

• 352, 294 events, highest 2.6 PeV

• Reject pure atmo. origin at 5.6σ 

• No point sources, no clustering

• Astro. flux best fit:
�⌫+⌫̄ = (0.90+0.30

�0.27) · ( E⌫

100TeV
)�(2.13±0.13) · 10�18 GeV�1cm�2sr�1s�1

astro : atmo ~ 2 : 1
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What about the astrophysical tau neutrinos? 
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• Fundamental properties: 
✦ Precision measurement of neutrino flavor ratio at Earth

‣ Test standard oscillation over extremely long baselines
‣ Probe dominant emission processes at source
‣ Constrain new physics models.

3

FIG. 3. Allowed flavor ratios at Earth for di↵erent choices of
source ratios, assuming standard mixing. Projected 1�, 2�,
and 3� exclusion curves from IceCube-Gen2 are included for
comparison (gray, dotted); see main text.

shrink when the mixing parameters are better known). A
source composition of (1 : 0 : 0)S is already disfavored at
& 2�. While the current IceCube fit is compatible with
the standard

�
1
3 : 1

3 : 1
3

�
� at 1�, the best-fit point cannot

be reached within the Standard Model.

An upgrade of IceCube would have excellent discrim-
ination power, as indicated by the projected sensitivity
curves we estimate for IceCube-Gen2 and show in Fig. 3.
We reduced the IceCube uncertainties by a factor 5, cor-
responding to an exposure increased by a factor ⇠ 25
(⇠ 6 times larger e↵ective area [40] and twelve years
instead of three). The true sensitivity might be worse
(due to sparser instrumentation) or better (due to new
techniques or to the discovery of flavor-identifying sig-
nals [43, 44, 46, 48, 51, 66–74]). To be conservative,
we assumed the best fit will correspond to the most-
frequently considered composition, ( 13 : 1

3 : 1
3 )�, for

which it will be most di�cult to test for new physics.

Flavor ratios with new physics.— New physics
can modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will a↵ect the flavor composition that reaches the detec-
tor; this is our focus. In the last case —which includes,
e.g., non-standard interactions [75] and renormalization
group running of the mixing parameters [76]— we as-
sume that new physics, possibly energy-dependent, can
be separated by probing the interaction length in Earth
via the angular dependence of the neutrino flux [77–80].

In extreme scenarios, there could be only one mass
eigenstate present at detection, and the flavor composi-
tion would correspond to that of one eigenstate. This

FIG. 4. Allowed flavor ratios at Earth in a general class of
new-physics models. These produce linear combinations of
the flavor content of ⌫3, ⌫2, and ⌫1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3� region
from Fig. 2 is shown as a magenta (dotted) curve.

could happen if all but one mass eigenstate completely
decays or if matter-a↵ected mixing at the source singles
out a specific one for emission.

Figure 4 shows the allowed region if we restrict our-
selves to a general class of new-physics models —those in
which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of mod-
els that can access the area outside this region). The
↵-flavor content of an allowed point is computed as
k1 |U↵1|2 + k2 |U↵2|2 + k3 |U↵3|2, where the ki are varied
under the constraint k1+k2+k3 = 1 and the values of the
mixing parameters are fixed. To generate the complete
region, we repeat the procedure by varying the mixing
parameters within their uncertainties.

For a particular new-physics model, the functional
forms and values of the ki are determined by its param-
eters. The most dramatic examples include all variants
of neutrino decay among mass eigenstates, both partial
and complete [25, 81–84], and secret neutrino interac-
tions [85–91]; the ki in these cases depend on neutrino
lifetimes and new coupling constants, respectively. Other
examples are pseudo-Dirac neutrinos [92–94] and deco-
herence on the Planck-scale structure of spacetime [95–
101].

Even with this general class of new-physics models,
only about 25% of the flavor triangle can be accessed.
The current IceCube best fit cannot be reached even by
invoking this class of physics models. IceCube-Gen2 will
be needed to strongly constrain such new-physics models.

Interestingly, there is more than one way in which

• Astrophysical ν:  atmospheric ντ production is negligible, 
one ντ event can be 5σ astrophysical. 

M. Bustamante, J. F. Beacom, and W. Winter,  
Phys. Rev. Lett. 115, 161302 (2015). 

C. A. Argüelles, T. Katori, and J. Salvado,  
Phys. Rev. Lett. 115, 161303 (2015).

Impact of Tau Neutrino Identification 



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

363 Year Astrophysical Tau Neutrino Double Cascades 

5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.

76

⌧

� ! ⌫⌧ + hadrons

⌧� ! ⌫⌧ + ⌫̄e + e�

⌧� ! ⌫⌧ + ⌫̄µ + µ�

⌫⌧ +N ! ⌧� +X
(64.8%)(

(17.8%)(
(17.4%)(

Schematic ντ CC interaction in IceCube

 E ντ = 3.6 PeV

l⌧ ⇠ 50 m

PeV



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

37

Muons

ντ νμ

Signal Backgrounds

TeV-scale stochastic losses ~O(10) 
meters near some DOM 

Double Pulse Event Candidates 
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Note: DPA only runs on ATWD waveforms with accumulated charge > 432 PE 

ICRC2013 poster: “Detecting Tau Neutrinos in IceCube with Double Pulses” 
[arXiv:1309.7003]

1st trailing edge: 
Width 2 & 
Steepness 2

1st rising edge: 
Width 1 &  
Steepness 1

2nd rising edge: 
Width 3 & 
Steepness 3

Double Pulse Algorithm (DPA) 

http://arxiv.org/abs/1309.7003
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Signal: 

Background: 

Figure 6.5: Top: a double pulse waveform made by a CORSIKA event (simulated atmospheric
muon). Bottom: first derivative of the ATWD waveform from the top.

6.2 Double Pulse Waveform Identification Algorithm

The goal of the double pulse algorithm (DPA) is to identify waveforms with double pulse features

that are consistent with a ⌫⌧ double pulse waveform while rejecting waveforms with features that

are consistent with late scattered photons from a single cascade event such as a NC or ⌫e CC

interaction. Since double pulse waveforms from atmospheric muon background events are very

similar to those from a ⌫⌧ , such events are eliminated at a later stage discussed in Section 6.3.2.

The DPA identifies events with at least one hit DOM that has a substantial double pulse feature

which is consistent with two consecutive energy depositions near the DOM.

6.2.1 The Algorithm

The double pulse algorithm uses 7 parameters to characterize a waveform that has substantial

double pulse features:

97

Figure 6.6: Top: a double pulse waveform made by a simulated ⌫µ CC event. Bottom: first
derivative of the ATWD waveform from the top.

• Waveforms from the ATWD digitizer in the lowest gain channel available are used, since

higher gain channels are generally clipped for high-amplitude waveforms. The integrated

amplitude is called wf qtot. Waveforms with integrated amplitude less than 10000 mV·ns

are rejected. With base impedance of 47 ohms and nominal gain of 107 [185], this translates

to ⇠ 432 PE. FADC waveforms are not used since they do not have multiple gain channels

available and since they have coarser timing, causing double pulse features to be blended

together or clipped.

• The beginning of the waveform is detected by a sliding time window of 3.3 ns equal to one

ATWD bin size which searches for a monotonic increase in the waveform amplitude within

a time span of 19.8 ns (6 ATWD bins).

• Once the beginning of the waveform is found, the waveform is divided into 13.2 ns segments

(4 ATWD bins) and the first time derivative is calculated for each segment . The bottom panel

98

Figure 6.8: Left: single energetic waveform from a simulated ⌫⌧ NC event with long bumpy
trailing edge that was identified as double pulse by DPA. Right: single energetic waveform from
a simulated ⌫⌧ NC event with second pulse being late pulse responding to the saturated first main
pulse. Late pulses in data have a different (smoother) shape and do not trigger the DPA.

Figure 6.9: Left: double pulse waveform from a Glashow resonance event simulated ⌫̄ee ! ⌫̄µµ
from OM (39, 51). Right: double pulse waveform from the same Glashow resonance event ⌫̄ee !
⌫̄µµ from OM (39, 52).

when they became available months later. The E�1 samples have many more high energy events

simulated than the E�2 samples, and hence more double pulse waveforms are identified from those

newer samples. However, the total (misidentified) double pulse event rates from these cascade-

like backgrounds are nearly two orders of magnitude lower than the event rates from signal. This

indicates that the optimization of DPA settings are extremely efficient in cascade-like background

103

Atmospheric μ νμ CC

ντ NC: single cascade

ντ CC

Most important to reject 

at waveform level
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Trigger

Filter
QTot>1000 PE

Identify events with
 double pulse waveforms

Reject track-like 
backgrounds

Geometrical 
containment 

10% of 

3-yr data

Event Selection and Cut Efficiency

Phys. Rev. D 93, 022001 (3-yr) 
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Rates in 914.1 days L5 L6

CORSIKA 3.5±3.4 0.08±0.06

Blind Sample 3±2 0

In 914.1 days

Signal 0.54±0.01

Total background 0.35±0.06

• Sensitivity: 5.1 ×10-8 GeV cm-2 sr-1s-1 

   - Flux per flavor: 1.0 ×10-8 GeV cm-2 sr-1s-1 (Phys. Rev. Lett. 113, 101101)

• Middle 90% signal energy range: 214 TeV - 72 PeV 

Sensitivity:

Unblinding 
Results:

Sensitivity and Results
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FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.
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FIG. 7. Neutrino flux upper limits and models as a function
of the primary neutrino energy. The thick red curve is the ⌫⌧
di↵erential upper limit derived from this analysis, including
systematic and statistical errors. In computing the di↵erential
upper limit, values of the flux limit were calculated for each
energy decade with a sliding energy window of 0.1 decade.
The thick black error bars depict the all-flavor astrophysical
neutrino flux observed by IceCube [2]. The thick dashed line is
the di↵erential upper limit derived from a search for extremely
high energy events which has found the first two PeV cascade
events in IceCube [40, 41]. The blue dotted line is the Auger
di↵erential upper limit from ⌫⌧ induced air showers [26]. The
orange dashed line is the Waxman-Bahcall upper bound which
uses the UHECR flux to set a bound on astrophysical neutrino
production [42]. The dash-dotted line (magenta) represents
the prompt neutrino flux predicted from GRBs; prompt in
this context means in time with the gamma rays [43]. The
dash-dot-dot line (grey) indicates the neutrino flux predicted
from the cores of active galaxies [44]. The thin dash-triple-
dot line (red) shows the neutrino flux predicted from starburst
galaxies, which are rich in supernovae [45].

events are consistent with atmospheric muons interacting453

near the edge of the detector, producing a double pulse454

waveform in a cascade-like event but failing the subse-455

quent containment cut at Level 6. The observation of 3456

events in 914.1 days of livetime matches the CORSIKA457

prediction at level 5 as discussed in Section III B. The458

events and their corresponding double pulse waveforms459

are shown in Figures 8, 9 and 10.460

Based on zero observed events, an integrated astro-461

physical ⌫⌧ flux upper limit is set to be E2�⌫⌧ = 5.1 ⇥462

10�8 GeV cm�2 sr�1 s�1. A ⌫⌧ flux di↵erential upper463

limit in the energy range of 214 TeV to 72 PeV, which464

contains 90% of the predicted ⌫⌧ CC events, is also ex-465

tracted following the procedure that was employed in de-466

riving quasi-di↵erential upper limits from previous EHE467

cosmogenic neutrino searches in IceCube [40, 46, 47]. In468

this procedure, flux limits were computed for each en-469

ergy decade with a sliding energy window of 0.1 decade,470

assuming a di↵erential neutrino flux proportional to471

1/E2 [48]. Since zero events were found, the 90% C.L.472

event count limit in each energy decade is 2.44 based473

on the Feldman-Cousins approach [49]. The dominant474

sources of systematic error in this analysis are indepen-475

dent of energy. Therefore, all the sources of systematic476

and statistical error are incorporated in the limit cal-477

culation by uniform scaling of the e↵ective area. The478

di↵erential upper limit is plotted in Figure 7.479

VI. CONCLUSION480

The double pulse search method is shown to be robust,481

with the observed background from cosmic ray induced482

muons matching prediction. The search is more sensi-483

tive to tau neutrinos between 214 TeV and 72 PeV than484

to any other flavor. Given the astrophysical neutrino485

flux observed by IceCube, fewer than one tau neutrino486

candidate event is expected in three years of IceCube487

data, and none are observed. A di↵erential upper limit488

has been placed on the astrophysical tau neutrino flux,489

with an energy threshold three orders of magnitude lower490

than previous dedicated tau neutrino searches by cos-491

mic ray air shower detectors. Searches for double bang492

events with well separated cascades in IceCube are under-493

way. Future extensions of IceCube such as the proposed494

IceCube-Gen2 detector [50] will have a factor of 5 to 10495

times more sensitivity to astrophysical tau neutrinos than496

the current IceCube detector.497

ACKNOWLEDGMENTS498

We acknowledge the support from the following499

agencies: U.S. National Science Foundation-O�ce of500

Polar Programs, U.S. National Science Foundation-501

Physics Division, University of Wisconsin Alumni Re-502

search Foundation, the Grid Laboratory Of Wisconsin503

(GLOW) grid infrastructure at the University of Wis-504

consin - Madison, the Open Science Grid (OSG) grid505

infrastructure; U.S. Department of Energy, and Na-506

tional Energy Research Scientific Computing Center,507

the Louisiana Optical Network Initiative (LONI) grid508

computing resources; Natural Sciences and Engineer-509

ing Research Council of Canada, WestGrid and Com-510

pute/Calcul Canada; Swedish Research Council, Swedish511

Polar Research Secretariat, Swedish National Infrastruc-512

ture for Computing (SNIC), and Knut and Alice Wal-513

lenberg Foundation, Sweden; German Ministry for Ed-514

ucation and Research (BMBF), Deutsche Forschungsge-515

meinschaft (DFG), Helmholtz Alliance for Astroparticle516

Physics (HAP), Research Department of Plasmas with517

Complex Interactions (Bochum), Germany; Fund for518

423 Year Astrophysical Tau Neutrino Search: Results

• 0.54 signal, 0.35 bg expected in 914 days 

• Zero events found at final cut

8

FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.

Phys. Rev. D 93, 022001 (3-yr) 
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a harder spectral index of −2.3 ± 0.3, but with larger
uncertainties. The result is compatible with the one obtained
here.60

We have tested the hypothesis of isotropy by fitting a model
with two astrophysical components, one in the northern and
one in the southern sky. Compared to the all-sky result, the fit
prefers a harder spectrum E 2.0 0.4

0.3( )( )- -
+

in the northern sky and a
slightly softer spectrum E 2.56 0.12( )- o in the southern sky with a
significance of 1.1σ (p = 13%). The result is not conclusive;
the discrepancy could be caused by a statistical fluctuation or
by an additional component that is present in only one of the
hemispheres (either an unmodeled background component or,
e.g., a component from the inner Galaxy, although a single
point source of the required strength to create the anisotropy
anywhere in that region has already been excluded (Adrián-
Martínez et al. 2014)). Further analysis including R.A.
information will be helpful in testing the hypothesis of isotropy
in the future.

Finally, we performed a measurement of the flavor
composition of the astrophysical neutrino flux. In a first test,
we have measured the electron-neutrino fraction at Earth in a
tribimaximal mixing scenario, with equal νμ and ντ fluxes at
Earth. The best-fit fraction is 0.18 ± 0.11, a value compatible
with the fractions expected from pion-decay sources (0.33) and
muon-damped sources (0.22), but incompatible with that
expected from neutron-beam sources (0.56), see Figure 7. In
a second, more general test, we allow the normalizations of all
three flavor components to vary independently and compare the
result to compositions expected for different astrophysical

scenarios in Figure 8. In agreement with the first test, we find
that pion-decay sources and muon-damped sources are well
compatible with our data, while neutron-beam sources are
disfavored with a significance of 3.6σ (p = 0.014%). We do not
find indications for non-standard oscillation scenarios.
Previous measurements of the flavor composition were

presented by Mena et al. (2014) and Palomares-Ruiz et al.
(2015; based on event sample H1, presented in Aartsen
et al. 2014e), and by Palladino et al. (2015), Pagliaroli et al.
(2015), and Aartsen et al. (2015b; based on event samples that
were extended with respect to H1). With respect to these
measurements, the constraints presented here are significantly
improved; we attribute this to the fact that the combined event
sample analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015b) (white “+” in
Figure 8) lies outside the 95% C.L. region, the 68% C.L. region
obtained here is completely contained within that obtained in
the previous work, demonstrating the compatibility of the two
results. Because neither analysis was designed to identify tau
neutrinos, a degeneracy with respect to the ντ-fraction is
observed in both; the slight preference toward a smaller ντ-
contribution found here is likely connected to the slight
differences in the energy distributions of the three neutrino
flavors. In future, the identification of tau neutrinos will enable
us to place stronger constraints on the flavor composition of the
astrophysical neutrino flux.
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APPENDIX A
TABLE OF INTERACTION TYPES

Table 10 lists the fractions of neutrino interaction types that
contribute to the event samples introduced in Section 2.

Figure 8. Profile likelihood scan of the flavor composition at Earth. Each point
in the triangle corresponds to a ratio : :en n nm t as measured on Earth, the
individual contributions are read off the three sides of the triangle. The best-fit
composition is marked with “×”; 68% and 95% confidence regions are
indicated. The ratios corresponding to three flavor composition scenarios at the
sources of the neutrinos, computed using the oscillation parameters in
Gonzalez-Garcia et al. (2014, inverted hierarchy), are marked by the square
(0:1:0), circle (1:2:0), and triangle (1:0:0), respectively. The best-fit composi-
tion obtained in an earlier IceCube analysis of the flavor composition (Aartsen
et al. 2015b) is marked with a “+.”

60 We have established the compatibility in a separate fit without the
corresponding data set, i.e., without sample H1. The 68% uncertainty interval
for the spectral index obtained in this fit (−2.45 ± 0.10) overlaps with that
obtained in Aartsen et al. (2014e).

13

The Astrophysical Journal, 809:98 (15pp), 2015 August 10 Aartsen et al.

ApJ 809, 98 (2015)
Phys. Rev. Lett. 114, 171102
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Search for Astrophysical Tau Neutrinos in Six Years of High-Energy Starting Events in IceCube M. Usner

The analysis presented here introduces a new identification method of tau neutrino interac-
tions in IceCube by explicitly reconstructing events with a double cascade hypothesis. It aims at
the discovery of the first tau neutrino interaction in IceCube and the measurement of the astrophys-
ical neutrino flavor ratio sensitive to all flavors. It uses the high-energy starting events collected
between 2010 and 2016 in the energy range between 60TeV and 10PeV deposited electromagnetic-
equivalent energy. The sensitivity increases by identifying tau neutrino events with a decay length
as low as ⇠20m and a deposited electromagnetic-equivalent energy above ⇠100TeV. In Section 2
the well-known data sample of high-energy starting events is revisited and the reconstruction of
double cascade events is described. In Section 3 the observables, analysis method and systematic
uncertainties are explained. The results are discussed in Section 4 and summarized in Section 5.

2. Data Sample and Event Reconstruction

Figure 1: Simulated starting
event topologies: single cas-
cade (top), double cascade
(middle) and track (bottom).

The data sample used for this analysis is the high-energy start-
ing event selection (HESE) [2]. Neutrino events are identified by
defining the outer detector boundary as a veto region and by re-
quiring that no more than 3 of the first 250 photoelectrons occur
within the veto. In addition, at least 6000 photoelectrons are re-
quired per event corresponding to an energy threshold of ⇠30TeV
deposited electromagnetic-equivalent energy. Recently this event
selection was updated to include a total of six years of data and
now consists of 82 events [5]. Above a deposited energy of 60 TeV
considered for this analysis there are 49 events on a total estimated
atmospheric background of 9.0+3.4

�1.9.
Three starting event topologies are considered (see Figure 1).

Single cascades are produced in electron-neutrino and all-flavor
neutral current interactions. Double cascades are only produced
in charged current tau neutrino interactions where the tau lepton
decay produces either a hadronic or an electromagnetic cascade.
Tracks are produced by muons in charged current muon neutrino
interactions, in charged current tau neutrino interactions where the
tau lepton decays into a muon and by muons from atmospheric air
showers that do not trigger the veto condition.

Reconstruction of cascade- and track-like events is well estab-
lished in IceCube [16]. An event is reconstructed using a maximum-
likelihood fit where the expected arrival time distribution of photo-
electrons from a hypothesis is compared to the observed distribution
at each DOM. For the first time double cascade events are explicitly reconstructed. The event hy-
pothesis is constructed by extending a single cascade hypothesis by two more parameters: the decay
length and the electromagnetic-equivalent energy deposited in the decay. Consequently, the second
(decay) cascade is related to the first (interaction) cascade by assuming the two are connected by
a particle traveling at the speed of light and in the same direction as the primary neutrino. Both
assumptions are perfectly reasonable considering the energy scale and resolution of IceCube.
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Search for Astrophysical Tau Neutrinos in Six Years of High-Energy Starting Events in IceCube M. Usner

The analysis presented here introduces a new identification method of tau neutrino interac-
tions in IceCube by explicitly reconstructing events with a double cascade hypothesis. It aims at
the discovery of the first tau neutrino interaction in IceCube and the measurement of the astrophys-
ical neutrino flavor ratio sensitive to all flavors. It uses the high-energy starting events collected
between 2010 and 2016 in the energy range between 60TeV and 10PeV deposited electromagnetic-
equivalent energy. The sensitivity increases by identifying tau neutrino events with a decay length
as low as ⇠20m and a deposited electromagnetic-equivalent energy above ⇠100TeV. In Section 2
the well-known data sample of high-energy starting events is revisited and the reconstruction of
double cascade events is described. In Section 3 the observables, analysis method and systematic
uncertainties are explained. The results are discussed in Section 4 and summarized in Section 5.

2. Data Sample and Event Reconstruction

Figure 1: Simulated starting
event topologies: single cas-
cade (top), double cascade
(middle) and track (bottom).

The data sample used for this analysis is the high-energy start-
ing event selection (HESE) [2]. Neutrino events are identified by
defining the outer detector boundary as a veto region and by re-
quiring that no more than 3 of the first 250 photoelectrons occur
within the veto. In addition, at least 6000 photoelectrons are re-
quired per event corresponding to an energy threshold of ⇠30TeV
deposited electromagnetic-equivalent energy. Recently this event
selection was updated to include a total of six years of data and
now consists of 82 events [5]. Above a deposited energy of 60 TeV
considered for this analysis there are 49 events on a total estimated
atmospheric background of 9.0+3.4

�1.9.
Three starting event topologies are considered (see Figure 1).

Single cascades are produced in electron-neutrino and all-flavor
neutral current interactions. Double cascades are only produced
in charged current tau neutrino interactions where the tau lepton
decay produces either a hadronic or an electromagnetic cascade.
Tracks are produced by muons in charged current muon neutrino
interactions, in charged current tau neutrino interactions where the
tau lepton decays into a muon and by muons from atmospheric air
showers that do not trigger the veto condition.

Reconstruction of cascade- and track-like events is well estab-
lished in IceCube [16]. An event is reconstructed using a maximum-
likelihood fit where the expected arrival time distribution of photo-
electrons from a hypothesis is compared to the observed distribution
at each DOM. For the first time double cascade events are explicitly reconstructed. The event hy-
pothesis is constructed by extending a single cascade hypothesis by two more parameters: the decay
length and the electromagnetic-equivalent energy deposited in the decay. Consequently, the second
(decay) cascade is related to the first (interaction) cascade by assuming the two are connected by
a particle traveling at the speed of light and in the same direction as the primary neutrino. Both
assumptions are perfectly reasonable considering the energy scale and resolution of IceCube.
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The analysis presented here introduces a new identification method of tau neutrino interac-
tions in IceCube by explicitly reconstructing events with a double cascade hypothesis. It aims at
the discovery of the first tau neutrino interaction in IceCube and the measurement of the astrophys-
ical neutrino flavor ratio sensitive to all flavors. It uses the high-energy starting events collected
between 2010 and 2016 in the energy range between 60TeV and 10PeV deposited electromagnetic-
equivalent energy. The sensitivity increases by identifying tau neutrino events with a decay length
as low as ⇠20m and a deposited electromagnetic-equivalent energy above ⇠100TeV. In Section 2
the well-known data sample of high-energy starting events is revisited and the reconstruction of
double cascade events is described. In Section 3 the observables, analysis method and systematic
uncertainties are explained. The results are discussed in Section 4 and summarized in Section 5.

2. Data Sample and Event Reconstruction

Figure 1: Simulated starting
event topologies: single cas-
cade (top), double cascade
(middle) and track (bottom).

The data sample used for this analysis is the high-energy start-
ing event selection (HESE) [2]. Neutrino events are identified by
defining the outer detector boundary as a veto region and by re-
quiring that no more than 3 of the first 250 photoelectrons occur
within the veto. In addition, at least 6000 photoelectrons are re-
quired per event corresponding to an energy threshold of ⇠30TeV
deposited electromagnetic-equivalent energy. Recently this event
selection was updated to include a total of six years of data and
now consists of 82 events [5]. Above a deposited energy of 60 TeV
considered for this analysis there are 49 events on a total estimated
atmospheric background of 9.0+3.4

�1.9.
Three starting event topologies are considered (see Figure 1).

Single cascades are produced in electron-neutrino and all-flavor
neutral current interactions. Double cascades are only produced
in charged current tau neutrino interactions where the tau lepton
decay produces either a hadronic or an electromagnetic cascade.
Tracks are produced by muons in charged current muon neutrino
interactions, in charged current tau neutrino interactions where the
tau lepton decays into a muon and by muons from atmospheric air
showers that do not trigger the veto condition.

Reconstruction of cascade- and track-like events is well estab-
lished in IceCube [16]. An event is reconstructed using a maximum-
likelihood fit where the expected arrival time distribution of photo-
electrons from a hypothesis is compared to the observed distribution
at each DOM. For the first time double cascade events are explicitly reconstructed. The event hy-
pothesis is constructed by extending a single cascade hypothesis by two more parameters: the decay
length and the electromagnetic-equivalent energy deposited in the decay. Consequently, the second
(decay) cascade is related to the first (interaction) cascade by assuming the two are connected by
a particle traveling at the speed of light and in the same direction as the primary neutrino. Both
assumptions are perfectly reasonable considering the energy scale and resolution of IceCube.
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‣  Dedicated reconstruction to resolve double cascades 

‣  Maximum likelihood method to fit for astrophysical tau neutrino flux
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Zero Double Cascade events found
(p=9% to reject no tau hypothesis)

PoS(ICRC2017)974 
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458-Year Astrophysical Tau Neutrino Search with Waveforms
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Signal efficiency increases by 50%: 
•  Lowering double pulse waveform parameter 

thresholds by requiring local coincidence (LC) 
•  Machine learning 

Expect ~ 2-3 events in 8 years, stay tuned!

Eν=385 TeV

PoS(ICRC2017)1009
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46Where Do They Come From?

Source identification requires good angular resolution  
Multi-messenger enables correlating
 to known sources 
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47High-energy Neutrinos on the Sky Observed by IceCube 

Starting tracks
Cascades

Through-going tracks (>200 TeV)

No evidence of clustering in high-energy neutrino directions 
mostly isotropic ⟹ neutrinos of extragalactic origin

PRELIMINARY

IceCube, 2017

Event numbers: brightest point source vs all 
Nps ~ 10-2 (n/10-7 Mpc-3)-1/3 x Ndiff
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487-Yr All-sky Integrated Point Source Search 

�75�

�45�

�15�

+15�

+45�

+75�

Equatorial

24h 0h

IceCube Preliminary

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
� log10 p

p = 0.44 (trial corrected)

p = 0.38 (trial corrected)

Atmospheric νμ 

Penetrating μ 

ApJ 835 (2017) 2, 151
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Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.

12

Lorimer et al.,Science 318 (5851): 777-780 

Parkes Radio Telescope

Transient Population Studies: Fast Radio Bursts (FRBs) 

• Burst times cover IceCube data taking 
seasons from 2010 to 2015 (6 years) 

• A total of 29 FRBs (11 unique locations).

Donglian Xu |  High-E Neutrinos from Fast Radio Bursts  | ICRC2017, Busan

6

• Burst times cover IceCube data taking seasons from 2010 to 2015 (6 years) 

• A total of 29 FRBs (11 unique locations).

All Sky Fast Radio Bursts with IceCube Coverage

FRB121102
repeated 26 times (17 times within our data sample)

North

South

Repeated bursts are treated as 
unique bursts in space & time

FRBs 
‣O (ms) radio bursts
‣non-thermal, extragalactic
‣rate ~10% of core-collapsed SNe
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50Fast Radio Bursts Search - Analysis Methods 

• Unbinned maximum likelihood (Poisson-based) 

Donglian Xu |  High-E Neutrinos from Fast Radio Bursts  | ICRC2017, Busan

8Analysis Method: Unbinned Maximum Likelihood

T := �n̂s +
NX

i=1

ln(1 +
n̂sSi

< nb > Bi
)

L(N, {xi};ns + nb) =
(ns + nb)

N

N !

· exp(�(ns + nb)) ·
NY

i=1

P (xi)

The likelihood for observing N events with properties          for                           
expected number of events is:

T := ln
L(N, {xi};ns + nb)

L0(N, {xi};nb)

P (xi) =
nsS(xi) + nbB(xi)

ns + nb

The normalized probability of observing event    is          :

{xi}

P (xi)i

(ns + nb)

Si = Stime(ti) · Sspace(~xi)

Bi = Btime(ti) ·Bspace(~xi)

“temporal” + “spatial”

• Stacking

• Max-burst
r.a

de
cl

in
at

io
n

Source 1 Source 2 Source 3

STACKING

“Distributed fluence test”

“Single bright neutrino source test”

r.a

de
cl

in
at

io
n

Source 1 Source 2
Source 3

‣ Model independent

‣ Expanding time windows 
centered at burst times

‣ 25 time windows from 10 
ms to 2 days, expanding as 
2ix10 ms (i =0, …, 24)

Test statistics
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�T = 655.36 s

Most stringent limits on neutrino fluence 
(E-2) from FRBs ~ 0.04 GeV cm-2

Transient Population Studies: Fast Radio Bursts 

A total of 1.2 million events
from all-sky in 6 years

Most optimal time window:  
�T = 655.36 s

S. Fahey, A. Kheirandish, J. Vandenbroucke, DX, ApJ 845 (2017) 1, 14
IceCube Collaboration, arXiv:1712.06277 (accepted for publication in ApJ)
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52Transient Population Studies: Gamma-ray Bursts  
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Internal Shock Fireball Prediction

Photospheric Fireball Prediction

ICMART Prediction

Prompt emission from GRBs can produce 
<1% of the observed neutrino flux. 

ApJ 845 (2017), 1, 14

Catalog stacking 

North + South  
combined

https://arxiv.org/abs/1702.06868
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53Population Studies: Blazars   

See: ICRC2017: M. Huber, NU043 
Fermi-LAT PRL 116(15) 151105 

Astrophys.J. 835 (2017) no.1, 45 

Blazars account for:
85% of the extragalactic γ background
< 6% of the IceCube neutrino flux

http://arxiv.org/abs/arXiv:1611.03874
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• Correlate neutrinos with the LIGO event
GW150914 within +/-500s

• Observed 3 events, consistent with
atmospheric background

54Multi-messenger Correlation with non-EM Partners 
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September 2016UHECR correlation

JCAP 1601 (2016) no.01, 037

● ~300 cosmic ray events > 50 EeV (magnetic deflection small) 

from the Telescope Array and Pierre Auger

● HESE neutrinos + ~ a dozen events from other samples 

● Cross correlation analysis of cosmic ray and neutrino arrival directions
● Stacking analysis with an assumed magnetic deflection of 6°

→ over a variety of tests no observed significance  > 3.3σ

3

FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

IV. RESULTS

A. Joint analysis

We carried out the joint GW and neutrino search fol-
lowing the analysis developed for previous GW and neu-
trino datasets using initial GW detectors [23, 25, 35, 47].
After identifying the GW event GW150914 with the cWB
pipeline, we used reconstructed neutrino candidates to
search for temporal and directional coincidences between
GW150914 and neutrinos. We assumed that the a priori

source directional distribution is uniform. For temporal
coincidence, we searched within a ±500 s time window
around GW150914.

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light
in general relativity) traveling to Earth from the source
is expected to be ⌧ 1 s. The relative propagation time
between neutrinos and GWs may change in alternative
gravity models [48, 49]. However, discrepancies from gen-
eral relativity could in principle be probed with a joint
GW-neutrino detection by comparing the arrival times
against the expected time frame of emission.

Directionally, we searched for overlap between the GW
sky map and the neutrino point spread functions, as-
sumed to be Gaussian with standard deviation �rec

µ (see
Table I).

The search identified no Antares neutrino candidates
that were temporally coincident with GW150914.

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of

GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.
To better understand the probability that the de-

tected neutrino candidates are consistent with back-
ground, we briefly consider di↵erent aspects of the data
separately. First, the number of detected neutrino can-
didates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with
p-value 1 � F

pois

(N
observed

 2, N
expected

= 4.4) = 0.81,
where F

pois

is the Poisson cumulative distribution func-
tion. Second, for the most significant reconstructed muon
energy (Table I), 12.5% of background events will have
greater muon energy. The probability that at least one
neutrino candidate, out of 3 detected events, has an en-
ergy high enough to make it appear even less background-
like, is 1� (1� 0.125)3 ⇡ 0.33. Third, with the GW sky
area 90% CL of ⌦

gw

= 590 deg2, the probability of a
background neutrino candidate being directionally coin-
cident is ⌦

gw

/⌦
all

⇡ 0.014. We expect 3⌦
gw

/⌦
all

di-
rectionally coincident neutrinos, given 3 temporal coinci-
dences. Therefore, the probability that at least one of the
3 neutrino candidates is directionally coincident with the
90% CL skymap of GW150914 is 1� (1�0.014)3 ⇡ 0.04.

B. Constraints on the source

We used the non-detection of coincident neutrino can-
didates by Antares and IceCube to derive a stan-
dard frequentist neutrino spectral fluence upper limit for
GW150914 at 90% CL. Considering no spatially and tem-
porally coincident neutrino candidates, we calculated the
source fluence that on average would produce 2.3 de-
tected neutrino candidates. We carried out this analysis
as a function of source direction, and independently for
Antares and IceCube.

The obtained spectral fluence upper limits as a func-
tion of source direction are shown in Fig. 2. We con-
sidered a standard dN/dE / E�2 source model, as
well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�p

(E/100TeV)]. The latter model
is expected for sources with exponential cuto↵ in the pri-
mary proton spectrum [50]. This is expected for some
galactic sources, and is also adopted here for compari-
son to previous analyses [51]. For each spectral model,
the upper limit shown in each direction of the sky is the
more stringent limit provided by one or the other de-
tector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV cm�2. Furthermore, the up-
per limits by Antares and IceCube constrain di↵erent
energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3TeV to 1PeV, whereas for IceCube at this southern

Gravitational Waves Ultra-high-energy cosmic rays 
(UHECRs)

https://arxiv.org/pdf/1602.05411v3.pdf

• Cross correlate HE neutrinos 
with ~300 UHECRs > 50 EeV

• No significance over 3.3σ

JCAP 1601 (2016), no. 01, 037

https://arxiv.org/pdf/1602.05411v3.pdf
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55Realtime Alert Systems 
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September 2016Alert partners

● Swift XRT
● Palomar Transient Factory
● Magic Gamma Ray Telescope
● VERITAS
● HAWC
● HESS
● LIGO/VIRGO
● Murchison Widefield Array

The Astrophysical Multimessenger Oberservatory Network:

FACT, VERITAS, MASTER, 

LMT, ASAS-SN, LCOGT

Individual MOU observatories: Networks & public alerts:

„The Astronomer's Telegram“

The Gamma-ray Coordinates Network

The Astrophysical Multimessenger 
Observatory Network:

FACT, VERITAS, MASTER, LMT, 
ASAS-SN, LCOGT

Individual MOU partners

Public alert network

Swift XRT, PTF, VERITAS, Magic
HESS, HAWC, MWA

LIGO/VIRGO
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September 2016Realtime alert systems

„Many eyes see more than two.“

● No single suspected source class seems to dominate the astrophysical neutrino flux

● Instead try to correlate single high-significant neutrinos or even multiple low-significant 
neutrinos to observations from other observatories

Followups communicated via: 
The Astronomer’s Telegram

The Gamma-ray Coordinates Network

Correlating to other observatories: 
•  Single high-significance neutrinos
•  Lower-significance multiplets
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56

step spectrum at low-E?
∫E𝜈F𝜈(E)dE𝜈>∫E𝛾F𝛾(E)dE𝛾 

⟹ 𝜈’s from 𝛾-dark sources

hard spectrum at high-E? 
⟹neutrinos could point to 
sources of UHE cosmic rays 

Understanding the Spectrum 
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57Understanding the Spectrum 
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is flavor ratio 
consistent with 
𝜈e:𝜈μ:𝜈𝜏=1:1:1?

Zero tau neutrinos observed so far, 
consistent with fluctuation (p=9%)

IceCube 2017

IceCube 2017



Credit: M. Wolf/NSF

IceCube-Gen2:
the next generation of neutrino 
observatory for the South Pole 
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59Open questions to Neutrino Astronomy / IceCube-Gen2 HEA 

• Resolve the sources of IceCube's high energy astrophysical 
neutrinos 

• Identify the sources of the highest energy cosmic rays 

•  Decipher the production mechanisms of high energy cosmic particles 

•  Obtain a unique multi-messenger view into the explosion of stars and 
the evolution of stellar remnants 

•  Explore active galaxies and the very high-energy Universe when it was 
most active  

•  Study of galactic and extra galactic propagation of CR with neutrinos 
as tracers 

•Test nuclear, neutrino and BSM physics
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60IceCube-Gen2 Facility IceCube-Gen2 Facility

3

Gen2  
High-Energy Array

Gen2 Surface Veto

IceCube

DeepCore

PINGU

Multi-component observatory: 
• Surface air shower detector 
• Gen2 High-Energy Array 
• Sub-surface radio detector  
• PINGU

A wide band neutrino observatory (MeV – EeV) using several detection 
technologies – optical, radio, and surface veto – to maximize the science 
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61IceCube-Gen2 Sensitivity 
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62IceCube-Gen2 Point Source Sensitivity 

15 years IceCube + 15 years IceCube-Gen2 (7.9 km3)

PRELIMINARY

assumes 
IceCube 

technology
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63Identifying the Sources of IceCube Neutrinos 

IceCube-Gen2 will have sufficient sensitivity to detect all 
reasonable source scenarios



Donglian Xu | Exploring the Universe with Neutrinos | IHEP-CAS, Beijing

64IceCube-Gen2 R&D Dual optical sensor in an Ellipsoid 
Glass for Gen2 

3 

Φ = 300 mm 
D-Egg: dual-PMT optical module
ICRC2017: A. Ishihara, NU073; A. Stoessl, NU111

mDOM: multi-PMT optical module
ICRC2017: L. Classen, NU082

WOM: wavelength-shifting optical module
 ICRC2017: P. Peiffer, NU053

}Optical modules:
more photons per 
unit cost, more 
information per 
photon

IceACT: low-threshold air shower veto
ICRC2017: J. Auffenberg, NU041

IceTop scintillator upgrade
ICRC2017: S. Kunwar, CRI148 } Surface detector:

threshold vs. duty 
cycle
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65Summary 

• Neutrino is a unique astronomical messenger: can point 
back to distant sources 

• IceCube has discovered astrophysical neutrinos; dawn of 
neutrino astronomy  

• Astrophysical tau neutrinos is still elusive, but should be 
expected around the corner  

• Astrophysical neutrino point sources are yet to be 
discovered. The campaign for neutrino point sources is ON 

• IceCube-Gen2 with upgrade planning for both low and high 
energies will have up to an order of magnitude increase in 
sensitivity 
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66IceCube Sciences 
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67

2016
‣265 scientists
‣47 institutions
‣12 countries
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68Backup Slides 
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69Supernova Neutrinos in IceCube 

Riedel - Modeling and Understanding Supernova Signals in the IceCube Neutrino Observatory, PhD Defense - Oct 17 2014

Supernovae and Neutrinos

9

Ott et. al. 2012, arXiv 1204.0512v1
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70Supernova Neutrinos in IceCube 

Riedel - Modeling and Understanding Supernova Signals in the IceCube Neutrino Observatory, PhD Defense - Oct 17 2014

Supernova Neutrinos and Products in IceCube
• Supernova 

• Uniform illumination in the ice, ~0.5 
to 1×106 events in 10 seconds 

• A statistical significant increase in 
the detector noise: DOM-to-DOM 
correlated increase in detector 
noise 

•  IceCube advantage 
• Low PMT noise - ~300 Hz 

• High statistics - 0.25% error 

• 2 ms time resolution 

• Challenges: No pointing, individual 
events, or energy information

17

DOM

Riedel - Modeling and Understanding Supernova Signals in the IceCube Neutrino Observatory, PhD Defense - Oct 17 2014
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71Supernova Neutrinos in IceCube - Loglikelihood Analysis 

Riedel - Modeling and Understanding Supernova Signals in the IceCube Neutrino Observatory, PhD Defense - Oct 17 2014

Log-Likelihood Analysis

22

✏i - Efficiency parameters

�µ - Increase in detector noise rate

- Mean background rate

Significance (ξ) =  

ξ ≥ 6 alert sent to 
working group

- Rate in signal binri

�i - Error on background rate

L(�µ) =
NDOMY

i=1

1p
2⇡�i

exp

(
�1

2

✓
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72Supernova Neutrinos in IceCube - Analysis Sensitivity 

Riedel - Modeling and Understanding Supernova Signals in the IceCube Neutrino Observatory, PhD Defense - Oct 17 2014

ξ 

Analysis Sensitivity
• High detection 

significance up to 
edge of Milky Way, 
detection of “hidden” 
SN possible 

• Significant detection 
up to the Small 
Magelanic Cloud 
possible - ~65 kpc  

• SNEWS alerts being 
generated up to Large 
Magelanic Cloud - ~ 
50 kpc

23


