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High Energy Neutrino Telescopes

• Use transparent natural material as  
both target and Cherenkov medium

• Substantial overburden to reduce  

atmospheric muon background


• Neutrinos interact in or near detector


!

!
!

• Cherenkov radiation detected by 
3D array of optical sensors (OMs)


• Suitable materials available in bulk: 
deep ocean, polar ice caps
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Existing Neutrino Telescopes

Baikal NT200+
ANTARES

IceCube
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The IceCube 
Observatory

• One gigaton of South  
Pole ice instrumented,  
completed in 2010


• 86 strings of 60 DOMs

• 125 m string spacing


• 17 m spacing between 
DOMs on a string


• DeepCore infill array 
for low energy physics

• 8 strings on closer 

spacing in deep, 
clear ice Eiffel 

Tower
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Neutrinos from Astrophysical Sources

• Neutrino telescopes are  
multi-purpose instruments with 
a broad science portfolio

• Neutrino oscillations


• Indirect dark matter searches  
(parallel talk by Jan Lünemann)


• Cosmic ray physics


• Exotic particle direct searches


• Focus in this talk on recent  
results in the search for the  
sources of the cosmic rays

• See also talk by Christophe Hugon

8

High-energy starting event (HESE) analysis

• veto region marked as
gray area (incl. dust layer)

• even passes if first 3 of
250 “hits” not in veto
region

• require high charge
(> 6000 PE) to ensure
high statistics

• background of
atmospheric muons can
be estimated from data

• high efficiency above
50-100 TeV

‹ excess beyond ⇠ 60 TeV

[IceCube Collaboration’13]

Markus Ahlers (UW-Madison) The IceCube Puzzle April 30, 2014
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Calibration Flux: Atmospheric Neutrinos

• A background in 
searches for sources 
of astrophysical  
neutrinos… 

• …but useful for 

calibrating detector 
response


• …and interesting for 
studies of particle  
production


• …and a source of a 
few hundred thousand 
neutrino events per  
year
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IceCube Preliminary

First Detection: Events Interacting in IceCube

• 37 events observed in 3 years  
with min. charge of 6000 PE

• Approx. 60 TeV energy threshold


• Estimated background 1: 
6.6+5.9–1.6 atm. neutrinos


• Estimated background 2: 
8.4±4.2 atm. muons 


• Combined significance: 5.7σ


• Note: no events above 3 PeV 
(Glashow resonance: νe̅e→W)

10
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Confirmation: Muon Netrinos

• Similar high energy 
excess observed in 
through-going 
muon neutrinos 
from northern sky

• Flux level agrees 

with that from 
starting event  
search


• Apparently equal  
flux of all flavors


• Still no events  
above ~2 PeV
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IceCube Sky Map (Contained Event Search)“IceCube excess” (3yrs, preliminary) 5

higher energy search [9] also saw none). An alternative
explanation would be a softer spectrum, although the un-
certainties on the spectral slope—as shown in Fig. 4—are
quite large due principally to the limited statistics and
small energy range over which the data are distributed.
Additional systematic uncertainties at the level of the
statistical ones arise in the first few points from uncer-
tainties in the level of the prompt atmospheric neutrino
background. The presence of this softer (E�2.7) compo-
nent would decrease the non-atmospheric excess at low
energies, hardening the spectrum of the remaining data.
The corresponding range of best fit slopes within our cur-
rent 90% confidence band on the prompt flux [8] is -2.0
- -2.3. Including all statistical and systematic uncertain-
ties, the range is �2.3 ± 0.3.

Possible origins for this astrophysical flux include var-
ious potential PeV cosmic ray accelerators such as active
galactic nuclei [15–18], gamma-ray bursts [19–21], and
starburst galaxies [22–24]. In all of these sources, neutri-
nos would be produced by the interaction of cosmic rays
with either radiation or gas. Interactions with radiation
(p�) typically produce a peaked spectrum, reflecting the
energy spectrum of the photons; those with gas (pp) pro-
duce a smooth power law [4, 5]. While p� models sat-
isfactorily explain some aspects of the data such as the
possible drop-o� at high energies, many involve a central
plateau smaller than our observed energy range, placing
them in weak tension with the data. As an example, the
p� AGN spectrum in [15] peaks at several PeV with much
lower predictions at 100 TeV; thus, while able to explain
the highest energy events, it fits poorly at lower ener-
gies and so is disfavored at the 2� level with respect to
the simple power-law model described above. Gamma-
ray burst p� models such as [19, 20] have energy ranges
better aligned with our data, with central plateaus from
around 100 TeV to a few PeV, although existing limits
from searches for correlations with observed GRBs are
more than an order of magnitude below the observed flux
[25]. Cosmic ray interactions with gas, such as predicted
around supernova remnants in our and other galaxies,
particularly those with high star-forming rates, produce
somewhat softer spectra due to local di�usion (e.g. E�2.2

in [22]), continuous from low energies. These have high-
energy cuto�s in many cases around a PeV [22], and,
generically, seem to describe the data well, although both
the theoretical and experimental uncertainties are large
in all cases.

Identification of the sources of these neutrinos by clus-
tering of their arrival directions or correlation with candi-
date objects would disambiguate these possibilities. Here
we employ the maximum-likelihood clustering search
from our earlier study [10], which uses the directional
uncertainty map for each event to fit a point source con-
tribution above a flat background, as well as search for
correlations with TeV gamma sources. For all tests, we
determine the significance of any excess by comparing to

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

maps scrambled in right ascension, in which our polar
detector has uniform exposure.

As in [10], the clustering analysis was run twice, first
with the entire sample of events, after removing the two
(28 and 32) with strong evidence of a cosmic-ray origin,
and second with the subsample of 28 shower events, in
order to control for bias in the likelihood fit toward the
positions of single well-resolved muon tracks. We also
conducted an additional test using the likelihood from
[26] marginalized over a uniform prior on the position
of the hypothetical point source. This reduces the bias
toward single well-resolved muons, allowing track and
shower events to be used together, and also improves
sensitivity to multiple sources by considering the entire
sky rather than the single best point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources. The first
two searched for clustering along the galactic plane, with
a fixed width of ±2.5�, based on TeV gamma measure-
ments [27], and with a free width of between ±2.5� and
±30�. The last searched for correlation between neu-
trino events and a pre-defined catalog of potential point
sources (see online supplement). For the catalog search,
the test statistic (TS) value was evaluated at each source
location, and the post-trials significance calculated by
comparing the highest observed value in each hemisphere
to results from performing the catalog search on scram-
bled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater test statistics 84% and 7.2% of the time
for all events and for shower-like events only. When us-
ing the marginalized likelihood, a test statistic greater
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[Claudio Kopper, Moriond EW 2014]

Markus Ahlers (UW-Madison) The IceCube Puzzle April 30, 2014



Proposed Explanations

Extragalactic sources

On the origin of IceCube's PeV neutrinos 
	 –  Cholis, Hooper [1211.1974]

Diffuse PeV Neutrinos from Gamma-ray 
Bursts 
	 – Liu, Wang [1212.1260]

Cosmic PeV Neutrinos and the Sources of 
Ultrahigh Energy Protons 
	 – Kistler, Stanev, Yuksel [1301.1703]

PeV Neutrinos from Intergalactic Interactions 
of Cosmic Rays Emitted by Active Galactic 
Nuclei 
	 – Kalashev, Kusenko, Essey [1303.0300]

Diffuse PeV neutrino emission from 
ultraluminous infrared galaxies 
	 – He, Wang, Fan, Liu, Wei [1303.1253]

PeV neutrinos observed by IceCube from 
cores of active galactic nuclei 
	 – Stecker [1305.7404]

TeV-PeV neutrinos from Low-Power Gamma-
ray Burst Jets inside Stars 
	 – Murase, Ioka [1306.2274]

Testing the Hadronuclear Origin of PeV 
Neutrinos Observed with IceCube  
	 – Murase, Ahlers, Lacki [1306.3417]

Photohadronic Origin of the TeV-PeV 
Neutrinos Observed in IceCube 
	 – Winter [1307.2793]


Long-lived PeV-EeV Neutrinos from GRB 
Blastwave 
	 – Razzaque [1307.7596]

Long- 
	 – Liu et al. [1310.1263]

Long- 
	 – Murase, Inoue, Dermer [1403.4089]


Galactic sources

Galactic PeV Neutrinos 
	 – Gupta [1305.4123]

Sub-PeV Neutrinos from TeV Unidentified 
Sources in the Galaxy 
	 – Fox, Kashiyama, Meszaros [1305.6606]

Pinning down the cosmic ray source 
mechanism with new IceCube data 
	 – Anchordoqui et al. [1306.5021]

The Galactic Pevatron 
	 – Neronov, Semikoz, Tchernin 
[1307.2158]

The Galactic Center Origin of a Subset of 
IceCube Neutrino Events 
	 – Razzaque [1309.2756]

Probing the Galactic Origin of the IceCube 
Excess with Gamma-Rays 
	 – Ahlers, Murase [1309.4077]


Two source populations


TeV-PeV neutrinos over the atmospheric 
background: originating from groups of 
sources? 
	 – He, Yang, Fan, Wei [1307.1450]


Exotica

Neutrino decays over cosmological distances 
and the implications for neutrino telescopes 
	 – Baerwald, Bustamante, Winter 
[1208.4600]

Explanation for the Low Flux of High-Energy 
Astrophysical Muon Neutrinos 
	 – Pakvasa, Joshipura, Mohanty 
[1209.5630] 
Neutrinos at IceCube from heavy decaying 
dark matter 
	 – Feldstein et al. [1303.7320]

Superheavy Particle Origin of IceCube PeV 
Neutrino Events 
	 – Barger, Keung [1305.6907] 
Pseudo-Dirac neutrinos via mirror-world and 
depletion of UHE neutrinos 
	 – Joshipura, Mohanty, Pakvasa 
[1307.5712] 
Are IceCube neutrinos unveiling PeV-scale 
decaying dark matter? 
	 – Esmaili, Sercipo [1308.1105]


...and growing



Candidate  
Sources: GRBs

• IceCube has searched for neutrinos 
in coincidence with 300 GRBs 
recorded 2008 – 2010


• 40 and 59 string configurations


• No neutrinos observed in  
coincidence with these GRBs


• Upper limits at approximately 
20% the predicted flux, if GRBs 
are the (sole) sources of the 
observed UHE cosmic rays


• Limits dependent on modeling of 
GRBs, but well below level of 
observed IceCube flux


• Caveat: low-power jets…
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FIG. 3. Allowed parameter space for fluxes of the form �⌫ · {E�1/✏b, E < ✏b;E�2, E > ✏b}. �

is derived from the break energy assuming neutrino production at the � resonance from proton

interaction with a 1 MeV photon field at z = 1 [4, Eq. A7]. Vertical axes are related to the

accelerated proton flux by the model-dependent constant of proportionality f⇡. Error bars on

model predictions indicate uncertainties in f⇡ and in fits to the cosmic-ray spectrum [7]. Waxman-

Bahcall [2] and Rachen et al. [3] lines use a cosmic ray density of 1044 erg Mpc�3 yr�1. Rachen

and Ahlers assume a neutron-decay origin for cosmic rays.

shown in the vertical axes of figure 3; each model prediction has been normalized to a value121

consistent with the observed ultra high-energy cosmic ray flux. It can also be expressed as a122

fraction of the observed burst energy, and used to directly limit the average proton content123

of the bursts in our catalog (Fig. 4).124

Another free parameter is the bulk Lorentz boost factor �. This is related to the neu-125

trino flux by setting the threshold energy for photopion production in the observer frame:126

increasing � has the e↵ect of reducing the neutrino flux by moving it to higher energies where127

7

allowed region

FIG. 1. Results of the model-dependent analysis along with the result from IC40 [6]. The flux

lines from the predictions from individual spectra [4] and Waxman 2003 [10] are shown as well.

The Guetta et al. line is proportional to the ratio of energy in protons to that in electrons (✏p/✏e,

here the standard 10, chosen to match the cosmic ray density) and the Waxman line to the flux of

cosmic ray protons accelerated in GRBs. The left-hand vertical axis is a di↵use flux derived from

the right-hand axis assuming our catalog is a representative sample [8] of a total of 667 bursts/year.

flux predictions [7, 8].100

Limits from the model-independent analysis on fluxes of this type are shown in figure101

3 for |�t| = 28 seconds, the median burst duration. The spectra are represented there as102

broken power laws with a break energy corresponding to the � resonance for p� interactions103

in the frame of the shock. The upper break, due to synchrotron losses of ⇡+, has been104

neglected, as its presence or absence does not contribute significantly to the muon flux in105

IceCube and thus does not have a significant e↵ect on the presented limits.106

In combination with the earlier IceCube null results [6], this work excludes all tested107

models [4, 5, 10] with their standard parameters and uncertainties on those parameters108

(Figs. 1, 3). The models are di↵erent formulations of the same fireball phenomenology,109

5

flux predictions

upper limit

R. Abbasi et al., Nature 484, 351-354 (2012)
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Searches for Individual Sources

• IceCube is most 
sensitive to sources 
in the Northern sky

• Look through the Earth 

to remove cosmic ray 
muon background


• Only high energies 
visible in Southern sky


• In the Southern sky,  
ANTARES has best  
limits – assuming  
spectrum extends to 
lower energies

IceCube flux: 10 sources

(Northern sky)(Southern sky)

ANTARES Collaboration, arXiv:1402.6182



ANTARES Source Search

• Current IceCube data set  
is dominated by cascades  
(νe, ντ, or NC), with poor  
angular resolution

• Hottest spot is not  

significant (p-value ~8%),  
but could be a hint of a  
(Galactic?) source


• ANTARES search for a νμ  
source in the inner Galaxy  
(at lower energies)

• If there is a single source, it 

must be spatially extended, 
or have a spectrum peaked  
at a few hundred TeV

Assume “hot spot” is a single source  
(González-García et al., arXiv:1310.7194)

ANTARES Collaboration, arXiv:1402.6182

“IceCube excess” (3yrs, preliminary) 5

higher energy search [9] also saw none). An alternative
explanation would be a softer spectrum, although the un-
certainties on the spectral slope—as shown in Fig. 4—are
quite large due principally to the limited statistics and
small energy range over which the data are distributed.
Additional systematic uncertainties at the level of the
statistical ones arise in the first few points from uncer-
tainties in the level of the prompt atmospheric neutrino
background. The presence of this softer (E�2.7) compo-
nent would decrease the non-atmospheric excess at low
energies, hardening the spectrum of the remaining data.
The corresponding range of best fit slopes within our cur-
rent 90% confidence band on the prompt flux [8] is -2.0
- -2.3. Including all statistical and systematic uncertain-
ties, the range is �2.3 ± 0.3.

Possible origins for this astrophysical flux include var-
ious potential PeV cosmic ray accelerators such as active
galactic nuclei [15–18], gamma-ray bursts [19–21], and
starburst galaxies [22–24]. In all of these sources, neutri-
nos would be produced by the interaction of cosmic rays
with either radiation or gas. Interactions with radiation
(p�) typically produce a peaked spectrum, reflecting the
energy spectrum of the photons; those with gas (pp) pro-
duce a smooth power law [4, 5]. While p� models sat-
isfactorily explain some aspects of the data such as the
possible drop-o� at high energies, many involve a central
plateau smaller than our observed energy range, placing
them in weak tension with the data. As an example, the
p� AGN spectrum in [15] peaks at several PeV with much
lower predictions at 100 TeV; thus, while able to explain
the highest energy events, it fits poorly at lower ener-
gies and so is disfavored at the 2� level with respect to
the simple power-law model described above. Gamma-
ray burst p� models such as [19, 20] have energy ranges
better aligned with our data, with central plateaus from
around 100 TeV to a few PeV, although existing limits
from searches for correlations with observed GRBs are
more than an order of magnitude below the observed flux
[25]. Cosmic ray interactions with gas, such as predicted
around supernova remnants in our and other galaxies,
particularly those with high star-forming rates, produce
somewhat softer spectra due to local di�usion (e.g. E�2.2

in [22]), continuous from low energies. These have high-
energy cuto�s in many cases around a PeV [22], and,
generically, seem to describe the data well, although both
the theoretical and experimental uncertainties are large
in all cases.

Identification of the sources of these neutrinos by clus-
tering of their arrival directions or correlation with candi-
date objects would disambiguate these possibilities. Here
we employ the maximum-likelihood clustering search
from our earlier study [10], which uses the directional
uncertainty map for each event to fit a point source con-
tribution above a flat background, as well as search for
correlations with TeV gamma sources. For all tests, we
determine the significance of any excess by comparing to

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

maps scrambled in right ascension, in which our polar
detector has uniform exposure.

As in [10], the clustering analysis was run twice, first
with the entire sample of events, after removing the two
(28 and 32) with strong evidence of a cosmic-ray origin,
and second with the subsample of 28 shower events, in
order to control for bias in the likelihood fit toward the
positions of single well-resolved muon tracks. We also
conducted an additional test using the likelihood from
[26] marginalized over a uniform prior on the position
of the hypothetical point source. This reduces the bias
toward single well-resolved muons, allowing track and
shower events to be used together, and also improves
sensitivity to multiple sources by considering the entire
sky rather than the single best point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources. The first
two searched for clustering along the galactic plane, with
a fixed width of ±2.5�, based on TeV gamma measure-
ments [27], and with a free width of between ±2.5� and
±30�. The last searched for correlation between neu-
trino events and a pre-defined catalog of potential point
sources (see online supplement). For the catalog search,
the test statistic (TS) value was evaluated at each source
location, and the post-trials significance calculated by
comparing the highest observed value in each hemisphere
to results from performing the catalog search on scram-
bled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater test statistics 84% and 7.2% of the time
for all events and for shower-like events only. When us-
ing the marginalized likelihood, a test statistic greater

Prel
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[Claudio Kopper, Moriond EW 2014]

Markus Ahlers (UW-Madison) The IceCube Puzzle April 30, 2014



ANTARES Source Search

• Current IceCube data set  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(νe, ντ, or NC), with poor  
angular resolution

• Hottest spot is not  

significant (p-value ~8%),  
but could be a hint of a  
(Galactic?) source


• ANTARES search for a νμ  
source in the inner Galaxy  
(at lower energies)

• If there is a single source, it 

must be spatially extended, 
or have a spectrum peaked  
at a few hundred TeV

Assume “hot spot” is a single source  
(González-García et al., arXiv:1310.7194)

ANTARES Collaboration, arXiv:1402.6182



Multimessenger Counterparts: UHE Cosmic RaysMulti-messenger paradigm
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Multimessenger Counterparts: TeV Gamma RaysMulti-messenger paradigm
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Search for Gamma Ray Counterparts
Point-Source Sensitivities

The HAWC Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 5: Status of the deployment of the HAWC array on
May 16, 2013. The cleared area indicates the size of the
completed instrument, �22,000 m2.

Figure 6: First 95-detector (341-PMT) event recorded with
HAWC on June 12, 2013.

Currently, the PMTs are being calibrated in situ, and we
use the calibration curves corresponding to each individual
PMT. The HAWC-250 array is on schedule for completion
in August, 2014, and full HAWC observatory will be
completed by the end of 2014.

We described in more detail the HAWC site, the site
infrastructure, layout and platform, and the design and
construction of the WCDs in Ref. [4].

3 Sensitivity to �-ray sources
The design of the HAWC observatory combines the Milagro
water Cherenkov technology with a high altitude site.
Re-deploying the existing Milagro photomultiplier tubes
(PMTs) and electronics in a different configuration at an
altitude of 4,100 m will lead to a sensitivity increase of a
factor of � 15 over Milagro. This improvement is due to the
higher altitude, the increased physical area, and the optical
isolation of the PMTs. As a result, the HAWC detector will
see a 5� signal from the Crab Nebula in a single 4-hr transit
(compared to � 5 months for Milagro) while maintaining

this sensitivity over 2� sr.
We show in Fig. 7 the differential sensitivity of HAWC

as a function of energy. The HAWC observatory will be
used to study particle acceleration in Pulsar Wind Nebulae,
Supernova Remnants, Active Galactic Nuclei and �-ray
Bursts. We describe in Ref. [6] how the sensitivity and its
uncertainty are calculated.

Figure 7: Differential sensitivity per quarter decade of
HAWC for 1 and 5 years (and 1 year of HAWC-100) is
shown compared to other existing and future IACTs. Note
that the sensitivity of HAWC (and Fermi-LAT) is for a sky
survey while it is for 50 hours on a source for IACTs.

The Cygnus region is an extremely active star forming
region with a wealth of �-ray sources such as pulsar wind
nebulae, young star clusters, and binary systems. Obser-
vations from radio to TeV energies have revealed diffuse
emission and a variety of objects such as molecular clouds,
star clusters, and pulsars. The Milagro experiment detected
two extended sources in the TeV regime (MGRO J2019+37
and J2031+41) along with hints of correlated GeV emission
in the region. The HAWC observatory will have better
angular and energy resolution, and one order of magnitude
more sensitivity than the Milagro experiment at similar
energies. Thus, data from HAWC will allow us to resolve the
TeV emission from this region to study the morphology of
the sources, and also to improve the spectral measurements
to investigate the origins of the emission in this region. We
present in Ref. [7] the sensitivity of the HAWC observatory
to the Cygnus region.

Measurements of the very high energy diffuse �-ray
emission are an excellent probe of cosmic-ray acceleration,
propagation, and density distribution at different locations
within our Galaxy. At TeV energies, the Milagro collabora-
tion reported a significant enhancement of diffuse emission
with respect to models of the Cygnus region and the inner
Galaxy. Measuring the diffuse and extended emission in our
Galaxy with better sensitivity will help us understand these
enhancements, put tighter constraints on Galactic cosmic-
ray emission, and also distinguish between hadronic and
leptonic acceleration and propagation models. We present
in Ref. [8] the sensitivity of the HAWC array to Galactic
diffuse �-ray emission under different model assumptions.

We also present in Ref. [9] our observations of the Crab
Nebula using data from HAWC-30, including observations
during the flare in March 2013. We expect to observe 7�
with each transit of the Crab using the full HAWC array.
We will measure the TeV flux of the Crab to better than

1 source

100 sources

[HAWC Collaboration’13]
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• TeV gamma ray 
instruments 
should have the 
sensitivity to 
detect neutrino 
sources, if:

• Sources not 

transient


• Emission  
extends to  
lower energy


• Flux is due to 
relatively small 
number of sources

19
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What Do We Know?

• Compelling evidence for an astrophysical flux of neutrinos at 
energies of 100 TeV – 2 PeV

• Energy spectrum around dN/dE ~ Eν-2.0 to Eν-2.4 over that range


• Probably require either the softer spectrum or a cutoff at 3-5 PeV


• Consistent with equal fluxes of each neutrino flavor


• Consistent with an isotropic flux, although cannot rule out that a 
substantial part comes from a few bright sources

• At least some of the flux almost certainly from extragalactic sources


• Working to extend our analyses, but with current instruments, event 
rates are low and progress will be slow 

• Several proposals for next-generation detectors

20
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Future Instruments

• KM3NeT in the Mediterranean

• Phase 1: roughly 3 x ANTARES, already funded, completion 2016


• Phase 1.5: comparable to IceCube but with different view of the sky, 
potentially complete by 2020


• Phase 2: several times IceCube sensitivity to νμ, potentially mid 2020’s


• GVD in Lake Baikal

• First of 10 clusters in 2015, full array in 2020


• Next-Generation IceCube

• Proposal in preparation: potential construction start in 2018/19, completion 

in 2027


• Would include PINGU neutrino oscillation/dark matter component
21



Next-Generation IceCube

!  ~"100"strings"
!  +"surface"veto"detector"
!  +"PINGU"for"oscilla:ons"(40"strings)"
!  Start"2018/19?"

DecaCube"

IceCube'+'96'strings'
Spacing'240'm'

IceCube'+'
2'x'60'strings'
spacing'240'm'

Albrecht)Karle,)Arlington)Mee2ng)April)24,)2014)
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Surface Veto Arrays

• Examining both EAS arrays (surface particle detectors) and air 
Cherenkov telescopes for tagging cosmic ray air showers


• In addition to lowering energy threshold, surface veto array would 
allow substantial expansion of fiducial volume for downgoing ν’s

23

Upgrade+strategies+
•  Surface+Veto:+reject+muon+and+possibly+neutrino+background+up+to+60+or+

70°+zenith+

•  Build+a+bigger+detector++

•  Build+a+bigger+detector+with+a+full+surface+veto:++don’t+need+inVice+self+veto+
(as+much)+once+we+have+surface+veto++large+string+spacing+possible.+

Air+shower+veto+array+



PINGU: Measuring the Neutrino Mass Hierarchy

after Blennow et al., arXiv:1311.1822

NOνA

LBNE 
10 kt

LBNE 
34 kt

PINGU Hyper-K
JUNO

INO

=
q

�
�
2

• Several current or planned experiments will have sensitivity to the neutrino mass 
hierarchy in the next 10-15 years

• NB: median outcomes shown – large fluctuations possible


• Widths indicate main uncertainty

• LBNE/NOvA: δCP


• JUNO: σE (3.0-3.5%)


• PINGU/INO: θ23  
(38.7º–51.3º, 40º–50º)


• Other projections presented 
here assume worst-case 
parameters (1st octant)


• PINGU timeline based on  
aggressive but feasible 
schedule; LBNE from  
LBNE-doc-8087-v10, all  
others from Blennow et al.

http://arxiv.org/abs/1306.5846

