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Outline

• Multi-messenger search for cosmic-ray sources 

• IceCube astrophysical neutrinos 

• VERITAS & Fermi observations of neutrino positions 

• Future plans
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Galactic magnetic field 
(Planck)

(oscillates to ~1:1:1)

Multi-messenger astronomy
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IceCube astrophysical neutrinos
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IceCube Array
 86 strings including 8 DeepCore strings 
60 optical sensors on each string
5160 optical sensors

DeepCore 
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations, each with
    2 IceTop Cherenkov detector tanks
    2 optical sensors per tank
324 optical sensors

Bedrock

 
 

December, 2010: Project completed, 86 string

• Evidence for astrophysical neutrinos first observed by IceCube using high-energy 
neutrino events with contained (C) interaction vertices (arxiv/1405.5303). 

• New analysis using up-going muon tracks with uncontained vertices (UC) shows a 
similar flux with a 3.7σ significance (arxiv/1507.04005). 

• Neutrino energies between tens of TeV to few PeV. Compatible with flavor equipartition. 

• Power-law fit to the neutrino spectrum gives an index of 2.50 ± 0.09

Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 13

Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ 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 composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

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. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple 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. (2015c) (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, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences 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.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council
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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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IceCube neutrino point-source searches

• Contained (C) sample: 54 neutrino 
candidate events in 4 years. 
- 39 cascades, ~15° ang. resolution 

(CC νe,τ + NC νe,μ,τ) 
- 13 tracks, ~1° ang. resolution (CC νμ) 
- 2 events are likely background events. 

• No evidence for neutrino point sources.

5

arxiv/1510.05223

x100

all-sky  
astro flux • Previous point-source searches 

(using muon tracks) have set ULs at 
a flux level that is x10-100 lower 
than the all-sky astrophysical flux. 

• Large number of weak sources? 
transients?

arxiv/1406.6757
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Gamma-ray searches for neutrino sources

6

• Gamma-ray telescopes can be used to search for the hadronic gamma-ray counterpart. 

• Fermi (GeV) and IACTs like VERITAS (TeV) can set limits on fluxes that are x1000-10000 lower than 
the all-sky IceCube flux.  

• Sensitivity is a function of redshift for VHE searches. 

• No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935) 

1 year - P6 xgal

(50 hours)

IceCube flux (Γ~2.3) from arxiv/1405.5303 
converted 1:1 to gammas

Franceschini et al. EBL 
model 
arxiv/0805.1841

Supplementary Methods and Tables – S4

SUPPL. FIG. 2. Arrival directions of the events (+ for shower
events, ⇥ for track events) and test statistic (colors) in equa-
torial coordinates (J2000). The gray line denotes the galactic
plane. This is an equatorial version of Fig. 5.

SUPPL. FIG. 3. Pre-trials p-value vs. width of galactic plane
hypothesis. The width of the galactic plane is varied from
±2.5� to ±30� in steps of 2.5�. For each width, the pre-trials
p-value is calculated by comparing the maximized likelihood
to that from scrambled datasets. All results are consistent
with the background-only hypothesis.

clustering along the galactic plane for each tested width
of the plane.

ALTERNATIVE HYPOTHESIS TESTS

The primary statistical test used in this article is based
on optimization of a Poisson likelihood in zenith angle
and deposited energy containing four components: pene-
trating muon background, atmospheric neutrinos from
⇡/K decay, atmospheric neutrinos from charm decay,
and an isotropic E�2 astrophysical test flux. The muon
background was constrained by a Gaussian prior match-
ing our veto e�ciency measurement. To ensure maxi-
mum robustness, all neutrino rates were completely un-
constrained beyond a non-negativity requirement.
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SUPPL. FIG. 4. Profile likelihood scan of the normalization
of the E�2 test flux for the unconstrained fit. The red line rep-
resents the likelihood di↵erence (left axis) to the best-fit point
(marked with ⇥). Nuisance parameters (right axis, blue and
green lines) are fractions of, respectively, the 90% CL upper
limit on prompt and best-fit conventional (⇡/K) atmospheric
neutrino fluxes from [9] and show the best-fit values, without
uncertainties, of the atmospheric flux for each choice of astro-
physical flux. For very low astrophysical fluxes, large prompt
atmospheric neutrino fluxes are required to explain the data
(blue line) but even large values are in strong tension with the
data (red line). Note that significances given on the left axis
are approximate, although they coincide with results of Monte
Carlo ensembles for the null hypothesis rejection (5.7�).

To test the null hypothesis of no astrophysical flux, we
compared the best global fit, with all components free,
to the best fit when the astrophysical test flux was con-
strained to zero using the di↵erence in likelihood as a
test statistic. This rejected with a significance of 5.7�
the no-astrophysical case when compared to the best-fit
alternative, which had a prompt flux (the hardest non-
astrophysical component available to the fitter) 3.6 times
above existing 90% CL limits [9] (Suppl. Fig. 4), which
themselves are well above most common prompt flux pre-
dictions (e.g. [24]). Using the previous limits directly in
the fit, through a Gaussian penalty function, would have
increased the significance of the result to 6.8�, tested
against a best-fit prompt flux 1.6 times larger than the
existing 90% CL limit.

In the first part of this study [11], we performed an
additional test that does not include information on the
spectrum or angular distribution of the penetrating muon
background and has correspondingly much lower sensi-
tivity. The construction of the test also does not allow
incorporation of any non-statistical uncertainties in the
atmospheric neutrino fluxes, in order to match the treat-
ment and charm background model in [10]; it is presented
here only for consistency with the previous result. Re-
moving the two ⇠ 1 PeV events from the sample and
incorporating them with the significance from [10] gives

Integral sensivities
vs. IceCube equivalent γ-flux 

arxiv/1405.5303
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Gamma-ray searches for neutrino sources
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• Gamma-ray telescopes can be used to search for the hadronic gamma-ray counterpart. 

• Fermi (GeV) and IACTs like VERITAS (TeV) can set limits on fluxes that are x1000-10000 lower than 
the all-sky IceCube flux.  

• Sensitivity is a function of redshift for VHE searches. 

• No significant correlation between contained tracks and Fermi sources (arxiv/1505.00935) 
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green lines) are fractions of, respectively, the 90% CL upper
limit on prompt and best-fit conventional (⇡/K) atmospheric
neutrino fluxes from [9] and show the best-fit values, without
uncertainties, of the atmospheric flux for each choice of astro-
physical flux. For very low astrophysical fluxes, large prompt
atmospheric neutrino fluxes are required to explain the data
(blue line) but even large values are in strong tension with the
data (red line). Note that significances given on the left axis
are approximate, although they coincide with results of Monte
Carlo ensembles for the null hypothesis rejection (5.7�).

To test the null hypothesis of no astrophysical flux, we
compared the best global fit, with all components free,
to the best fit when the astrophysical test flux was con-
strained to zero using the di↵erence in likelihood as a
test statistic. This rejected with a significance of 5.7�
the no-astrophysical case when compared to the best-fit
alternative, which had a prompt flux (the hardest non-
astrophysical component available to the fitter) 3.6 times
above existing 90% CL limits [9] (Suppl. Fig. 4), which
themselves are well above most common prompt flux pre-
dictions (e.g. [24]). Using the previous limits directly in
the fit, through a Gaussian penalty function, would have
increased the significance of the result to 6.8�, tested
against a best-fit prompt flux 1.6 times larger than the
existing 90% CL limit.

In the first part of this study [11], we performed an
additional test that does not include information on the
spectrum or angular distribution of the penetrating muon
background and has correspondingly much lower sensi-
tivity. The construction of the test also does not allow
incorporation of any non-statistical uncertainties in the
atmospheric neutrino fluxes, in order to match the treat-
ment and charm background model in [10]; it is presented
here only for consistency with the previous result. Re-
moving the two ⇠ 1 PeV events from the sample and
incorporating them with the significance from [10] gives

Integral sensivities
vs. IceCube equivalent γ-flux 
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FIG. 1. The �-ray (red lines) and per-flavor neutrino (black lines) contribution of the hadronic emission model following Eq. (1)
with � = 2.5. We show the contribution of direct and cascaded � rays separately as dashed and dotted lines, respectively. In
the left plot the emission is normalized according to the best-fit of the combined neutrino data [1] in the 25 TeV to 2.8 PeV
energy range (grey-shaded area). The corresponding total �-ray emission is only marginally consistent with the isotropic �-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the
0.05� 1 TeV EGB (red-shaded area).

associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
�0.34⇥10�9

ph cm�2 s�1 sr�1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)⇥10�9 ph cm�2 s�1 sr�1. In
other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-

Bechtol et al. arxiv/1511.00688
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15°
Cascade events

7
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Gamma-ray FoVs and IceCube events

8

• Fermi-LAT has large field of view and high duty cycle. 

• >2 sr instantaneous FoV. Entire sky covered in 3 hours. 

• Angular resolution comparable to cascades > 100 MeV 
and muon tracks > 1 GeV. 

• Large number of sources. Chance correlations ~ 37% 
for tracks. Worse for cascades. 

Tracks

Cascades

Fermi FoV > 2 sr 
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Muon positions to observe with VERITAS
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arxiv/1405.5303
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arxiv/1507.04005

• Three HE contained-vertex muons in the 
northern sky observable from VERITAS. 

• Positions are publicly available. 

• Angular uncertainty < 1.2° for muons.

• Uncontained muon events. 

• Event positions from a 2-year sample of HE 
northern-sky muon neutrino candidates.  

• 20 highest energy events in the sample. 

• Relatively high astrophysical purity (ignoring 
atmospheric & astrophysical flux uncertainties) 

• Event positions not yet published. Shared 
through IceCube-VERITAS MoU. 

• Typical angular uncertainty < 1°.

Contained events (C) Uncontained events (UC)
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VERITAS Overview

• First light in 2004 

• Array of 4 Davis-Cotton Imaging Air Cherenkov 
Telescopes. 

• Energy range: ~ 80 GeV - 30 TeV 

• Effective area: ~ 10
5
 m

2
  

• Observing time: ~ 750 hr (dark) + 200 hr (moonlight) 

• 0.1° angular resolution > 1 TeV

10

499 PMTs

~ 3.5°

CameraTelescope

12 m

Very Energetic Radiation Imaging Telescope Array System
Location: Fred L Whipple Observatory (near Tucson, AZ)

arxiv/1510.01269Status & highlights:
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VERITAS observations of contained muons
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• No significant gamma-ray emission detected above 100 GeV. 

• Most significant hotspot is in the C37 field. Significance: 4.3σ pre-trials, 
2.0σ post-trials.

C5
3 hours 
Soft-spectrum cuts 
99% UL: 2.3% Crab flux 
Wobble 0.5° - 0.7°

C13
9.6 hours 
Soft-spectrum cuts 
99% UL: 1.1% Crab flux 
Wobble 0.5° - 0.7°

C37
4.6 hours 
Soft-spectrum cuts 
99% UL: 2.0% Crab flux 
Wobble 0.5° - 0.7°

PreliminaryPreliminary
Preliminary

VERITAS
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LAT observations of contained muons
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• Pass 8 analysis with 1 GeV < E < 300 GeV for Δt = ± 7 days wrt time of the event. 

• No significant cluster of photons at the position of the neutrino (sqrt(TS) < 1) 

Int UL < 1.4 10-9 ph cm-2 s-1

Int UL < 3.0 10-9 ph cm-2 s-1

Int UL < 1.15 10-9 ph cm-2 s-1

Fermi-LAT
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Observations of uncontained muons

13

ID Obs. time UL (99%) UL (99%)
[min] [⇥10�12 cm�2 s�1] [C.U.]

C5 180 8.3 2.3%
C13 574 4.0 1.1%
C37 275 7.3 2.0%

UC2 25 21.2 5.8%
UC3 180 6.3 1.7%
UC4 122 9.9 2.7%
UC5 90 6.7 1.8%
UC6 25 9.5 2.6%
UC7 15 39.6 10.9%
UC8 60 9.3 2.6%
UC9 40 15.2 4.2%
UC10 90 9.4 2.6%
UC11 209 4.4 1.2%
UC12 25 9.5 2.6%
UC15 90 7.4 2.0%
UC16 40 8.6 2.4%
UC17 150 4.4 1.2%
UC19 210 3.9 1.1%

• Most 99% CL upper limits for uncontained muons are at the 1-5% Crab nebula flux above 100 GeV. 

• For the LAT, ULs on uncontained muons are in the ~(10-12 - 10-11) TeV cm-2 s-1 above 1 GeV. 

• Given the current limits and an neutrino spectral index of 2.3 this would rule out steady sources with a 
gamma-ray flux that is 1/1000 of the all-sky neutrino flux if they are at z < 0.2.

*ULs with no trials corrections.

LAT

ULhisto
Entries  19
Mean  11.67− 
RMS    0.2876

]-1 s-2(UL [TeV cm10log
12.2− 12− 11.8− 11.6− 11.4− 11.2− 11−

0

1

2

3

4

5 ULhisto
Entries  19
Mean  11.67− 
RMS    0.2876

all muons (LAT)
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PeV muon neutrino event

14

• Edep ~2.6 +/- 0.3 PeV 

• Time: 6/11/2014 

• RA: 110.34° 

• Dec: 11.48° 

• r50% < 0.27° 

• patm < 0.01% 

• ATel #7868

arxiv/1510.05223
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PeV muon neutrino event
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• Energy range: 100 MeV to 300 GeV 

• Time range: 2008-08-04 to 2015-06-17.  

• Pass 7 reprocessed, source class events. 15° RoI. 

• No sources 3FGL within 3°, all remaining sources assumed 
to have constant flux at the level of the 3FGL catalog. One 
TeVCat source ~ 8° away. 

• No new source found to be contained in the error circle of 
the neutrino.

Counts Model Residual

Fermi-LAT
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Conclusions and future plans
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Summary 

• ~40 hours of VERITAS data on IceCube HE neutrino positions. 

• No significant detection of VHE gamma-ray emission associated at the neutrino 
positions. 99% flux ULs above 100 GeV at a few percent of the Crab nebula flux. 

• These values start to constrain the number of steady sources and their distances. 

• Preliminary Fermi-LAT results on HE uncontained muons. 

Next steps 

• Continue observations of HE muon events which are likely astrophysical. 

• Preparing to receive real-time alerts from IceCube to increase the sensitivity to 
transient sources. 

• CTA coming up with order-of-magnitude increase in sensitivity.


