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Neutrino Cherenkov Telescopes

Astrophysical neutrinos are an important addition to multi-messenger
astronomy (no deßection & absorption in space; Òsmoking-gunÓ of cosmic rays)

IceCube

BaikalANTARES
KM3NeT detector requirements:

NN ⇥ ! ! N ⇥ d2N!

dt dA
⇠ 1

year
⇥ V

1km3

‹ Mdet ' V ⇥ mp ⇠1Gton

realization:

Observation of Cherenkov light in
km3-volumes of deep ocean water
(Mediterranean), fresh water (Lake

Baikal) or ice (Antarctic).
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The IceCube Observatory

• Giga-ton telescope at the
South Pole

• Collaboration of about 250
people at 43 intl. institutions

• 60 digital optical modules
(DOMs) per string

• 78 IceCube strings
125 m apart on triangular grid

• 8 DeepCore strings
DOMs in particularly clear ice

• 81 IceTop stations
two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: 30 Cents per ton
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The IceCube Observatory
• ÒcascadesÓ:good energy, but poor angular resolution (! " > 10! )

• ÒtracksÓ:poor energy, but good angular resolution (! " ! 1! )

• time-dependent signal: early to late light detection

track event (IC-79) cascade event (IC-86)

[two examples from the high-energy starting event (HESE) analysis; IceCube Science 342 (2013)]
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IceCube HESE Sample (3yrs)

• High-Energy Starting Event (HESE) sample: [IceCube Science 342 (2013)]

¥ bright events (Eth " 30TeV) starting inside IceCube
¥ efÞcient removal of atmospheric backgrounds by veto layer

• 37 events in about three years:
[IceCube PRL 113 (2014)]

¥ 28 cascades events

¥ 8 track events

¥ 1 composite event (removed)

• expected background events:

¥ 6.6+5.9
" 1.6 atmospheric neutrinos

¥ 8.4+4.2
" 4.2 atmospheric muons

• signiÞcance of 5.7! above
backgrounds
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Arrival Directions
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1

2

3
4 5

6

7

8

9

10

11

12

13
14

15

1617

18

19

20

21

22

23

24
25

26

27
29

30

31

33

34

35

36

37

N
or

th
er

n 
H

em
isp

he
re

So
ut

he
rn

 H
em

isp
he

re

Galactic Plane
180o

90o

-90o

-180o

absorption
>60%

• 28 Òcascade eventsÓ (circles) and 7 Òtracks eventsÓ (diamonds) ; size of symbols
proportional to deposited energy (30 TeV to 2 PeV) [IceCube PRL 113 (2014)]

8 no signiÞcant spatial or temporal correlation of events
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Spectrum
• E" 2-spectrum of the HESE 3yr sample within (0.1 � 1)PeV: [IceCube PRL 113 (2014)]

E2
! " ! ! ' (0.95± 0.3) ⇥ 10" 8GeV cm" 2 s" 1 sr" 1

• ÒclassicalÓ muon-neutrino analysis (dominated by Northern Hemisphere) sees ßux
excess consistent with HESE sample [IceCube APS meetingÕ14]

• extended HESE sample with lower energy threshold indicates softer spectrum :
[IceCube 1410.1749]

E2" ! ! (E) '
!

2.06+0.4
" 0.3

"
⇥ 10" 8

#
E!

100TeV

$ " 0.46± 0.12

GeV cm" 2 s" 1 sr" 1

5

FIG. 4. Extraterrestrial neutrino ßux ( ! + ø! ) as a function
of energy. Vertical error bars indicate the 2 �L = ± 1 con-
tours of the ßux in each energy bin, holding all other val-
ues, including background normalizations, Þxed. These pro-
vide approximate 68% conÞdence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ! µ spectrum [9] would re-
duce the inferred astrophysical ßux at low energies to the level
shown for comparison in light gray. The best-Þt power law is
E 2" (E ) = 1 .5 ! 10! 8(E/ 100TeV)! 0.3GeVcm! 2s! 1sr! 1 .

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is ! 2.0 to ! 2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at ! 2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution " 15" )
are marked with + and those containing muon tracks ( . 1" )
with ! . Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No signiÞcant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5! , based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5! and ±30! . The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the 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 analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5! with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5! returned a p-value
of 24%. A repeat of the time clustering search from [11]
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FIG. 12. Unfolding the non-atmospheric excess as piecewise-
constant per-ßavor ßuxes E 2! . The horizontal error bars
show the range of primary neutrino energies that contribute to
each bin, while the vertical error bars show the range of E 2!
that change the ! 2" ln L test statistic by less than 1. The
black points show the Þt to the data sample presented here;
the light grey data points are from the 3-year data sample of
[7], shifted slightly to the right for better visibility. Above the
highest observed energy, the error bars provide upper limits
on the ßux; these are less constraining than the upper lim-
its of [83] above 10 PeV. The thin lines show models for the
di#use astrophysical neutrino background: the upper bound
from the total luminosity of EeV cosmic rays from [60], the
AGN core emission model of [40], and the starburst galaxy
model of [46].
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Neutrino Flavors

neutron
decay
(1:0:0)

oscillation-averaged

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)

25%

50%

75%

75%

50%

25%

75
%

50
%

25
%

! "

! µ

! e

• ÒNuFit 1.3Ó:sin2 ! 12 = 0.304/ sin2 ! 23 = 0.577/ sin2 ! 13 = 0.0219/ " = 251!

4 observed events consistent with equal contributions of all neutrino ßavors
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Multi-messenger paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and #-rays.

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV #-rays

‹ very interesting energy range:

¥ Glashow resonance?

¥ galactic or extragalactic?

¥ isotropic or point-sources?

¥ chemical composition?

¥ pp or p# origin?

CR

!

"
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Proposed Source Candidates
• Galactic: (full or partial contribution)

¥ heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]

¥ peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase 1309.4077]

¥ diffuse Galactic #-ray emission [e.g. Ingelman & ThunmanÕ96; MA & Murase 1309.4077]

¥ unidentiÞed Galactic TeV#-ray sources [Fox, Kashiyama & Meszaros 1306.6606]

¥ sub-TeV diffuse Galactic #-ray emission [Neronov, Semikoz & Tchernin 1307.2158]

¥ ÒFermi bubblesÓ[Su, Slatjer & FinkbeinerÕ11; Crocker & AharonianÕ11; Lunardini & RazzaqueÕ12]

[MA & MuraseÕ13; RazzaqueÕ13; Lunardiniet al.Õ13 ]

• Extragalactic:

¥ association with sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]

[Katz, Waxman, Thompson & Loeb 1311.0287; Fang, Fujii, Linden & Olinto 1404.6237]

¥ GZK from low Emax blazars [Kalashev, Kusenko & Essey 1303.0300]

¥ cores of active galactic nuclei (AGN) [e.g. Stecker et al.Õ91;Stecker 1305.7404]

¥ AGN jets [e.g. Murase, Inoue & Dermer 1403.4089; 1406.2633]

¥ low-power #-ray bursts (GRB) [Murase & Ioka 1306.2274]

¥ starburst galaxies [e.g. Loeb & WaxmanÕ06; Heet al. 1303.1253]

[ Murase, MA & Lacki 1306.3417; Anchordoqui et al. 1405.7648; Chang & Wang 1406.1099]

¥ hypernovae in star-forming galaxies [Liu, Wang, Inoue, Crocker & Aharonian 1310.1263]

¥ galaxy clusters/groups [Berezinksy, Blasi & PtuskinÕ97; Murase, MA & Lacki 1306.3417]
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Neutrino Point-Source Limits

• upper ßux limits and
sensitivities of Galactic
neutrino sources with
ÒclassicalÓ muon neutrino
search (" res ' 0.3! -0.6! )

• sensitivity for extended
sources weaker by%

# ES/ # PSF ' " ES/" res

• strongest limits for sources in
the Northern Hemisphere
(IceCube FoV for upgoing $Õs)

• time-dependent sensitivity:
[IceCube ApJ 744 (2012)]

E2" ! µ ' (0.1 � 1)GeVcm" 2

Ð 24 Ð

Fig. 11.Ñ Muon neutrino upper limits with 90% C.L. evaluated for the 44 sources (dots), for the
combined four years of data (40, 59, 79, and 86 string detector conÞgurations). The solid black line
is the ßux required for 5! discovery of a point source emitting an E�2 ßux at di! erent declinations
while the dashed line is the median upper limit or sensitivity also for a 90% C.L. The ANTARES
sensitivities and upper limits are also shown (Adri«an-Mart«õnezet al. 2014). For sources in the
southern hemisphere, ANTARES constrains neutrino ßuxes at lower energies than this work.

[IceCube 1406.6757]
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Neutrino Point-Source Limits

Galactic

0.9 1.3
7.7

0.7

0.80.60.41.4

Galactic search with IceCube (red, 3yrs) & ANTARES (blue, 6yrs)

180o

-90o

-180o

LSI +63 303
(Binary)

MGRO J2019+37
(PWN)

Crab (PWN)

Geminga (PWN)

MGRO J1908+06
(unidentiÞed)

GP scan minimum
p-value = 2.8%

Vela Jr. (Shell)RX J1713.7-3946
 (Shell)

Vela X (PWN)

• relative strength of neutrino limits assuming hadronic TeV #-ray emission
(only shown for selected strong sources):

F" (E" > Eth)/ F90CL
! (E! > Eth/ 2)

8 caveats: soft spectra, low energy cutoffs and extended emission

Markus Ahlers (UW-Madison) High-Energy Neutrinos in Light of Fermi-LAT October 20, 2014 slide 12



Fermi Bubbles

• two extended GeV #-ray emission
regions close to the Galactic
Center [Su, Slatyer & FinkbeinerÕ10]

• hard spectra and relatively uniform
emission

• some correlation with WMAP haze
and X-ray observation

• model 1: hadronuclear interactions
of CRs accelerated by star-burst
driven winds and convected over
few 109 years [Crocker & AharonianÕ11]

• model 2: leptonic emission from
2nd order Fermi acceleration of
electrons [Mertsch & SarkarÕ11]

‹ probed by associated neutrino
production [Lunardini & RazzaqueÕ12]

26

Fermi 1-5 GeV

 

50 0 -50
 

-50

0

50

 

0.5

1.0

1.5

2.0

2.5

3.0

0.5

1.0

1.5

2.0

2.5

3.0

ke
V

 c
m

-2
 s

-1
 s

r-1

Haslam 408 MHz

 

50 0 -50
 

-50

0

50

 

0

10

20

30

40

0

10

20

30

40

K

Rosat Band 6 and 7

 

50 0 -50
 

-50

0

50

 

50

100

150

200

250

300

350

400

50

100

150

200

250

300

350

400

10
-6
 c

ou
nt

s 
s-1

 a
rc

m
in

-2

WMAP 23 GHz haze

 

50 0 -50
 

-50

0

50

 

-0.04

-0.02

0.00

0.02

0.04

0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

m
K

Fig. 18.— Comparison of the Fermi bubbles with features in other maps. Top left: Point-source subtracted 1 ! 5 GeV Fermi -LAT 1.6
yr map, same as the lower left panel of Figure 3 with north and south bubble edges marked wit h green dashed line, and north arc in blue
dashed line. The approximate edge of the Loop I feature is plotted in red dotted line, and the ÒdonutÓ in purp le dot-dashed line. Top
right: The Haslam 408 MHz map overplotted with the same red dotted li ne as the top left panel. The red dotted line remarkably traces
the edge of the bright Loop I feature in the Haslam soft synchrotron map. Bottom left: the ROSAT 1.5 keV X-ray map is shown together
with the same color lines marking the prominent Fermi bubble features. Bottom right: WMAP haze at K-band 23 GHz overplotted with
Fermi bubble edges. The ROSAT X-ray features and the WMAP haze trace the Fermi bubbles well, suggesting a common origin for these
features.

shown in Figure 16, the Loop I correlated emission also
has a softer spectrum than theFermi bubble emission.
The Loop I feature in the ROSAT map similarly has a
softer spectrum than the limb-brightened X-ray bubble
edges: as shown in Figure20, when a low-energy map
is subtracted from a higher-energy map in such a way
that Loop I vanishes, the bubble edges remain bright.
We also see additional shell structures which follow the
Fermi bubble edges and thenorthern arc in the Haslam
408 MHz map (top row of Figure 26).

The Fermi bubbles are morphologically and spectrally
distinct from both the ! 0 emission and the IC and
bremsstrahlung emission from the disk electrons. As we
have shown in Figure 12 to Figure 17, the Fermi bub-
bles have a distinctly hard spectrum, dN! /dE ! E �2,

with no evidence of spatial variation across the bub-
bles. As shown in Figure 23, an electron population
with dNe/dE ! E �2�2.5 is required to produce these
gamma rays by IC scattering: this is comparable to the
spectrum of electrons accelerated by supernova shocks or
polar cap acceleration (Biermann et al. 2010). However,
di! usive propagation and cooling would be expected to
soften the spectrum, making it di" cult to explain the
Fermi bubbles by IC scattering from a steady-state pop-
ulation of these electrons (a single brief injection of elec-
trons with dN/dE ! E �2 could generate a su" ciently
hard spectrum for the bubblesif there was a mechanism
to transport them throughout the bubble without sig-
niÞcant cooling). The facts strongly suggest that a dis-
tinct electron component with a harder spectrum than

[Su, Slatyer & FinkbeinerÕ11]
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Fermi Bubbles
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Fermi Bubbles

3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measuredp/K atmospheric background at lower
energies (8Ð10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause ofnmbias inp andK decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal partsne andnm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E ! 2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries(top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked“Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions.(A andB) Zenith
angle entries for data (B) are the best-fitzenith position for each of the 28 events;
a small number of events (Table 1) havezenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fitE! 2 astrophysical spectrum with
a per-flavor normalization (1:1:1) ofE2F n(E) = 1.2! 10! 8 GeV cm! 2 s! 1 sr! 1.

www.sciencemag.org SCIENCE VOL 342 22 NOVEMBER 2013 1242856-3
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Fermi Bubbles ?

10! 3 10! 2 10! 1 100 101 102 103 104

E! [TeV]

10! 9

10! 8

10! 7

10! 6

E
2 J

[G
eV

cm
!

2
s!

1
sr

!
1 ]

!

" #

HiSCORE (5yrs, FB)

LHAASO (1yr, FB)

HAWC (3yrs, FB)

CTA (100h, FB)

ANTARES (FB, prel.)

GRAPES-3 (FB)

CASA-MIA (FB)

Fermi Bubble (2014)

IceCube (FB 2yrs)

[MA & Murase 1309.4077; updated with Fermi ApJ 793 (2014)]

• small zenith ÒexcessÓ in IceCube HESE 2yr sample (but not signiÞcant)

• Galactic Center source(s) of extended source, e.g. ÒFermi BubblesÓ?
[Finkbeiner, Su & SlatyerÕ10]

8 $ = 2.4 extrapolation of hadronic #-ray/neutrino ßux unlikely to produce an
ÒexcessÓ at 100 TeV to PeV in FB region
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Diffuse vs. Point-Source ßux
• point-source ßux:

FPS =
L

4%d2
L(z)

' L
4%r2

• (quasi-)diffuse ßux:

Fdiff =
1

4%

&
dz

dVC

dz
H(z)

L
4%dL(z)2

' L
4%

1/ H0&

0

dr H(r)

• typically, the density H of extra-galactic sources is:

¥ 10" 3 � 10" 2 Mpc" 3 for normal galaxies

¥ 10" 5 � 10" 4 Mpc" 3 for active galaxies

¥ 10" 7 Mpc" 3 for massive galaxy clusters

¥ > 10" 5 Mpc" 3 for UHE CR sources

• PS ßux based on HESE measurement:

FPS(E! ) ' 9 ⇥ 10" 13 TeVcm" 2s" 1
# H0

10" 5Mpc" 3

$ " 1 #
r

10Mpc

$ " 2 #
&z

2.4

$ " 1
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IdentiÞcation of Extragalactic Point-Sources?

number of sources

number of events

distance

1 7 19 37

m m m m m

i3 -
(i-

1)
3

r1 2r1 3r1 4r1 ir10

• total number of sources

ns ' 106 � 107

• total number of ÒslicesÓ

nslice ' (ns)
1
3

• total number of events

øN ' m⇥ nslice = m⇥ (ns)
1
3

4 required number of events to
see a doublet (m = 2)

øN ' 200� 500

8 random clusters are very likely
with bad angular resolusion!
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IdentiÞcation of Extragalactic Point-Sources?

• IceCube ßux normalizes the
contribution of individual sources

• dependence on local source density H
(rate úH) and redshift evolution &z

‹ PS observation requires rare sources

• non-observation of individual neutrino
sources exclude source classes, e.g.

8 FSRQs
(H ' 10" 9Mpc" 3 / &z ' 7)

8 ÒnormalÓ GRBs
( úH ' 10" 9Mpc" 3yr" 1 / &z ' 2.4)
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E
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�
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s�

1 ]

closest continuous source in FoV

Tlive = 5 yrs,! z = 2.4, fsky = 0.5

IceCube (90% C.L., 5 yrs, Northern Hemisphere)

10�9 10�8 10�7 10�6

úH [Mpc�3 yr�1]

0.01
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1

E
2 F

(E
)

[G
eV

cm
�

2 ]

closest transient source in FoV

Tlive = 5 yrs,! z = 2.4, fsky = 0.5

IceCube (90% C.L., Northern Hemisphere)

[MA&HalzenÕ14]
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Association with Known Sources?

number of sources

number of events

distance

1 7 19 37

m* m* m* m* m*

i3 -
(i-

1)
3

r 1 2r1 3r1 4r1 ir10

r th

• total number of known
closeby (r < rth) sources, e.g.

ncat ' 100

• total number of events

øN ' m# ⇥ nslice = m⇥
#

ns

ncat

$ 1
3

4 required number of events to
see an association (m = 1)

øN ' 20� 50
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Association with Known Sources?

Galactic
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Fermi 2FGL Catalog (extragalactic sources, bolometric)

180o

-90o

-180o
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Association with Known Sources?

Galactic
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Fermi 2FGL Catalog (extragalactic sources, power-law with! ! 2.0)
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bzq, BZQ bzb, BZB agn, rdg, sey, agu, AGN, RDG, SEY, AGU sbg, SBG gal, GAL
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IceCube Stacking Searches

• GRB stacking (right plot)

¥ $µ emission following the GRB
ÒÞreballÓ model

¥ 492 GRBs (2008Ð2012) in
IceCubeÕs FoV reported with
GCN and Fermi GBM

• Fermi blazar stacking
[IceCube 1406.6757]

¥ weighting with Fermi #-ray ßux

¥ 33 FSRQs:
E2" ! µ < 3.5⇥10" 12TeVcm" 2s" 1

¥ 27 LSP BL Lacs:
E2" ! µ < 5.2⇥10" 12TeVcm" 2s" 1

¥ 37 hard #-spectrum BL Lacs:
E2" ! µ < 3.7⇥10" 12TeVcm" 2s" 1
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IC40 thru IC86-I Þreball UL (90% CL)

IC40 thru IC86-I photospheric UL (90% CL)

Total Þreball prediction
Total photospheric prediction

IceCube Preliminary

[IceCube Nature 484 (2012); M.Richman ICRCÕ2013]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and #-ray ßuxes in pp
scenarios follow initial CR
spectrum / E" �

‹ low energy tail of GeV-TeV
neutrino/#-ray spectra

8 constraint by IGRB
[Murase, MA & LackiÕ13; Chang & WangÕ14]

• extra-galactic emission
(cascaded in EBL): $ ! 2.15� 2.2

• Galactic emission: $ ! 2.0

‹ " 10% contribution to IGRB at
E" " 100GeV
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SFR evolution
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diffuseg
IceCube (3yr)

Fermi IGRB (2014)

[Murase, MA & LackiÕ13; updated with Fermi 1410.3696]
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Summary & Outlook

• IceCube 4th year HESE data to be unblinded soon.

• ReÞned analysis strategies with reduced atmospheric backgrounds and lower
energy threshold under development.

• Do we see individual sources or just a diffuse background ?

‹ Input from #-ray astronomy will be essential to identify extragalactic source
populations.

• How well can we determine the spectrum and ßavor composition ?

• Is the corresponding CR population responsible for UHE CRs (WB saturation)?

• Local PeV #-ray astronomy ?

• Extragalactic contributions of EeV neutrinos (GZK)?

• Studies of possible future extensions of IceCube underway.
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