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

Table 4 (continued)

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

24 56666.50 0.90 850 32.82 +0.16
�0.14

+0.39
�0.41 293.29 +0.18

�0.40
+0.55
�1.08

25 56799.96 0.73 400 18.05 +0.75
�0.63

+1.94
�1.80 349.39 +1.13

�1.75
+2.89
�4.12

26 56817.64 0.66 340 1.29 +0.33
�0.29

+0.83
�0.74 106.26 +0.86

�0.74
+2.27
�1.90

27 56819.20 0.995 4450 11.42 +0.07
�0.08

+0.17
�0.17 110.63 +0.16

�0.28
+0.46
�0.55

28 57049.48 0.46 210 4.56 +0.19
�0.12

+0.68
�0.50 100.48 +0.23

�0.34
+0.95
�1.87

29 57157.94 0.52 240 12.18 +0.19
�0.18

+0.37
�0.35 91.60 +0.10

�0.37
+0.16
�0.74

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

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

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

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

The fit results, shown in Fig.17, is a small but not statis-
tically significant larger flux and softer spectrum from the
region including the galactic plane. The p-value for both re-
sults being compatible is at about 43%. In conclusion, the
observed flux is not dominated by the galactic plane. How-
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Q = log10(Lsig+bkg)� log10(Lbkg) (4)

with Lbkg = Lsig+bkg(µsh
sig = µtr

sig = 0).
The detection power is computed by building the prob-

ability density functions of the test statistic pdf�(Q) for
di↵erent normalisation factors � of the reference model
fluxes. Pseudo-experiments are thus produced, varying
the number of signal events µsh+tr

sig accordingly. They are

generated using the probability density functions MT and
ET defined before. A total of 105 pseudo-experiments are
produced in the background case (µsh+tr

sig = 0) and 104 for

each value of µsh+tr
sig in the range [1,55] where the rate of

showers, taken from the Monte Carlo simulation, is ⇠20%
of µsh+tr

sig . For each pseudo-experiment, the number of fit-

ted track (µtr
fit) and shower (µsh

fit) events can be obtained.
The distribution of [µsh+tr

sig � (µtr
fit + µsh

fit)] has null mean
value and a standard deviation �⇤ = 13 for the model with
the 5 PeV cut-o↵ and �⇤ = 11 with the 50 PeV cut-o↵. It
is worth noticing that the value of �⇤ is related to the back-
ground fluctuation, which does not change when varying
the true number of signal events for a given model. This
means that, if the exposure increases by a given factor, �⇤

increases less rapidly. The probability density functions
of Q for integer numbers of signal events pdfµsh+tr

sig
(Q) are

obtained from pseudo-experiments. They are linked to
pdf�(Q), with � leading to a mean number of detected
signal events n, by:

pdf�(Q) =
X

µsh+tr
sig

P (µsh+tr
sig |n) · pdfµsh+tr

sig
(Q) (5)

where P is the Poissonian probability distribution.
The systematic uncertainty on the acceptance of the

ANTARES photomultipliers implies an uncertainty on the
e↵ective area of 15%. To account for this, the number of
expected signal events n from a given flux is fluctuated
using a Gaussian distribution with a standard deviation
of 15%. An uncertainty on the background distribution
due to statistical fluctuations in the data is also taken
into account by fluctuating MT

bkg(�i).
The p-value for a given Q is defined as the probabil-

ity to measure a test statistic larger than this one in the
background only case. It is given by the anti-cumulative
probability density function of Q with no injected signal
(Figure 2). Upper limits at a given confidence level are set
according to the corresponding distributions with injected
signal events.

For the model with the 5 PeV cut-o↵, 90% of signal
events are in the energy range [0.35,130] TeV for track-like
events and between [2.0,150] TeV for shower-like events.
For the 50 PeV cut-o↵, these energy ranges are [0.40,230]
TeV for the tracks and [2.2,260] TeV for the showers. To
avoid biasing the analysis, the data have been blinded by
time-scrambling. Both the sensitivity and the discovery
power of the analysis are derived from this blinded
dataset. The sensitivity, defined as the average upper
limit at 90% confidence level, is 1.38⇥�ref when a cut-o↵
for CR primary protons at 5 PeV is set. A mean of

Figure 2: Anti-cumulative distribution of the test statistic
Q from the pseudo-experiments for background only (yel-
low area) and with signal from the reference model with
the 5 PeV cut-o↵ (red line). The corresponding values of
the test statistic for 2� and 3� confidence level are shown
(blue lines) along with the value from data (green line).

Figure 3: ANTARES upper limit at 90% confidence level
on the three flavour neutrino flux (solid black line) on
the reference model with a 50 PeV energy cut-o↵ (blue
dashed line). The neutrino fluxes according to the ref-
erence model with the 5 PeV energy cut-o↵ (blue dot-
ted line), the conventional model with the 50 PeV (red
dashed line) and 5 PeV (red dotted line) cut-o↵s are shown
for all neutrino flavours, as well as the previously pub-
lished ANTARES upper limit (solid green line) and the
4 years of HESE reconstructed by IceCube (black trian-
gles). The di↵use gamma ray spectral energy distribution
derived from PASS8 Fermi-LAT data (red points) is also
presented here.
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FIG. 4. (Color online) All-flavor-sum neutrino flux quasi-
di↵erential 90%-CL upper limit on one energy decade E

�1

flux windows (solid line). The limits are derived using a log-
likelihood ratio method. The median null observation limit
(sensitivity) is also shown (dashed line). Cosmogenic-neutrino
model predictions (assuming primary protons) are shown for
comparison: Kotera et al. [37], Ahlers et al. [22], and an as-
trophysical neutrino model from Murase et al. [45]. Model-
independent di↵erential limits on one energy decade E�1 flux
from Auger [24] and ANITA-II [50] with appropriate normal-
ization are also shown. A model-dependent upper limit on
an unbroken E

�2 power-law flux from the current analysis
(E2

⌫

� < 9.2⇥10�9 GeV/cm2 s sr) is shown for reference (dot-
ted line).

heavy-composition UHECR models can be tested with
IceCube. The results of the model tests are listed in
Table II, and the limits are shown in the lower panel
of Fig. 2. The AGN models relate the neutrino emis-
sion rates in each source with the observed photon fluxes
using phenomenological parameters, such as the baryon
loading factor ⇠cr [45] and the neutrino-to-�-ray inten-
sity ratio Y⌫� [46]. As the neutrino flux scales linearly
with these parameters, the limits can be interpreted
as constraints on the parameters, as listed in Table II.
The observed UHECR generation rate around 1010 GeV
(⇠ 1044 erg Mpc�3 yr�1) requires the loading factor ⇠cr

to be around 3 and 100 for UHECR spectral indices
s = 2.0 and 2.3, respectively [45]. The current con-
straints on ⇠cr are comparable or slightly below these
required values. This indicates that AGN inner jets are
less likely to be a major source of the UHECRs, regard-

less of the observed UHECR compositions. A consistent
but weaker limit on these models is also obtained from
an analysis searching for the neutrino signal excess in
the direction of blazer populations [47]. Rapidly spin-
ning pulsars may also be capable of accelerating nuclei
to 1011 GeV [48]. They are also disfavored as UHECR
sources if they have cosmological evolution stronger than
SFR. As shown in Fig. 2, provided a flat neutrino spec-
trum in the UHECR source is assumed, astrophysical
neutrino spectra are generally predicted to be described
by a hard power law [49]. These spectra continue up to
a cuto↵ energy determined by the maximal acceleration
energy of the source. Figure 3 provides a generic con-
straint on these astrophysical fluxes as an exclusion re-
gion in the parameter space for E�2 power-law neutrino
flux normalization �

0

and spectral cuto↵ energy E

cut
⌫ . It

indicates that E

2

�

0

� 6 ⇥ 10�9 GeV cm�2 s�1 sr�1 is
disfavored for neutrino fluxes extending above 109 GeV,
such as the UHECR source models.
Di↵erential limit — A quasi-di↵erential 90%-CL

limit is presented in Fig. 4 using the LLR method, con-
sidering the two observed events. Each point on the solid
line is the result of an independent hypothesis test for a
decade-wide E�1 power-law flux as a signal model, repre-
senting a 90%-CL upper limit. The median null observa-
tion limit (sensitivity) is also presented. The limit for an
E

�2 flux (E2

⌫� < 9.2⇥10�9 GeV/cm2 s sr) in the central
90% energy region between 1.0⇥ 106 and 4.0⇥ 109 GeV
is shown for reference.
Summary — Analysis of IceCube data results in the

largest exposure to date in search for the neutrino flux
above 107 GeV up to 3⇥ 1010 GeV. The non-observation
of neutrino events with deposited energy larger than a
few PeV in seven years of IceCube data places a seri-
ous constraint on cosmogenic and astrophysical neutrino
models. The restrictions on the cosmological evolution
of UHECR sources and the model-dependent constraints
on the source classes reported herein are the strongest
constraints on the origin of the highest-energy cosmic
rays above the ankle achieved via neutrino astronomy.
The detection of cosmogenic neutrinos from sources with
weak or no evolution, and of heavy-composition UHE-
CRs requires a larger scale detector. Cost e↵ective ra-
dio Askaryan neutrino detectors, such as ARA [53] or
ARIANNA [54], therefore would be an important future
option.
We acknowledge the support from the following

agencies: U.S. National Science Foundation-O�ce of
Polar Programs, U.S. National Science Foundation-
Physics Division, University of Wisconsin Alumni Re-
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consin - Madison, the Open Science Grid (OSG) grid
infrastructure; U.S. Department of Energy, and Na-
tional Energy Research Scientific Computing Center,
the Louisiana Optical Network Initiative (LONI) grid
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Figure 5. The electromagnetic and neutrino extragalactic
backgrounds predicted by our simulations in the energy range
100 MeV – 300 PeV. The left side of the plot (E < 1 TeV)
shows the �-ray background for various classes compared to
the total extragalactic electromagnetic emission observed by
Fermi-LAT (adapted from Paper IV), whereas the right side
(E > 10 TeV) illustrates our prediction for the neutrino back-
ground (all flavours) for our benchmark case (E

break

= 200
GeV,�� = 0.5) for all BL Lacs (blue solid line) and HBL (blue
dotted line) and Y

⌫�

ranging between 0.8 (upper curves) and
0.3 (lower curves; see text for details). The (red) filled points
are the (all flavours) data points from IceCube Collaboration
(2014), while the open points are the 3� upper limits.

parison of the model predicted NBG with current Ice-
Cube upper limits and, ultimately, future detections at
E

⌫

> 2 PeV, can be used to constrain the value of Y
⌫�

.
In other words, this would provide an indirect way of
probing the origin of the BL Lac �-ray emission.

5.6 The big picture

Fig. 5 displays both the electromagnetic and neutrino
extragalactic backgrounds predicted by our simulations
and the available measurements in the energy range 100
MeV – 300 PeV. The left side shows the �-ray background
compared to the total extragalactic electromagnetic emis-
sion observed by Fermi-LAT (adapted from Paper IV),
whereas the right side illustrates our prediction for the
NBG (all flavours) for our benchmark case for all BL
Lacs (blue solid line) and HBL (blue dotted line) and
Y
⌫�

ranging between 0.8 (upper curves) and 0.3 (lower
curves), the latter value being more consistent with the
IceCube high-energy non-detections.

The EGB can be approximated by a power law with
exponential cuto↵ having � ' 2.3 and a break energy
⇠ 280 GeV (Ackermann et al. 2015), the latter very likely
due to the EBL absorption of �-ray photons from dis-
tant (z & 0.3) sources (e.g. Ajello et al. 2015, and Paper
IV). As a simple extrapolation of the EGB power law to
the PeV energy range goes through the IceCube data, it
might be tempting to assume that there is a single class

of sources that explains both the EGB at E . 10 GeV
and the NBG below ⇠ 0.5 PeV. This population cannot
be the blazar one, for the following two reasons: (i) in
the BSV scenario, blazars contribute ⇠ 50% � 70% to
the total EGB at E . 10 GeV, while BL Lacs may ex-
plain almost 100% of the EGB flux at E & 100 GeV; (ii)
similarly, BL Lacs contribute only ⇠ 10% to the NBG
at energies < 0.5 PeV, while they may fully explain the
observed NBG above 0.5 PeV. If starburst galaxies can
explain part of the EGB at E > 100 MeV (e.g. Lacki, Ho-
riuchi, & Beacom 2014, and references therein) then they
could also be a promising candidate class for explaining
the sub-PeV IceCube neutrinos (e.g. Loeb & Waxman
2006; Stecker 2007). We note, in fact, that in proton-
proton scenarios of �-ray emission, relevant to starburst
galaxies, the neutrino and �-ray spectra have the same
power law index as the parent proton population (e.g.
Kelner, Aharonian, & Bugayov 2006).

Alternatively (or at the same time) the low-energy
neutrino events could also have a Galactic component
(e.g. Padovani & Resconi 2014). In any case, if there is
a di↵erent class of sources contributing to the sub-PeV
energy range, there is still room for individual BL Lac
sources, like MKN 421 (see Fig. 2 and relevant discus-
sion). Finally, we note that the EGB in Fig. 5 shows the
sum of unresolved and resolved �-ray emission of the ex-
tragalactic sky, whereas in the case of IceCube neutrinos
we are not yet in the position to distinguish between a
resolved and an unresolved contribution. The current sta-
tus of neutrino astronomy, therefore, somewhat resembles
that of �-ray astronomy in its very early days (i.e. those
of SAS-2 and COS-B).

The scenario, which appears to emerge by comparing
our model NBG with the data is the following: at low en-
ergy (E

⌫

. 0.5 PeV) BL Lacs can only explain ⇠ 10% of
the IceCube data. Some other population/physical mech-
anism needs to provide the bulk of the neutrinos. How-
ever, this does not exclude the possibility that individual
BL Lacs still make a contribution at the ⇡ 20% level
to the IceCube events. At high energy (E

⌫

& 0.5 PeV)
BL Lacs can account fully for the IceCube data. The
strong implications of our scenario are: 1. IceCube should
soon start resolving at least some of the NBG; 2. IceCube
should also detect events at E

⌫

& 2 PeV in the next few
years.

6 CONCLUSIONS

We have included in the blazar simplified view scenario,
which reproduces extremely well the statistical properties
of blazars from the radio to the �-ray band, a hadronic
component and calculated via a leptohadronic model the
neutrino background produced by the whole BL Lac
class. For the first time, this is done by summing up the
fluxes of all the BL Lacs generated by a Monte Carlo sim-
ulation, each with its own di↵erent properties. Our main
results can be summarised as follows:

(1) BL Lacs as a class can easily explain the whole
neutrino background at high-energies (& 0.5 PeV) while
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to provide a given signal with the typical luminosity per source for a give
population of potential sources.

Suppose there is a class of sources with typical luminosity in neutrinos
L⌫ erg/s with a density in space of ⇢. Then the total rate of neutrinos per
unit area will be

F⌫ “

ª
L⌫⇢

d3r

4⇡r2
“

1

4⇡

ª
L⌫⇢d⌦dr. (18.5)

The flux per steradian is obtained by integrating over distance, with the
result

dF⌫

d⌦
“ ⇠

L⌫⇢RH

4⇡
, (18.6)

where the Hubble radius is

c

H0
“

3 ˆ 105km{s

72km{s{Mpc
« 4000 Mpc

and ⇠ is a factor (usually „ 2 or 3) that accounts for the cosmological
evolution of the sources [732]. If we equate this to the flux observed by
IceCube, we have

⇠
L⌫⇢RH

4⇡
“

E⌫dN⌫

d⌦ d lnpE⌫q

“ 2.8ˆ10´8 GeV

cm2s sr
“ 1.3ˆ1046 erg

Mpc2yr sr
, (18.7)

where the flux is normalized to the IceCube measurement [327] for the sum
of all three neutrino flavors assuming an E´2 spectrum.

Inverting Eq. 18.7 gives the minimum power-density needed to produce
the observed neutrino flux as

⇢ L⌫ “

4 ˆ 1043

⇠

erg

Mpc3yr
„ 1043 erg

Mpc3yr
. (18.8)

Viable sources must be above a line in luminosity-density space, otherwise
they are not su�ciently luminous to produce the observed flux. Such a plot
is shown in Figure 18.6 following the suggestion of Kowalski [733]. The
Kowalski plot for cosmic neutrinos is in some ways analogous to the Hillas
plot for extragalactic cosmic rays. The source classes shown are subsets
of the categories listed in Table 17.1 as possible sources of UHECR. The
intrinsic luminosity numbers in the plot here are significantly larger than
the minimum required for the UHECR in the case of galaxy clusters and
the BL-Lac and FR II classes of AGN. The density of starburst galaxies
is „ 10% of the density of all galaxies. The solid line shows the minimum
total neutrino luminosity needed to provide the flux per flavor of Eq. 18.2.
The broken line shows the minimum luminosity if the e�ciency for neutrino
production is 1% of the total.
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standard models in which GRB are normalized to produce the observed
UHECR. One generic idea for a compact cosmic accelerator is that the pro-
tons being accelerated would be confined in the magnetic fields essential
for acceleration. When the protons interact in the intense internal radiation
fields, secondary protons from p`� Ñ p`⇡0X would remain in the accelera-
tor, while neutrons from p`� Ñ n`⇡`X could escape from the system. The
neutrons would decay and contribute to the population of UHECR protons,
while ⇡`

Ñ µ`⌫µ and the subsequent muon decay would generate a flux of
neutrinos related by kinematics to the cosmic rays from neutron decay. Such
a model normalized to produce the observed flux of UHECR [734] is ruled
out by the non-observation of GRB with IceCube [724].

Constraints can also be obtained on steady sources by comparing the
upper limits from Figure 18.4 with what might be expected from nearby
sources. Taking d „ p4⇡⇢q

´1{3 as an estimate of the distance to a nearby
source of a population of density ⇢, we can estimate the flux as

F⌫ «

L⌫

4⇡d2
“

L⌫d

4⇡d3
“ L⌫⇢d. (18.9)

A typical upper limit for a point source in the Northern hemisphere from
Figure 18.4 is F u.l.

⌫ § 2 ˆ 10´9 GeV/cm2s. From Eq. 18.9 we then have

d « p4⇡⇢q

´1{3
§

F u.l.
⌫

L⌫⇢
. (18.10)

Inserting the numerical estimate of the point source upper limits and the
observed luminosity density then gives the following estimates for the upper
limit on the distance to a nearby point source and the corresponding lower
limit on the source density allowed by the non-observation of point sources:

d § 100 Mpc and ⇢ • 10´7 Mpc´3. (18.11)

This lower limit for the source density is slightly above the expectation for
the blazar population (BL-Lac and FR II) in Figure 18.6.

18.8 Multi-messenger astronomy

One possible class of sources that satisfies the constraint of Eq. 18.11 is the
subset of starburst galaxies, which we discussed briefly in Section 11.7. Two
nearby starburst galaxies have been detected as weak († 1% Crab) TeV
�-ray sources, M82 at 4 Mpc [735] and NGC 253 at 2.5 Mpc [736, 737].
Observations of �-radiation from starburst galaxies with the Fermi satel-
lite [356] are interpreted in Figures 11.6 and 11.7 as arising from cosmic-ray
interactions in the dense environment of these galaxies. As the rate of star
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Figure 6: Calculated spectra of neutrino produced by IIn SNRs in the expand-
ing Universe (solid line). IceCube 4 year data [3] are also shown.

neutrino background. Distributed in the Universe Type IIn su-
pernova remnants give the following diffuse flux of neutrinos:

F(Eν) =
c

4πH0

∫ zmax

0
dz
Q((1 + z)Eν)νsn(1 + z)m

√

Ωm(1 + z)3 +ΩΛ

=
c

4πH0

∫ (1+zmax)Eν

Eν
dE′

E′m

Em+1ν
νsnQ(E′)

√

ΩmE′3/E3ν +ΩΛ
. (10)

Here the adiabatic energy loss of neutrinos produced at the
redshifts 0 ≤ z ≤ zmax is taken into account. The present neu-
trino production rate per unit energy and volume is νsnQ(Eν),
where νsn is the rate of Type IIn supernovae at z = 0 while the
cosmological evolution of the sources in the comoving volume
is described as (1 + z)m (m = 0 implies no evolution). The evo-
lution parameter m = 3.3 for z < 1 and no evolution at z > 1,
the maximum redshift zmax = 5 and the rate νsn = 10−6 Mpc−3
yr−1 at z = 0 are assumed in our calculations (see e.g. [29]).
This rate of Type IIn supernovae is 100 times lower than the
rate of all core collapse supernovae. H0 = 70 km s−1 Mpc−1 is
the Hubble parameter at the present epoch, the matter density
in the flat Universe is Ωm = 0.28, and the Λ -term is ΩΛ = 0.72.
The calculated background neutrino spectrum is shown in

Fig.6. The figure demonstrates a good fit of our calculations to
the IceCube data. We expect that the gamma-ray and neutrino
background at energies below 100 TeV are produced by cos-
mic ray protons via pp interactions in the interstellar medium
of galaxies. This explains why the first and the second IceCube
data points are above our theoretical curve. In addition the input
of atmospheric neutrinos can be significant at these energies.
Using the same approach we can calculate the flux of ex-

tragalactic protons. Our results are compared with cosmic ray
data in Fig.7. The proton flux produced by extragalactic IIn
supernova is below the measured all particle cosmic ray flux
and comparable to the measured proton flux at energies 2 · 1016
eV to 1017 eV. The calculated flux is not corrected for possi-
ble magnetic horizon effect that can considerably suppress the
flux below about 1018 eV [30]. The suppression is due to strong
deflection of cosmic ray trajectories in extragalactic magnetic
fields around the sources in the expanding Universe.

With efficiency of cosmic ray production obtained in our cal-
culations, Galactic Type IIn supernovae could make a signifi-
cant contribution to the observed intensity of ultra high energy
cosmic rays. However the intermittency of infrequent IIn super-
nova explosions (one in 5 thousand years in the Galaxy) makes
the corresponding estimates rather uncertain.
Simple order of magnitude estimates can be done to clar-

ify how the obtained neutrino flux depends on supernova pa-
rameters. The main production of high energy particles and
neutrinos occurs up to the beginning of the Sedov stage when
the shock radius RS can be determined from the condition
Mej = 4π

∫ RS drr2ρ = ṀRS/uw. The time for the beginning
of the Sedov stage tS = RS/Vf can be written as

tS =
Mejuw
ṀV f

= 10 yr
(

Ṁ
10−2 M⊙ yr−1

)−1

×

(

uw
100 km s−1

) (

ESN
1052 erg

)−1/2 ( Mej

10 M⊙

)3/2

. (11)

We shall assume that at t > tpp the accelerated protons with
the spectrum E−2 are uniformly distributed in the supernova
shell. The neutrino energy flux expected from a supernova at
distance D can be estimated as (see also [15, 16])

f (Eν)E2ν =
3ξCRKν

8π ln(Emax/mc2)
V3f Ṁ

uwD2

(

1 + t
tpp

)−1

=

10−8 erg
cm2s

(

1 + t
tpp

)−1

D−2MpcξCR
(

Ṁ
10−2 M⊙ yr−1

)

×

(

uw
100 km s−1

)−1 ( ESN
1052 erg

)3/2 ( Mej

10 M⊙

)−3/2

(12)

Here ξCR is the ratio of cosmic ray pressure to the ram pressure
of the shock ρV2f , Kν ≈ 0.25 is the fraction of energy that goes
into neutrinos in pp interactions and Emax is the maximum en-
ergy of accelerated protons given by Eq. (7). The value of ξCR
is ξCR ∼ 0.5 in our numerical modeling of the efficient cosmic
ray acceleration while a lower value ξCR ∼ 0.1 is enough to
explain the origin of Galactic CRs in supernova remnants.
At early times t < tpp pp losses dominate and the flux is al-

most steady. It is interesting that the corresponding luminosity
Lν ∼ 1042 erg s−1 is comparable with the optical luminosity of
Type IIn supernovae. This is not surprising because both quan-
tities are determined by the energetics of the forward shock.
The optical luminosity can be estimated from relation (see e.g.
[13])

L = ϵ
ṀV3f
2uw
. (13)

Here the factor ϵ ∼ 0.1 − 0.5. This expression is often used to
estimate the mass loss Ṁ of Type IIn supernova progenitors.
Comparing with Eq. (12) we can rewrite the neutrino flux at

t < tpp as

f (Eν)E2ν =
3ξCRKνL

4πD2ϵ ln(Emax/mc2)
=

5

Zirakashvili	
  and	
  Ptuskin	
  note	
  
two	
  possible	
  coincidences:	
  
•  SN	
  2005bx	
  at	
  z=0.03	
  is	
  

1.35o	
  from	
  HESE	
  #47	
  track	
  	
  
•  SN	
  2005jq	
  at	
  z=0.23	
  	
  is	
  

0.3o	
  from	
  track	
  event	
  #11	
  
in	
  upward	
  νμ	
  sample	
  

	
  

Explosion	
  into	
  dense	
  wind	
  of	
  progenitor	
  star	
  
AcceleraJon	
  to	
  1017	
  eV;	
  ν	
  to	
  >	
  PeV	
  with	
  cutoff;	
  Δ	
  <	
  30	
  yrs	
  
Zirakashvili	
  &	
  Ptuskin,	
  Astropart.	
  Phys.	
  78	
  (2016)	
  28.	
  	
  

Zirakashvili	
  &	
  Ptuskin,	
  Astropart.	
  Phys.	
  78	
  (2016)	
  28.	
  
Integrated	
  flux	
  from	
  all	
  Type	
  Iin	
  SNR	
  could	
  account	
  
for	
  high-­‐energy	
  part	
  of	
  IceCube	
  signal	
  with	
  a	
  cutoff	
  

Murase	
  et	
  al.,	
  PR	
  D84	
  (2011)	
  043003	
  



When	
  will	
  a	
  point	
  source	
  emerge?	
  

L⌫ ⌦Aeff

4⇡d2
=

events

cm2s
Events	
  from	
  a	
  nearby	
  source:	
  

Events	
  from	
  whole	
  sky:	
   ⇠ ⇥ L⌫⇢RH ⌦Aeff

RaJo:	
  

This	
  raJo	
  is	
  small	
  for	
  high	
  density	
  of	
  sources	
  (e.g.	
  1/4000	
  for	
  d	
  =	
  2	
  Mpc)	
  .	
  
For	
  d	
  =	
  100	
  Mpc,	
  ρ	
  =	
  10-­‐7,	
  the	
  raJo	
  is	
  1/100.	
  	
  In	
  this	
  case	
  we	
  should	
  soon	
  idenJfy	
  a	
  
source;	
  hence	
  the	
  importance	
  of	
  the	
  real-­‐Jme	
  alerts.	
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nearby

all sky
⇠ d

⇠RH
⇡ 1

⇠(4⇡⇢)1/3RH



Near	
  real-­‐Jme	
  alerts	
  now	
  in	
  operaJon	
  	
  	
  
at	
  IceCube	
  

TITLE:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  GCN/AMON	
  NOTICE	
  
NOTICE_DATE:	
  	
  	
  	
  	
  	
  Mon	
  01	
  Aug	
  16	
  02:35:38	
  UT	
  
NOTICE_TYPE:	
  	
  	
  	
  	
  	
  AMON	
  ICECUBE	
  HESE	
  	
  
RUN_NUM:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  128290	
  
EVENT_NUM:	
  	
  	
  	
  	
  	
  	
  	
  6888376	
  
SRC_RA:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  214.5440d	
  {+14h	
  18m	
  11s}	
  (J2000),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  214.7568d	
  {+14h	
  19m	
  02s}	
  (current),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  213.9029d	
  {+14h	
  15m	
  37s}	
  (1950)	
  
SRC_DEC:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐0.3347d	
  {-­‐00d	
  20'	
  04"}	
  (J2000),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐0.4106d	
  {-­‐00d	
  24'	
  37"}	
  (current),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐0.1045d	
  {-­‐00d	
  06'	
  15"}	
  (1950)	
  
SRC_ERROR:	
  	
  	
  	
  	
  	
  	
  	
  45.00	
  [arcmin	
  radius,	
  stat+sys,	
  90%	
  containment]	
  
SRC_ERROR50:	
  	
  	
  	
  	
  	
  20.99	
  [arcmin	
  radius,	
  stat+sys,	
  50%	
  containment]	
  
DISCOVERY_DATE:	
  	
  	
  17600	
  TJD;	
  	
  	
  213	
  DOY;	
  	
  	
  16/07/31	
  (yy/mm/dd)	
  
DISCOVERY_TIME:	
  	
  	
  6904	
  SOD	
  {01:55:04.00}	
  UT	
  
REVISION:	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  
N_EVENTS:	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  [number	
  of	
  neutrinos]	
  
STREAM:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  
DELTA_T:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.0000	
  [sec]	
  
SIGMA_T:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.0000	
  [sec]	
  
FALSE_POS:	
  	
  	
  	
  	
  	
  	
  	
  0.0000e+00	
  [s^-­‐1	
  sr^-­‐1]	
  
PVALUE:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.0000e+00	
  [dn]	
  
CHARGE:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  15814.74	
  [pe]	
  
SIGNAL_TRACKNESS:	
  0.91	
  [dn]	
  
SUN_POSTN:	
  	
  	
  	
  	
  	
  	
  	
  131.73d	
  {+08h	
  46m	
  54s}	
  	
  +17.93d	
  {+17d	
  55'	
  43"}	
  
SUN_DIST:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  83.50	
  [deg]	
  	
  	
  Sun_angle=	
  -­‐5.5	
  [hr]	
  (East	
  of	
  Sun)	
  
MOON_POSTN:	
  	
  	
  	
  	
  	
  	
  107.82d	
  {+07h	
  11m	
  18s}	
  	
  +18.14d	
  {+18d	
  08'	
  20"}	
  
MOON_DIST:	
  	
  	
  	
  	
  	
  	
  	
  106.20	
  [deg]	
  
GAL_COORDS:	
  	
  	
  	
  	
  	
  	
  343.68,	
  55.52	
  [deg]	
  galacJc	
  lon,lat	
  of	
  the	
  event	
  
ECL_COORDS:	
  	
  	
  	
  	
  	
  	
  212.39,	
  12.72	
  [deg]	
  eclipJc	
  lon,lat	
  of	
  the	
  event	
  
COMMENTS:	
  	
  	
  	
  	
  	
  	
  	
  	
  AMON_ICECUBE_HESE.	
  	
  

	
  
OpJcal	
  follow-­‐up	
  
Gamma	
  follow-­‐up	
  
HESE	
  near	
  real-­‐Jme	
  alerts	
  
EHE	
  near	
  real-­‐Jme	
  alerts	
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An	
  event	
  on	
  01	
  August	
  2016	
  passed	
  
both	
  HESE	
  and	
  EHE	
  alert	
  thresholds	
  
	
  
8	
  alerts	
  in	
  past	
  year	
  

Astropart.	
  Phys.,	
  92,	
  30	
  (2017)	
  



	
  Prompt	
  neutrinos	
  in	
  IceCube?	
  
•  Charm	
  hadrons	
  with	
  E	
  <	
  10	
  PeV	
  rarely	
  re-­‐interact	
  
–  	
  μ	
  and	
  ν	
  from	
  decay	
  of	
  charm	
  are	
  isotropic	
  and	
  
–  	
  have	
  the	
  same	
  spectrum	
  as	
  the	
  primary	
  cosmic	
  rays	
  

•  Conven:onal	
  neutrinos	
  from	
  decay	
  of	
  π±,	
  K	
  have	
  
– Angular	
  dependence	
  proporJonal	
  to	
  sec(θ)	
  
–  Energy	
  spectrum	
  steeper	
  than	
  primary	
  cosmic	
  rays	
  

•  Prompt	
  neutrinos	
  from	
  decay	
  of	
  charm	
  	
  
–  exceed	
  atmospheric	
  neutrinos	
  at	
  very	
  high	
  energy	
  
–  	
  but	
  are	
  obscured	
  by	
  astrophysical	
  neutrinos	
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Astrophysical	
  neutrinos	
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IceCube	
  4	
  year	
  HESE	
  analysis	
  
(	
  HESE	
  =	
  High	
  Energy	
  StarJng	
  Event	
  )	
  
ICRC	
  2015	
  arXiv:1510.05223	
  

IceCube	
  6	
  year	
  νμ	
  	
  	
  	
  	
  	
  μ	
  	
  analysis	
  	
  
Ap.J.	
  833	
  (2016)	
  3	
  

Note	
  upper	
  limits	
  on	
  prompt	
  atmospheric	
  neutrinos	
  



Angular	
  
distribuJon	
  
(E>	
  60	
  TeV)	
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Select	
  E	
  >	
  60	
  TeV	
  to	
  get	
  above	
  atmospheric	
  µ background.	
  
Note	
  shape	
  of	
  atmospheric	
  ν	
  backgrounds.	
  

Effect	
  of	
  
atmospheric	
  ν	
  
self-­‐veto	
  

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.

50



Atmospheric	
  neutrino	
  self	
  veto	
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1.	
  Stefan	
  Schönert	
  et	
  al.	
  
Phys.	
  Rev.	
  D79	
  (2009)	
  043009	
  
Can	
  be	
  evaluated	
  analyJcally	
  

Two	
  cases	
  
2.	
  Veto	
  by	
  an	
  unrelated	
  μ	
  
-­‐-­‐also	
  applies	
  to	
  νe	
  
Requires	
  Monte	
  Carlo	
  or	
  
numerical	
  integraJon	
  
TG,	
  Jero,	
  Karle	
  &	
  van	
  Santen,	
  
PRD	
  90	
  (2014)	
  023009	
  
	
  



Prompt	
  ν	
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Benzke	
  Garzelli,	
  et	
  al.,	
  arXiv:
1705.10386	
  

One of the topics at Viet nus	
  

Enberg,	
  Reno,	
  Sarcevic,	
  Phys.	
  Rev.	
  D	
  78	
  (2008)	
  043005	
  
Bhahacharya,	
  Enberg,	
  Reno,	
  Sarcevic,	
  Stasto,	
  JHEP	
  06	
  (2015)	
  110	
  
Sibyll	
  2.3:	
  F.	
  Riehn	
  et	
  al.,	
  ICRC	
  2017	
  

Note	
  lower	
  crossover	
  for	
  electron	
  neutrinos	
  



EffecJve	
  area	
  	
  ×	
  	
  Astro	
  flux	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Astro	
  rates	
  (	
  4	
  yr	
  HESE)	
  

EffecJve	
  areas;	
  whole	
  sky,	
  per	
  sr;	
  
includes	
  effect	
  of	
  veto	
  

IceCube,	
  Science	
  342	
  (2013)	
  1242856	
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Astro	
  rates	
  (4	
  yrs)	
  compared	
  to	
  
calculated	
  atmospheric	
  neutrino	
  rates	
  	
  

(including	
  prompt)	
  axer	
  veto	
  

Note:	
  these	
  calculaJons	
  show	
  events	
  as	
  a	
  funcJon	
  of	
  true	
  neutrino	
  energy,	
  
not	
  deposited	
  energy	
  in	
  the	
  detector-­‐-­‐especially	
  important	
  for	
  νμ	
  (and	
  ντ	
  )	
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Summary	
  of	
  calculated	
  events	
  (4	
  yrs)	
  

Astrophysical	
  ν:	
  
~	
  26	
  shower	
  events	
  
~	
  9	
  tracks	
  

Atmospheric	
  ν:	
  
~	
  4	
  shower	
  events	
  
~	
  10	
  tracks	
  

Even	
  with	
  ERS	
  prompt	
  flux,	
  only	
  3	
  prompt	
  expected	
  (2.5	
  νe	
  ,	
  	
  	
  	
  0.5	
  	
  νμ)	
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TABLE V. Accounting for events � 60 TeV (E�2.3 spectrum)

South (before selfveto) North Total

Astro ⌫e 5.05 N/A 3.07 8.12

Astro ⌫⌧ 3.58 N/A 2.36 5.94

Astro ⌫µ 2.62 N/A 1.60 4.22

Total Astro 11.2 N/A 7.03 18.3

Conventional ⌫e 0.31 (0.41) 0.30 0.61

Conventional ⌫µ 1.91 (3.59) 2.94 4.85

Charm (ERS) ⌫e 0.25 (1.10) 0.75 1.00

Charm (ERS) ⌫µ 0.09 (0.41) 0.30 0.39

Total atmospheric 2.56 (5.51) 4.29 6.8

Total neutrinos 12.8 (15.7) 10.4 23.1

Atmospheric µ ⇡ �5 N/A 0 ⇡ �5

(by subtraction)

TABLE VI. Accounting for fifty-four events (E�2.58 spectrum, 4 yrs.)

South (before selfveto) North Total

Astro ⌫e 10.51 N/A 7.15 17.66

Astro ⌫⌧ 6.21 N/A 4.55 10.76

Astro ⌫µ 4.22 N/A 2.85 7.07

Total Astro 20.9 N/A 14.6 35.5

Conventional ⌫e 0.71 (0.92) 0.92 1.63

Conventional ⌫µ 3.15 (5.68) 5.85 9.0

Charm (ERS) ⌫e 0.99 (1.91) 1.53 2.52

Charm (ERS) ⌫µ 0.14 (0.62) 0.50 0.64

Total atmospheric 4.99 (9.14) 8.80 13.8

Total neutrinos 25.9 (30.0) 23.4 49

Atmospheric µ ⇡ 5 N/A 0 ⇡ 5

(by subtraction)
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Summary:	
  prompt	
  leptons	
  
•  IceCube	
  typically	
  finds	
  a	
  result	
  in	
  which	
  the	
  preferred	
  
level	
  of	
  prompt	
  neutrinos	
  is	
  zero	
  
–  But	
  upper	
  limit	
  allows	
  something	
  like	
  ~	
  ERS	
  

•  Compare	
  the	
  cascade	
  channel	
  at	
  lower	
  energy	
  
–  The	
  prompt	
  component	
  is	
  relaJvely	
  more	
  important	
  for	
  
atmospheric	
  electron	
  neutrinos	
  

•  There	
  are	
  suggesJons	
  of	
  a	
  significant	
  prompt	
  
component	
  in	
  atmospheric	
  muons	
  in	
  IceCube	
  
–  ComplicaJons:	
  

•  Events	
  are	
  muon	
  bundles	
  rather	
  than	
  single	
  muons	
  
•  There	
  is	
  a	
  prompt	
  component	
  from	
  ρ0	
  à	
  μ+μ−	
  	
  (and	
  others)	
  that	
  is	
  
not	
  present	
  for	
  neutrinos	
  

Quy	
  Nhon,	
  20-­‐July-­‐2017	
   Tom	
  Gaisser	
   33	
  



Future	
  neutrino	
  telescopes	
  

•  KM3NeT	
  (L.O.I.	
  –	
  arXiv:1601.07457)	
  
– ORCA	
  for	
  neutrino	
  physics	
  	
  (Antoine	
  Kouchner)	
  
– ARCA	
  for	
  high	
  energy	
  (Joao	
  Coelho)	
  

•  GVD,	
  km3	
  detector	
  at	
  Baikal	
  
•  IceCube	
  Gen2	
  
–  PINGU	
  for	
  neutrino	
  physics	
  

•  Talks	
  by	
  Ty	
  DeYoung,	
  	
  
– HEA	
  for	
  high	
  energy	
  

•  arXiv:1412.5106	
  and	
  1510.05228	
  
•  Radio	
  detecJon	
  of	
  neutrinos:	
  ARA,	
  ARIANNA…	
  
Quy	
  Nhon,	
  20-­‐July-­‐2017	
   Tom	
  Gaisser	
   34	
  



KM3NeT/ARCA	
  from	
  LOI	
  

Quy	
  Nhon,	
  20-­‐July-­‐2017	
   Tom	
  Gaisser	
   35	
  

1 Detector Design and Technology

1 Detector Design and Technology

The successful deployment and operation of the ANTARES neutrino telescope [1] has demonstrated the
feasibility of performing neutrino studies with large volume detectors in the deep sea. The detection of neut-
rinos is based on the detection of Cherenkov light produced by relativistic particles emerging from a neutrino
interaction. The same technology can be used for studying neutrinos from GeV (for KM3NeT/ORCA) to
PeV energies and above (for KM3NeT/ARCA). The KM3NeT design builds upon the ANTARES experience
and improves the cost effectiveness of its design by about a factor four.

The goal of the KM3NeT technology is to instrument, at minimal cost and maximal reliability, the largest
possible volume of seawater with a three dimensional spatial grid of ultra-sensitive photo-sensors, while re-
maining sensitive to neutrino interactions in the target energy range. The system should provide nanosecond
precision on the arrival time of single photons, while the position and orientation of the photo-sensors must
be known to a few centimetres and few degrees, respectively. The photo-sensors and the readout electronics
are hosted within pressure-resistant glass spheres, so called digital optical modules (DOMs). The DOMs
are distributed in space along flexible strings, one end of which is fixed to the sea floor and the other end is
held close to vertical by a submerged buoy. The concept of strings is modular by design. The construction
and operation of the research infrastructure thus allows for a phased and distributed implementation.

A collection of strings forms a single KM3NeT building block. The modular design allows building blocks
with different spacings between lines/DOMs to be constructed, in order to target different neutrino energies.
The full KM3NeT telescope comprises seven building blocks distributed on three sites. For Phase-2.0, three
building blocks are planned: two KM3NeT/ARCA blocks, with a large spacing to target astrophysical
neutrinos at TeV energies and above; and one KM3NeT/ORCA block, to target atmospheric neutrinos in
the few-GeV range.

1.1 KM3NeT/ARCA: deep sea and onshore infrastructures

CTF1

CTF2

CTF3

CTF4

Main ring

Cable 1

Figure 3: Map of the Mediterranean Sea close to Sicily, Italy. The cable and the location of the KM3NeT-
Italy installation are indicated (left). Layout of an ARCA building block (right).

The KM3NeT-Italy infrastructure is located at 36� 16’ N 16� 06’ E at a depth of 3500 m, about 100 km
offshore from Porto Palo di Capo Passero, Sicily, Italy (Fig. 3, left). The site is the former NEMO site and
is shared with the EMSO facility for Earth and Sea science research.

The ARCA installation comprises two KM3NeT building blocks. Fig. 3 right illustrates the layout of a
single 115 string building block.The power/data are transferred to/from the infrastructure via a single main
electro-optic cable comprising 24 optical fibres and a single power conductor (the return is via the sea). The
main electro-optic cable is connected in a ring to four primary junction boxes (Fig. 4, left). Each primary
junction box is connected to three secondary junction boxes (Fig. 4, right). Each secondary junction box
allows the connection of up to 12 KM3NeT detection strings. The underwater connection of the strings to
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KM3NeT 2.0: Letter of Intent for ARCA and ORCA

Figure 7: The detection string (left) and the breakout box and the fixation of the DOM on the two parallel
Dyneema R� ropes (right).

operated vehicle (Fig. 9, Fig. 10, right) is used to deploy and connect the interlink cables from the base
of a string to the junction box. Once the connection to the string has been verified onshore, an acoustic
signal from the boat triggers the unfurling of the string. During this process, the launcher vehicle starts
to rise to the surface while slowly rotating and releasing the DOMs. The empty launcher vehicle floats to
the surface and is recovered by the surface vessel. The use of compact strings allows for transportation of
many units onboard and thus multiple deployments during a single cruise. This method reduces costs and
also has advantages in terms of risk reduction for ship personnel and material during the deployment. It also
improves tolerance to rough sea conditions.

In May 2014, a prototype string comprising three active DOMs was successfully deployed and connected
to the KM3NeT-Italy site and operated for more than one year [3]. This test deployment validated many
aspects of the deployment scheme. The first ORCA-style string will be connected to KM3NeT-France
infrastructure spring 2016.

1.4 Digital optical module

The Digital Optical Module [4] (Fig. 11 left) is a transparent 17 inch diameter glass sphere comprising two
separate hemispheres, housing 31 photo-multiplier tubes (PMT) and their associated readout electronics.
The design of the DOM has several advantages over traditional optical modules using single large PMTs, as
it houses three to four times the photo-cathode area in a single sphere and has an almost uniform angular
coverage. As the photo-cathode is segmented, the identification of more than one photon arriving at the
DOM can be done with high efficiency and purity. In addition, the directional information provides improved
rejection of optical background.

The PMTs are arranged in 5 rings of 6 PMTs plus a single PMT at the bottom pointing vertically
downwards. The PMTs are spaced at 60� in azimuth and successive rings are staggered by 30�. There are
19 PMTs in the lower hemisphere and 12 PMTs in the upper hemisphere. The PMTs are held in place by a
3D printed support. The photon collection efficiency is increased by 20–40% by a reflector ring around the
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  DOM	
  

1 Detector Design and Technology

!

Figure 8: Photo of a launch vehicle deployment (left). Principle of the launch vehicle unfurling (right, picture
courtesy Marijn van der Meer/Quest).

Figure 9: Photograph of the Ambrosius Tide boat, used for the KM3NeT/ARCA string deployment (left).
Photograph of the remote operated vehicle, used for the string connection (right).

face of each PMT. In order to assure optical contact, an optical gel fills the cavity between the support and
the glass. The support and the gel are sufficiently flexible to allow for the deformation of the glass sphere
under the hydrostatic pressure.

Each PMT has an individual low-power high-voltage base with integrated amplification and tuneable
discrimination. The arrival time and the time-over-threshold (ToT) of each PMT, are recorded by an
individual time-to-digital converter implemented in a FPGA. The threshold is set at the level of 0.3 of the
mean single photon pulse height and the high voltage is set to provide an amplification of 3 ⇥ 106. The
FPGA is mounted on the central logic board, which transfers the data to shore via an Ethernet network of
optical fibres. Each DOM in a string has a dedicated wavelength to be later multiplexed with other DOM
wavelengths for transfer via a single optical fibre to the shore. The broadcast of the onshore clock signal,
needed for time stamping in each DOM, is embedded in the Gb Ethernet protocol. The white rabbit protocol
has been modified to implement the broadcast of the clock signal. The power consumption of a single DOM
is about 7 W.

The specification for the PMTs are summarised in Tab. 2. Prototype PMTs from Hamamatsu and ETEL
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An	
  extended	
  surface	
  array	
  with	
  a	
  much	
  larger	
  footprint	
  could	
  expand	
  the	
  veto	
  

Naoko Kurahashi Neilson, Drexel University 28

IceCube Gen2 – The next generation facility for 
neutrino physics and astronomy at the South Pole
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