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• Photons are absorbed by the ISM	

• Protons are deviated by magnetic fields	

• Neutrinos are neutral, stable and weakly interacting particles
Signature of hadronic acceleration : sites of cosmic rays production
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➜ Which and where are the sources ??!
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence 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 flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(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 significant
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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  need  good angular/energy accuracy 
      all-flavour astronomy 
      multi-messenger programs 

 

+ new opportunities in particle physics ! 

Deep-sea neutrino 
telescopes will bring  
new insights ! 

           WHERE AND WHICH ARE THE SOURCES 
 main observables: spectrum – composition - anisotropies 
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫

µ

spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60TeV < E

dep

< 3PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with E
dep

> 60TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric

➜IceCube Collab., 2014, PRD 113

- Need good angular and energy accuracy 
- All neutrino-flavors to be taken into account 
- Multi-messenger programs

Next generation of deep-
sea neutrino telescopes will 

bring new constraints !!
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The	  ANTARES	  neutrino	  telescope

~70 m 
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40 km 
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Deployed  
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•  25 storeys / line 
•  3 PMTs / storey 

•  885 PMTs 

12 line detector completed in May 2008 

8 countries 
31 institutes 
~150 scientists + engineers 
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Neutrino	  follow-‐up	  of	  the	  first	  GW	  event

GW alert triggered by adv.-LIGO on sept. 14, 2015
➜ Online follow-up by ANTARES and IceCube

Within +/- 500s: 3 neutrino 
candidates from IceCube, 

0 from ANTARES  
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III. HIGH-ENERGY NEUTRINO FOLLOW-UP93

SEARCH94

High-energy neutrino facilities are primarily sensi-95

tive to neutrinos with �GeV energies. IceCube and96

Antares are both sensitive to track events above ⇠97

100GeV. This limit is higher towards the Southern hemi-98

sphere for IceCube, as the Earth does not filter out at-99

mospheric muons, greatly increasing the background es-100

pecially at low energies. Neutrino times of arrival are101

determined at µs precision.102

Since neutrino observatories continuously observe the103

whole sky and are continuously taking data, it is possible104

to look back and search for neutrino counterparts to an105

interesting GW signal any time around the GW observa-106

tion time. Therefore, correlations on essentially any time107

scales and time di↵erences can be studied.108

Joint GW+neutrino searches can also be used to im-109

prove the e�ciency of electromagnetic follow-up observa-110

tions over GW-only triggers. Given the significantly more111

accurate direction reconstruction of neutrinos (⇠ 1 deg2112

for “track events”) compared to GWs (& 100 deg2), a113

joint event candidate provides a greatly reduced sky area114

for follow-up observatories [25]. Expected event recon-115

struction delays after arrival are expected to be 3-5 s for116

Antares [26], 20-30 s for IceCube [27], and O(1min) for117

LIGO-Virgo, making data available for rapid analyses.118

To search for neutrinos coincident with G184098, we119

used a time window of ±500 s around the GW transient120

candidate. This search window, which was used in pre-121

vious gravitational-wave-neutrino searches, is a conser-122

vative, observation-based upper limit on the plausible123

emission of GWs and high-energy neutrinos in the case124

of gamma-ray bursts, which are thought to be driven by125

a stellar-mass black hole - accretion disk system [28].126

We obtained high-energy neutrino candidates from Ice-127

Cube that were recorded within 500 s of G184098 using128

IceCube’s online event stream. The online event stream129

implements an event selection similar to the event selec-130

tion used for neutrino point source searches [29], but opti-131

mized for real-time performance at the South Pole. This132

event selection consists primarily of cosmic-ray-induced133

background events, with an expectation per 1000 seconds134

of 2.2 events in the Northern sky (atmospheric neutri-135

nos), and 2.2 events in the Southern sky (high-energy136

atmospheric muons). In the search window of ±500 s137

centered on the GW alert time (see below), one event138

was found in the Southern sky and two in the Northern139

sky, which is consistent with our expectations from the140

background. The properties of these events are listed in141

Table I. The neutrino candidates’ directions are shown in142

Fig. 1.143

Note that the event from the southern hemisphere has144

a significantly greater reconstructed energy [15] than the145

other two events. The muon energy in Table I is re-146

constructed assuming a single muon is producing the147

event. The intense background of high-energy atmo-148

spheric muons and bundles of muons that constitute the149

# �T [s] RA [h] Dec [�] � [�] Eobs

µ [TeV] fraction

1 +37.2 8.84 -16.6 0.35 175 12.5%

2 +163.2 11.13 12.0 1.95 1.22 26.5%

3 +311.4 -7.23 8.4 0.47 0.33 98.4%

TABLE I. Parameters of neutrino candidates identified by Ice-
Cube within the ±500 s time window around G184098. �T
is the time of arrival of the neutrino candidates relative to
that of G184098. Eobs

µ is the reconstructed muon energy .
� is the angular uncertainty of the reconstructed source di-
rection. The last column shows the fraction of background
neutrino candidates with higher reconstructed energy at the
same declination (±5�).

background for IceCube in the southern hemisphere dom-150

inate the data sample up to very high energies. Indeed,151

12.5% of the background events in the southern hemi-152

sphere have energies in excess of the one observed. This153

is also consistent with the shift of IceCube’s sensitive en-154

ergy band towards higher energies in the Southern hemi-155

sphere. Additionally, no high-energy starting events [14]156

were found in coincidence with G184098.157

The IceCube detector also has sensitivity to outbursts158

of MeV neutrinos (as occur for example in core-collapse159

supernovae) via a sudden increase in the photomultiplier160

noise rates [30]. This global noise rate is monitored con-161

tinuously, and deviations su�cient to trigger the lowest-162

level of alert occur roughly once per hour. No alert was163

triggered during the ±500 second time-window around164

the GW candidate event.165

We searched for coincident neutrinos for Antares166

within ±500 s of G184098 using Antares’s online recon-167

struction pipeline [31]. The applied quality cuts for the168

selection are similar to those used for Antares’s point169

source searches (e.g., [32, 33]). The events have been170

processed online, i.e. their calibration was not the fi-171

nal calibration used for o✏ine searches (alignment of the172

detector, time and charge calibrations). We found no173

neutrino event from Antares that was temporally coin-174

cident with G184098.175

IV. RESULTS AND CONCLUSIONS176

A. Joint analysis177

We carried out the joint GW+neutrino search follow-178

ing the analysis developed for previous GW and neutrino179

datasets using initial GW detectors [18, 19, 28, 34]. After180

identifying GW event candidate G184098 with the cWB181

pipeline, we used reconstructed neutrino candidates to182

search for temporal and directional coincidence between183

G184098 and neutrinos. We assumed that the a priori184

source directional distribution is uniform. For temporal185

coincidence, we searched within a ±500 s time window186

around G184098.187

We note that the relative propagation time for >GeV188

6

Expected number of 
background events:!

!
4.4 for IceCube 

0.014 for ANTARES

https://dcc.ligo.org/public/0123/P1500271/013/GW150914_neutrino.pdf
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FIG. 1. GW sky map (90% confidence region) in equatorial
coordinates and the reconstructed directions of high-energy
neutrino candidates detected by IceCube (cross) during a
±500 s time window around the GW event candidate. The
neutrino directional uncertainties are < 1� and are not shown.
GW shading indicates the reconstructed probability density
of the GW event, darker regions corresponding to higher prob-
ability. Neutrino numbers refer to the first column of Table
I.

dates to search for temporal and directional coincidences641

between G184098 and neutrinos. We assumed that the642

a priori source directional distribution is uniform. For643

temporal coincidence, we searched within a ±500 s time644

window around G184098.645

We note that the relative propagation time for �GeV646

neutrinos over the source distance, compared to that of647

light, is expected to be ⌧ 1 s. The relative propagation648

time between neutrinos and GWs may change, however,649

in alternative gravity models. This could be probed by a650

joint GW-neutrino detection by comparing the times of651

arrivals with the expected emission time frame.652

Directionally, we searched for overlap between the GW653

sky map (90% CL) and the neutrino point spread func-654

tions, assumed to be Gaussian with standard deviation655

�rec

µ (see Table I). The limited significance of the recon-656

structed energies of the neutrino candidates did not jus-657

tify considering the GW directional distribution beyond658

the 90% CL.659

The search identified no Antares neutrino candidate660

that were temporally coincident with G184098. For Ice-661

Cube, none of the three neutrino candidates that were662

temporally coincident with G184098 were directionally663

coincident. See Fig. 1 for the directional relation of664

G184098 and the detected IceCube neutrino candidates665

within the ±500 s window.666

To better understand the probability of the detected667

neutrino candidates being consistent with the back-668

ground, we briefly consider di↵erent aspects of the data669

separately. (i) The number of detected neutrino candi-670

dates, i.e. 3 and 0 for IceCube and Antares, respec-671

tively, is fully consistent with the expected background672

rate of 4.4 and ⌧ 1 for the two detectors, respectively,673

with p-value 1� F
pois

(N
observed

 2, N
expected

i = 4.4) =674

0.81, where F
pois

is the Poisson cumulative distribu-675

tion function. (ii) For the most significant reconstructed676
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FIG. 2. Upper limit on the high-energy neutrino spectral
fluence (⌫µ + ⌫µ) from G184098 as a function of source
direction, assuming dN/dE / E�2 (top) and dN/dE /
E�2 exp[�

p
(E/100TeV)] (bottom) neutrino spectra. The re-

gion surrounded by a white line shows the part of the sky in
which Antares is more sensitive (close to nadir), while on
the rest of the sky, IceCube is more sensitive. For compari-
son, the 50% CL and 90% CL contours of the GW sky map
are also shown.

muon energy (Table I), 12.5% of background events will677

have greater muon energy. The probability that at least678

one neutrino candidate, out of 3 detected events, has an679

energy high enough to make it less likely in background680

than this, is 1 � (1 � 0.125)3 ⇡ 0.33. (iii) With the681

GW sky area 90% CL being ⌦
gw

= 590 deg2, the prob-682

ability of a background neutrino candidate being direc-683

tionally coincident is ⌦
gw

/⌦
all

⇡ 0.014, we therefore ex-684

pect 3⌦
gw

/⌦
all

directionally coincident neutrinos, given685

3 temporal coincidences. Therefore we expect with prob-686

ability 1� F
pois

(N
observed

= 0, N
expected

= 3⌦
gw

/⌦
all

) ⇡687

0.04 that at least one of the 3 neutrino candidates is direc-688

tionally coincident with the 90% CL skymap of G184098.689
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FIG. 1. GW sky map (90% confidence region) in equatorial
coordinates and the reconstructed directions of high-energy
neutrino candidates detected by IceCube (cross) during a
±500 s time window around the GW event candidate. The
neutrino directional uncertainties are < 1� and are not shown.
GW shading indicates the reconstructed probability density
of the GW event, darker regions corresponding to higher prob-
ability. Neutrino numbers refer to the first column of Table
I.
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➜ Integrating emission between [100 GeV; 100 PeV] and [100 GeV; 100 TeV]:
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FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

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

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light in
General Relativity) traveling to Earth from the source is
expected to be ⌧ 1 s. We note that the relative propa-
gation time between neutrinos and GWs may change in
alternative gravity models [47, 48]. However, discrepan-
cies from General Relativity could in principle be probed
with a joint GW-neutrino detection by comparing the ar-
rival times against the expected time frame of emission.

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

µ (see
Table I).

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

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of
GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.

To better understand the probability that the de-
tected neutrino candidates are being consistent with
background, we briefly consider di↵erent aspects of the
data separately. First, the number of detected neutrino
candidates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with

p-value 1 � F
pois

(N
observed

 2, N
expected

= 4.4) = 0.81,
where F

pois

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

gw

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

gw

/⌦
all

⇡ 0.014. We expect 3⌦
gw

/⌦
all

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

B. Constraints on the source

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

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

(E/100TeV)]. For each spectral
model, the upper limit shown in each direction of the sky
is the more stringent limit provided by one or the other
detector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV�1cm�2. Furthermore, the
upper limits by Antares and IceCube constrain di↵er-
ent energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3TeV to 1PeV, whereas for IceCube at this southern
declination the corresponding energy range is 200TeV to
100PeV.
We now convert our fluence upper limit into a con-

straint on the total energy emitted in neutrinos by the
source. To obtain this constraint, we integrate emission
within [100GeV, 100PeV] for the standard dN/dE /
E�2 source model, and within [100GeV, 100TeV] assum-
ing neutrino emission with a cuto↵ at 100TeV. We find
non-detection to correspond to the following upper limit
on the total energy radiated in neutrinos:

Eul

⌫,tot ⇠ 1052–1054
✓

D
gw

410Mpc

◆
2

erg (1)

Note that the wide allowed range is primarily due to the
large directional uncertainty of the GW event. For com-
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence 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 flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(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 significant
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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Figure 1: (Left) The red, green and blue lines refer to n
e

,nµ and nt neutrino effective area for IC HESE [4].
The black line refers to the ANTARES effective area for the nµ flavor obtained in the search for point-like
sources [8]. The effective area depends on the cuts of the selection analyses. Event rates can be obtained
by folding the assumed n spectrum with the effective areas. (Right) ANTARES 90% C.L. upper limits for
neutrino source (four different source widths) as a function of the declination [9]. The blue horizontal dashed
line corresponds to the signal flux corresponding to a source yielding the seven HESE in the IC hot spot.

Within the present statistics, the IC cosmic neutrino flux is compatible with flavor ratios
n

e

: nµ : nt = 1 : 1 : 1, as expected from charged meson decays in CR accelerators and neutrino
oscillation on their way to the Earth. The non-observation of events beyond 2 PeV suggests a neu-
trino flux with a power law F(E) µ E

�G with hard spectral index, e.g. G ' 2.0, and an exponential
cutoff, or an unbroken power law with a softer spectrum, e.g. G ' 2.3� 2.4. Different models
involving Galactic, extragalactic or exotic origin of the IC signal exist in the literature. Particularly
intriguing is the possibility that a sizeable fraction of the cosmic neutrinos observed by IC is origi-
nated in our Galaxy [7]. A possible contribution from transient extragalactic objects located in the
Southern sky can be considered as well.

The figure-of-merit in the analyses of neutrino telescope is the quantity called the neutrino
effective area, A

e f f

(E), which depends on the neutrino energy. A

e f f

(E) is defined as the ratio be-
tween the neutrino event rate in a detector (units: s�1) and the neutrino flux (units: cm�2 s�1) at
a given energy. It depends on the flavor and cross-section of neutrinos, on their absorption prob-
ability during the passage through the Earth, and on detector-dependent efficiencies. Fig. 1 (left)
shows the ANTARES effective area, A

nµ
ANT

, for nµ emitted by sources located at the declinations of
the Galactic Centre, compared with that of IC HESE. A

nµ
ANT

is larger than that of HESE (irrespec-
tively of the neutrino flavor) at energies below ⇠ 60 TeV. At the highest energies for the detected
neutrinos, 1 PeV, A

nµ
ANT

is a factor of two larger than that of IC for nµ while the total IC effective
area (An

e

IC

+A

nµ
IC

+A

nt
IC

) is 7.3 times larger than A

nµ
ANT

.
No hypothesis test on IC cosmic neutrinos yielded statistically significant evidence of clus-

tering or correlations. However, by comparing the number of detected events arising from the
Northern and Southern sky regions, taking into account the different effective areas for the two
regions, there appears to be an excess of events from the Southern sky [7]. IC is significantly larger

ν𝜏
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νμ

νe
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence 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 flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(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 significant
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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Figure 3. 90% CL flux upper limits and sensitivities on the muon neutrino flux
for six years of ANTARES data. IceCube results are also shown for comparison.
The light-blue markers show the upper limit for any point source located in the
ANTARES visible sky in declination bands of 1◦. The solid blue (red) line
indicates the ANTARES (IceCube) sensitivity for a point-source with an E−2

spectrum as a function of the declination. The blue (red) squares represent
the upper limits for the ANTARES (IceCube) candidate sources. Finally, the
dashed dark blue (red) line indicates the ANTARES (IceCube) sensitivity for a
point-source and for neutrino energies lower than 100 TeV, which shows that
the IceCube sensitivity for sources in the Southern hemisphere is mostly due to
events of higher energy. The IceCube results were derived from Aartsen et al.
(2013b).
(A color version of this figure is available in the online journal.)

The full-sky search looks for an excess of signal events
located anywhere in the whole ANTARES visible sky. A pre-
clustering algorithm to select candidate clusters of at least 4
events in a cone of half-opening angle of 3◦ is performed. For
each cluster, Ls+b is maximized by varying the free parameters
xs and ns. In this analysis, the most significant cluster is found
at (α, δ) = (−46.◦8,−64.◦9) with a post-trial p-value of 2.7%
(significance of 2.2σ using the two-sided convention). This
direction is consistent with the most significant cluster found in
the previous analysis. The number of fitted signal events is ns =
6.2. A total of 6 (14) events in a cone of 1◦ (3◦) around the fitted
cluster center are found. Upper limits at the 90% confidence
level (CL) on the muon neutrino flux from point sources located
anywhere in the visible ANTARES sky are given by the light
blue-dashed line in Figure 3. Each value corresponds to the
highest upper-limit obtained in declination bands of 1◦.

The second search uses a list of 50 neutrino candidate-
source positions at which the likelihood is evaluated. The
list of sources with their corresponding pre-trial p-values and
flux upper limits is presented in Table 1. The largest excess
corresponds to HESS J0632+057, with a post-trial p-value of
6.1% (significance of 1.9σ using the two-sided convention). The
fitted number of source events is ns = 1.6. The limits for these 50
selected sources and the overall fixed-source sensitivity of the
telescope are reported in Figure 3. The 90% CL flux upper limits
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Figure 4. 90% CL upper limits obtained for different source widths as a function
of the declination. The blue horizontal dashed line corresponds to the signal flux
given by González-Garcı́a et al. (2013).
(A color version of this figure is available in the online journal.)

and sensitivities are calculated by using the Neyman method
(Neyman 1937).

6. IMPLICATIONS FOR THE INTERPRETATION OF THE
RECENT IceCube RESULTS

Following the recent evidence of high energy neutrinos by
IceCube (Aartsen et al. 2013a), a point source close to the
Galactic Center has been proposed to explain the accumu-
lation of seven events in its neighborhood (González-Garcı́a
et al. 2013). The corresponding flux normalization of this hy-
pothetical source (α = −79◦, δ = −23◦) is expected to be
Φ0 = 6 × 10−8 GeV cm−2 s−1.

This hypothetical source might be located at a different
point in the sky due to the large uncertainty of the direction
estimates of these IceCube events. The full-sky algorithm with
the likelihood presented in Adrián-Martı́nez et al. (2012) is
used, restricted to region of 20◦ around the proposed location.
The trial factor of this analysis is smaller than in the full-sky
search because of the smaller size of the region. In addition to the
point source hypothesis, three Gaussian-like source extensions
are assumed (0.◦5, 1◦ and 3◦). As in the full-sky search, a half
opening angle of 3◦ is used for the pre-clustering selection for
source widths smaller than 3◦. In the case of the 3◦ source
assumption, the angle is of 6◦.

No significant cluster has been found. Figure 4 shows the 90%
CL flux upper limits obtained for the four assumed different
spatial extensions of the neutrino source as a function of
the declination. The presence of a point source with a flux
normalization of 6×10−8 GeV cm−2 s−1 anywhere in the region
is excluded. Therefore, the excess found by IceCube in this
region cannot be caused by a single point source. Furthermore,
a source width of 0.◦5 for declinations lower than −11◦ is also
excluded. For an E−2 spectrum, neutrinos with E > 2 PeV
contribute only 7% to the event rate, hence these results are
hardly affected by a cutoff at energies on the order of PeV.
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Fig. 8.— 90% CL sensitivities and limits (Neyman method) for the neutrino emission from point

sources as a function of source declination in the sky, for an assumed E

�2 energy spectrum of

the source. Green points indicate the actual limits on the candidate sources. The green line

indicates the sensitivity of the combined search. Curves/points respectively indicate the published

sensitivities/limits for the IceCube (blue) and ANTARES (red) analyses, respectively. As reference,

the declination of the Galactic Center is approximately at sin(� = �29�) ⇡ -0.48.

> ANTARES / IceCube joint analysis: http://arxiv.org/abs/1511.02149
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Fig. 9.— Point source sensitivities and limits as in Fig. 8, for other energy spectra: E

�2 with a

square-root exponential cut-o↵ at E = 1PeV (top left), E = 300TeV (top right), E = 100TeV

(bottom left) and E

�2.5 unbroken power-law (bottom right). Green points indicate the actual

limits on the candidate sources. The green line indicates the sensitivity for the combined search.

Red and blue curves indicate the sensitivities for the individual IceCube and ANTARES analyses,

respectively. As reference, the declination of the Galactic Center is approximately at sin(� = �29�)

⇡ -0.48.
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 23: ARCA resolutions for contained ⌫e CC events using Algorithm 1, after the event selection of
Sec. 2.3.1. Left: energy resolution, right: directional resolution. For both plots, the black line shows the
median value; dark blue shaded regions give the 68% range, while light blue shaded regions give the 90%
range.

is estimated from the observed ToT values, taking into account the expected relative intensities at given
PMT positions. The third algorithm starts from a simple vertex estimation based on large-amplitude hits,
followed by a hit selection using this vertex and causality relations and finally by two sequential, independent
log-likelihood fits yielding first the vertex position and then the energy and direction of the event. The
algorithms yield similar accuracy and are fully efficient for events passing the cuts. While they are less
precise than Algorithm 1, they exhibit different responses to non-cascade events, and their output is useful
for background suppression. More details on the cascade reconstruction codes presented here can be found
in [35].

2.2.6 Prospects for improved reconstruction

The main reconstruction goal of ARCA is to precisely determine the parameters of track-like and cascade-
like events, and the methods presented above have been developed with this in mind. New reconstruction
algorithms tuned on ⌫µ CC and ⌫e CC events are in the testing phase and first results are very promising. Also
reconstructions tuned for different event classes that present more complex topologies are in the development
phase. In particular:

• Improved track and cascade reconstructions

The track and cascade reconstructions described above are first-generation algorithms developed for
ARCA, and there are good prospects for improvements in both. In fact, when the reconstruction al-
gorithms were developed the full PMT response was not yet being implemented in the simulation chain.
Reconstructions based on a more-detailed knowledge of the detector are currently in development or
in the testing phase.

In particular, the best current cascade reconstruction (Algorithm 1) uses very little timing information
to fit the cascade energy and direction, and no information from individual PMT signal magnitudes
(all time-over-threshold values treated equally). A new cascade reconstruction algorithm that exploits
this information in detail is under development. First estimates indicate that a cascade resolutions of
1� may be attainable with improved efficiency.

Additionally, a new track reconstruction algorithm has recently been developed. From initial values
obtained by a rigorous scan of the full solid angle, the likelihood is maximised using a multi-dimensional
probability distribution function of the arrival time of Cherenkov light from the muon. In Fig. 24, the
angular resolution reached for ⌫µ CC events is reported, showing that an angular resolution better
than 0.1� is reached for events with energy higher than 100 TeV.

However, these reconstructions have not yet been processed through the full Monte Carlo chain
described in Sec. 2.2, and hence are not used in the analyses presented here. However, since the
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Figure 21: Left panel: median of the angle between the neutrino and the reconstructed muon direction (black
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panel: distribution of log10(Ereco/Eµ), where Ereco is the reconstructed and Eµ is the true muon energy for
events with Eµ � 10TeV that satisfy a containment criterion. The red line represents the Gaussian fit.

that the observed space-time PMT hit pattern is consistent with Cherenkov emission from the fitted muon
trajectory. An initial hit selection exploits hit coincidences between PMTs in the same optical module or
between different optical modules to remove uncorrelated hits from background photons, mostly from 40

K

decays. The reconstruction of the muon trajectory starts with a linear fit, followed by three consecutive
fitting steps, each using the results of the previous one as starting point. A pseudo-vertex position is also
estimated, which, however, usually is related to the entry point of the muon in the detector rather than
to the location of the interaction vertex; this quantity is useful for background rejection. In addition to
the track information (direction and pseudo-vertex) an estimator of the fit quality, ⇤, and the number of
hits associated with the final track fit, Nhit, are determined. The ⇤ parameter is used in the analysis to
reject badly reconstructed events, in particular atmospheric muons mis-reconstructed as up-going. The Nhit

parameter is related to the muon energy and is used to reject low-energy events that are mainly due to
atmospheric neutrino background. A very good angular resolution of about 0.2� is achieved for neutrinos
above 10 TeV, see Fig. 21 (left).

The amount of light collected by the PMTs when a muon travels inside the detector is correlated with
the muon energy. To estimate the muon energy, a method exploiting this dependence by means of an
artificial neural network has been developed. The first step is the selection of events with a reconstructed
muon track travelling inside the detector for an adequate distance. The second step is the evaluation of
several quantities related with the total event ToT and with the number of DOMs hit. These quantities are
used to feed the neural network. The energy resolution obtained for well reconstructed (cut on ⇤ applied)
and contained events is ' 0.27 units in log10(Eµ) for 10TeV  Eµ  10PeV (see Fig. 21 right); without
containment requirement, the resolution slightly worsens to ' 0.28 units. Further details on the track
reconstruction code can be found in [33].

This energy reconstruction method must be trained on appropriate samples of MC events and is not
yet fully integrated in the reconstruction software for ARCA. A simple energy reconstruction using the Nhit

parameter is embedded in the reconstruction software and gives results of almost equivalent quality. This
method is used for the sensitivity studies presented in the following.

2.2.5 Cascade reconstruction

The length of a cascade event depends logarithmically on the cascade energy and is of the order of 10 m
in the energy range relevant for ARCA analyses. At the length scale of typical distances between optical
modules, cascades thus produce almost point-like signatures, characterised by vertex position, direction, and
energy. CC interactions of ⌫µ and ⌫⌧ , if they happen in the detector volume, also produce cascades, but the
outgoing µ, ⌧ , or ⌧ decay products produce a more complex signature. Hence, cascade reconstruction is
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Figure 14: Footprint of one building block of the ARCA detector.

cutoff at a few PeV. The distribution of the neutrino directions combined with the angular resolution does
not (yet) allow for the identification of one or more point sources. Deviations from flavour-uniformity are
only weakly constrained [13], and tau neutrino events have not yet been identified [14,15].

The prime physics case for KM3NeT Phase-2.0 ARCA is to measure and investigate the signal of
neutrinos observed by IceCube with different methodology, improved resolution and a complementary field
of view.

2.1.2 Assumptions

The basic assumption in the following studies is that the ARCA detector will comprise two KM3NeT building
blocks, providing an instrumented volume of about one cubic kilometre, i.e. of similar size as the IceCube
detector. All analyses reported in this document are performed for a horizontal distance between strings of
90 m and vertical distance between adjacent optical modules of 36 m. The footprint of one block is shown
in Fig. 14. To estimate the dependence of the sensitivity on the geometrical detector configuration, an
alternative layout with 120 m distance between strings but unchanged vertical distances is being investigated;
this configuration corresponds to an increase of the instrumented volume to 1.7 km3. In both cases a water
depth of 3.5 km and a latitude of 36� 160 N were assumed, corresponding to the Italian KM3NeT site
(KM3NeT-It, see Sec. 1.1).

The following sensitivity studies are discussed in the following:

• Cascade events from a diffuse flux, including high-energy starting muon tracks
This analysis includes all neutrino flavours. Owing to an efficient suppression of the atmospheric muon
and neutrino backgrounds (see below), a 4⇡ angular coverage has been achieved.

• Upgoing, diffuse flux of muon (anti-)neutrinos
This analysis is usually referred to as the “conventional” diffuse flux analysis. Traditionally, it does not
include the upper hemisphere, with the exception of a small zenith region above the horizon.

• Muon (anti-)neutrinos from a diffuse Galactic plane flux
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Figure 14: Footprint of one building block of the ARCA detector.
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The prime physics case for KM3NeT Phase-2.0 ARCA is to measure and investigate the signal of
neutrinos observed by IceCube with different methodology, improved resolution and a complementary field
of view.

2.1.2 Assumptions

The basic assumption in the following studies is that the ARCA detector will comprise two KM3NeT building
blocks, providing an instrumented volume of about one cubic kilometre, i.e. of similar size as the IceCube
detector. All analyses reported in this document are performed for a horizontal distance between strings of
90 m and vertical distance between adjacent optical modules of 36 m. The footprint of one block is shown
in Fig. 14. To estimate the dependence of the sensitivity on the geometrical detector configuration, an
alternative layout with 120 m distance between strings but unchanged vertical distances is being investigated;
this configuration corresponds to an increase of the instrumented volume to 1.7 km3. In both cases a water
depth of 3.5 km and a latitude of 36� 160 N were assumed, corresponding to the Italian KM3NeT site
(KM3NeT-It, see Sec. 1.1).

The following sensitivity studies are discussed in the following:

• Cascade events from a diffuse flux, including high-energy starting muon tracks
This analysis includes all neutrino flavours. Owing to an efficient suppression of the atmospheric muon
and neutrino backgrounds (see below), a 4⇡ angular coverage has been achieved.

• Upgoing, diffuse flux of muon (anti-)neutrinos
This analysis is usually referred to as the “conventional” diffuse flux analysis. Traditionally, it does not
include the upper hemisphere, with the exception of a small zenith region above the horizon.

• Muon (anti-)neutrinos from a diffuse Galactic plane flux
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Figure 33: Number of events passing the MDP cuts (see text), per year for one building block, as a function
of the MC neutrino energy. The black vertical lines show the energy range where 90% of the signal is
expected.
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Figure 34: Significance as a function of the observation time for the detection of a diffuse flux of neutrinos
corresponding to the signal reported by IceCube (Eq. 2) for the cascade channel (red line) and muon channel
(black line). The black and red bands represent the uncertainties due to the conventional and prompt
component of the neutrino atmospheric flux. The blue line represents the results of the combined analysis
(see text).
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numbers of events passing cuts are quoted using the cut-and-count method above, reflecting the
number of high-quality signal candidate events.

For the last step, the likelihood ratio function:

LR =

nX

k=1

log

nsig
n · Psig(Xk) +

�
1� nsign

� · Pback(Xk)

Pback(Xk)
(1)

is employed, where nsig is the estimated number of signal events, n is the total number of events (and
hence, implicitly, n�nsig = nback is the number of background events), and Psig and Pback are the probability
distribution functions (PDF) for signal and background events, respectively. The LR is maximised by altering
nsig to obtain LRmax. The PDFs are functions of one or more parameters X, such as the BDT output if it
is applied, and/or other parameters related to the specific analysis.

Pseudo-experiments are performed and LR is maximised for each pseudo-experiment. The distributions
of LRmax when simulated signals events are present are compared to distributions in the background-only
case to evaluate the significances of each simulated observation.

Unlike in the high-energy starting event (HESE) analysis of IceCube [10], no explicit veto to remove
atmospheric muon contaminations is used for KM3NeT/ARCA. Rather, the methods of steps 2 and 4 above
assign to each event likelihoods based on the observed event topology, which is well-preserved in sea water
due to the low light scattering.

2.3.1 Isotropic diffuse neutrino flux

The detection and detailed investigation of the astrophysical flux observed by IceCube is one of the main
physics goals of ARCA during KM3NeT Phase-2.0. In the following, an estimate of the time to detect this
flux at the 5� level is presented.

This study has been optimised assuming that the IceCube signal originates from an isotropic, flavour-
symmetric neutrino flux following a power law spectrum with a cut-off at a few PeV. The cutoff – or a
steeper spectrum – is implied by the observation of events with a deposited energy exceeding 1 PeV and the
absence of events at about 6.3 PeV associated with the Glashow resonance (W production in scattering of
⌫e on electrons). The single-flavour energy spectrum has been parameterised as:

�(E⌫) = 1.2⇥ 10�8 ·
✓
E⌫

GeV

◆�2
· exp

✓
� E⌫

3PeV

◆
GeV�1 cm�2 s�1 sr�1 . (2)

Since the first IceCube discovery [10], several new analyses with updated event samples and different event
selection strategies have been published [13,18,40]. In these analyses various compatible parameterisations
for the cosmic neutrino flux have been proposed. To check the robustness of our results with respect to the
diffuse neutrino flux assumed we have also calculated the significance of the KM3NeT/ARCA observation
to the following diffuse flux from [41], which is similar to the results recently reported in [12]:

�(E⌫) = 4.11⇥ 10�6 ·
✓
E⌫

GeV

◆�2.46
· exp

✓
� E⌫

3PeV

◆
GeV�1 cm�2 s�1 sr�1 . (3)

Note that for this steeper spectrum, a cut-off to suppress the Glashow resonance signature is not necessarily
required by observations, but is kept here in order to avoid biasing the analysis by maximising the selection
of such events. In Fig. 27 these fluxes are presented together with the atmospheric neutrino fluxes for
comparison.

In the following, the sensitivity studies for diffuse fluxes are presented for the cascade channel and for
the track channel.

Cascade channel Events simulated as described in Sec. 2.2 have been reconstructed with the three
available cascade reconstruction codes discussed in Sec. 2.2.4.

The first selection cut requires the containment of the reconstructed vertex in a cylindrical volume
around the detector centre, with radius r < 500m and height z < 200m. The effect of this cut is illustrated
in Fig. 28. It rejects most of the atmospheric muons which, coming from above, have the reconstructed
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Figure 45: Scheme of the two distinct neutrino mass hierarchies. The color code indicates the fraction of
each flavour (e, µ, ⌧) present in each of the mass eigenstates (⌫1, ⌫2, ⌫3). From [87].

oscillations driven by �m231 and �m232. Such a measurement however requires an extreme accuracy both in
the energy resolution and in the absolute energy scale calibration.

Another appealing strategy consists in probing the impact of matter effects in both the ⌫µ survival
probability and in the rate of ⌫µ $ ⌫e appearance at the atmospheric mass scale. As will be detailed in
the next subsection, this option requires long oscillation baselines and matter effects that essentially affect
the ⌫e-component of the propagation eigenstates, making it possible to determine whether the ⌫1 and
⌫2 states are lighter or heavier than ⌫3. The ⌫e appearance channel is the main focus of current (such
as NOvA [99] and T2K [100]) and next-generation (such as CHIPS [101], LBNE [102], LBNO [103] or
more recently DUNE [104]) accelerator neutrino experiments. In atmospheric experiments, such as ICAL at
INO [105], HyperKamiokande [106], PINGU [107] and ORCA, both channels are important due to the much
longer baselines providing stronger matter effects. This strategy has been extensively discussed both for
magnetized detectors [108–120] and for water-Cherenkov detectors [114,121–127], including more recently
the specific case of the Mton-scale underice/sea detectors PINGU and ORCA [128–139].

In the 3⌫ framework, the ⌫µ $ ⌫e and ⌫µ $ ⌫µ transition probabilities in vacuum can be approximated
by the following formulae:

P3⌫(⌫µ ! ⌫e) ⇡ sin2 ✓23 sin2 2✓13 sin2
✓
�m231 L

4E⌫

◆
(9)

P3⌫(⌫µ ! ⌫µ) ⇡ 1� 4 cos2 ✓13 sin2 ✓23 (1� cos2 ✓13 sin2 ✓23) sin2
✓
�m231 L

4E⌫

◆
(10)

where E⌫ is the neutrino energy and L stands for the oscillation baseline. These relations establish the
direct link between the transition probabilities and the value of ✓13; they also show that the transitions in
vacuum are actually insensitive to the sign of �m231.

This sign can however be revealed once matter effects come into play along the neutrino propagation
path [140,141]. Contrarily to the other flavours, the ⌫e component can indeed undergo charged-current (CC)
elastic scattering interactions with the electrons in matter and consequently acquire an effective potential
A = ±p2GFNe , where Ne is the electron number density of the medium, GF is the Fermi constant and
the +(�) sign is for ⌫e (⌫e). In the case of neutrinos propagating in a medium with constant density, the
transition probabilities now read (adapted from [142]):

P

m
3⌫(⌫µ ! ⌫e) ⇡ sin2 ✓23 sin2 2✓m13 sin2

✓
�mm2L

4E⌫

◆
(11)
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codes have been developed for the KM3NeT project and older codes, that were developed by the ANTARES
collaboration, have been modified to take into account the KM3NeT DOM characteristics. The codes
simulate the particle interactions with the medium surrounding the detector, light generation and propagation
as well as the detector response. In the simulation chain a volume surrounding the instrumented volume,
called "can", is defined. The can volume is a cylinder with height and radius exceeding the instrumented
volume by about 3 absorption lengths for the atmospheric muon background simulation and by 40 m for the
neutrino generation. Generated particles are propagated inside the can and Cherenkov light is generated.

Neutrino and antineutrino induced interactions in sea water in the energy range from 1 to 100 GeV have
been generated with a software package based on the widely used GENIE [161,162] neutrino event generator.
Electron and muon neutrino events are weighted to reproduce the conventional atmospheric neutrino flux
following the Bartol model [163].

All particles emerging from a neutrino interaction vertex are propagated with the GEANT4 based software
package KM3SIM [164] that has been developed by the KM3NeT collaboration. It generates Cherenkov light
from primary and secondary particles in showers and simulates hits taking into account the light absorption
and scattering in water as well as the DOM and PMT characteristics.

The background due to downgoing atmospheric muons is generated with the MUPAGE [25,165] program.
MUPAGE provides a parameterised description of the underwater flux of atmospheric muons including also
multi-muon events. The parameterised muon flux was obtained starting from full simulations with HEMAS
[166] and cosmic ray data. These muons are tracked inside the can with the code KM3 which generates and
propagates the light produced by the muons and their secondary particles, taking into account the optical
properties of the water. For the photon propagation, the code uses tables containing parameterisations
obtained from a full GEANT3 simulation. The code simulates the PMT hit probabilities and the response
of the PMTs. The PMT photocathode area, quantum efficiency and angular acceptance, as well as the
transmission of light in the optical module glass sphere and in the optical gel are taken into account.

In order to reproduce the randomly distributed background PMT hits due to the Cherenkov light from
�-decays of 40K, single photoelectron hits can be added to the hits induced by charged particles inside a
chosen time window. Also the hits in coincidence due to 40K between two PMTs inside the same DOM are
taken into account.
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Figure 53: Footprint of the ORCA benchmark detector (top view), with 115 strings (20 m spacing) with 18
OMs each (6 m spacing). The instrumented volume is 3.6⇥ 106m3 (cylinder: R=106 m, z=102 m)
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3.3.3 Performance

The simulations have been performed with a 3.7 Mt detector composed of 115 vertical detection units,
horizontally separated by ⇠ 20m, each housing 18 optical modules, vertically separated by 6 m. In order
to optimise the vertical separation of the optical modules within a detection unit, the performances of the
reconstruction algorithm have been also studied with configurations that mimic vertical spacings of 9m,
12m and 15m by switching off optical modules, cf. Sec. 3.2.3. For the 9 m configuration, one optical
module out of three is switched off, thus alternating vertical spacings of 6 m and 12 m, whereas for the
12 m configuration one optical module out of two is switched off. The 15m configuration is obtained by
alternating vertical spacings of 12m and 18m. The instrumented volume is the same for all the mentioned
configurations.

Fig. 67 shows the performances for events reconstructed as upgoing, whose vertex is reconstructed within
the instrumented volume, with quality cut of the reconstruction algorithm of ⇤ > �5.0 (see Eq. 23). The top
left plot shows the median distance between the true and estimated vertex position, distance(P truevertex , P

reco
vertex),

as a function of the neutrino energy. The value of the distance(P truevertex , P
reco
vertex) is of the order of a few

meters for all reconstructed events. The top right plot in Fig. 67 shows the resolution on the reconstruc-
ted neutrino zenith angle and the bottom plot shows the fractional energy resolution, which is defined as
|E⌫ � Erec|/E⌫ .
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Figure 67: Median resolution as a function of the true neutrino energy, for various vertical spacings, of:
the distance between the true interaction vertex and reconstructed one (top left), the absolute value of
the difference between the reconstructed zenith angle and the true neutrino zenith (top right), and the
fractional energy error (bottom). For muon neutrino and antineutrino events weighted according to the
atmospheric spectrum, reconstructed as upgoing, with vertex reconstructed within the instrumented volume
and ⇤ > �5.0.

Another parameter needed to evaluate the reconstruction performance as well as to calculate the sens-
itivity for the measurement of the neutrino mass hierarchy is the detector effective volume. The effective
volume Ve↵ can be defined as the volume of a 100% efficient detector for observing neutrinos that interact
within that volume, for a set of specified quality cuts. In the simulation adopted, described in Sec. 3.2, all
the neutrinos interacting within a volume larger than the instrumented volume and surrounding the detector,
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Figure 67: Median resolution as a function of the true neutrino energy, for various vertical spacings, of:
the distance between the true interaction vertex and reconstructed one (top left), the absolute value of
the difference between the reconstructed zenith angle and the true neutrino zenith (top right), and the
fractional energy error (bottom). For muon neutrino and antineutrino events weighted according to the
atmospheric spectrum, reconstructed as upgoing, with vertex reconstructed within the instrumented volume
and ⇤ > �5.0.

Another parameter needed to evaluate the reconstruction performance as well as to calculate the sens-
itivity for the measurement of the neutrino mass hierarchy is the detector effective volume. The effective
volume Ve↵ can be defined as the volume of a 100% efficient detector for observing neutrinos that interact
within that volume, for a set of specified quality cuts. In the simulation adopted, described in Sec. 3.2, all
the neutrinos interacting within a volume larger than the instrumented volume and surrounding the detector,
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3 Oscillation Research with Cosmics in the Abyss (ORCA)
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Figure 105: The mass hierarchy sensitivity for three years of operation time for the 9 m spacing, using the
default settings. This includes a fit of ✓23, �M2, �CP and the five systematics. The dashed lines indicate
the mass hierarchy sensitivity when the true value of �CP is set to 180�.

which determines the probability to refute the WH hypothesis. It can be simply expressed as

� =
q
�

2
min (43)

It has been verified, that the results obtained with this method are generally rather close to those from the
full LLR treatment. The simplified method is used to optimize the vertical distance of the DOMs on the
DUs. Whereas the horizontal spacing between DUs is determined by deployment constraints (20m distance
between DUs is considered a minimum), the vertical distance is a free parameter with little constraints from
a technical point of view. Simulations have been performed with DOM distances of 6 m, 9 m and 12 m. The
detector performance for these different setups have been shown before. Fig. 106 shows the expected NMH
sensitivity after three years of data taking for both hierarchy hypotheses as function of the true mixing angle
✓23. An optimal distance is found close to 9 m, as both for 6 m and 12 m the NMH sensitivity degrades, at
least in some regions of the parameter space.

3.6.3 Measurement of �M2 and ✓23
The derivation of measurement contours for the oscillation parameters is done as well with the simplified
procedure, which had been used already for the spacing study. The same set of nuisance parameters is
applied. Optionally an energy scale shift is added as additional systematic uncertainty. It is implemented
as a free scaling of the neutrino energy in all detector related distributions such as effective mass, particle
identification, angular and energy resolution. All nuisance parameters are fitted unconstrained, i.e. without
priors. Both �M2 and ✓23 are determined under the assumption that the correct NMH has been already
identified. The 1� measurement contours obtained after three years of data taking for three test points
(�M2 = 2.45 10�3eV2, sin2 ✓23 = 0.42, 0.50, 0.58) are shown on Fig. 107. They are compared to current
world best measurements [100, 174] as well as to extrapolations of final results from NOvA and T2K [100,
175], to be expected around 2020. For T2K, the extrapolation is performed by exploiting the published
likelihood shape of the present measurement [100] assuming the planned complete beam exposure of 7.8 1021

protons on target. A precision of 3% in �M2 is reached after three years which can be reduced to 2% when
suppressing the energy scale uncertainty. The precision in ✓23 varies between 4% and 10%, depending on its
true value and the NMH.
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Projected sensitivity: ~3σ in 3 years, depending on true values of θ23 and δCP

ORCA’s data = event rates as a function of the reconstructed neutrino energy and zenith angle. 
Distinguish between the two mass hierarchy cases by comparing these to the expected rates

For 3 yrs of data taking



Conclusions	  and	  prospects

• ANTARES is still observing the sky 

• Brings valuable constraints on the IceCube astrophysical signal  

• KM3NeT is being deployed both in Italy and France sites  

• Technology and detection performances validated by prototypes 

• KM3NeT-It ➜ ARCA: HE neutrino astronomy 

• KM3NeT-Fr ➜ ORCA: neutrino mass hierarchy 

• Letter of Intent released on January 27th !  

• Birth of a new window on the Universe…stay tuned !
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Neutrino	  astronomy	  in	  the	  Mediterranean

log(E) 

lo
g 

(d
N

/d
E

) 

νµ
atm E-3,7 

νµ
cosm E-2 

Cut on E 

~ TeV 

> Look at high energy events

TeV 

PeV 

EeV 

25



Neutrino	  astronomy	  in	  the	  Mediterranean

> Mediterranean / South Pole

WATE
R ICE

• Complementary coverage: 
- galactic center / extragalactic sources  
 
!

• Good pointing accuracy / Calorimetry  
!

!
• Optical noise (biolum) + K40 / no noise  
!

!
• Absorption / diffusion!
 
!
• Mediterranean : logistically attractive  
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KM3NeT	  prototypes

➜ April 2013: Optical module deployed at ANTARES (-2500 m)

The prototypes 

 
 

1)  April 2013: Optical module deployed at ANTARES (2500 m) 
 
 

2)  May 2014: Mini string (3 storeys) deployed at Capo Passero 

Eur. Phys. J. C (2014) 74:3056 

To be submitted 
Eur. Phys. J. C 
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!  Validation of  
photon counting  
& directionality  

performance 

!  First benchmark of  
DU integration and 

deployment 
 

!  Smooth operation  
and data taking 

 

! Muon track recon- 
struction capabilities ! 

arXiv:1510.0156,submitted to Eur. Phys. J. C 10 

(Δt=20 ns) 

Eur. Phys. J. C (2014) 74:3056 Page 7 of 8 3056

Fig. 6 Aggregate rates as a function of run number for a singles, b
twofold coincidence, c threefold coincidence and d fourfold coinci-
dence rates. The lower red points show the rates with combinatorial
background subtracted and gives the true coincidences from 40K. The
runs cover the period from July to December 2013

Fig. 7 a The rate of events as a function of the coincidence level (num-
ber of PMTs with signal in a 20 ns time window). Black dots correspond
to data while coloured histograms represent simulations (muons in blue,
40K in red and accidental coincidences in purple). b The number of hits
as a function of the zenith position of the centre of the PMT for coinci-
dence levels above seven. One PMT is looking downward (180◦). The
others are grouped by six at five different angles. The black dots are
data, the blue histogram is simulation of atmospheric muons and the
black histogram show the calculated effect of the shadowing by the
ANTARES electronics cylinder

the PMT. This leads to a rapidly decreasing volume of water
inside which the DOM is sensitive to the 40K decays and
therefore a rapid decrease in rate. Above the coincidence level
of seven, the signals from atmospheric muons dominate. The
simulation of the atmospheric muons was performed using a
parameterisation of the measured muon flux and multiplicity
for the 2375 m depth of the DOM [22]. An excellent agree-
ment is seen between data and simulation of atmospheric
muons. Therefore, with a single DOM muons are unambigu-
ously identified using coincidences of only eight PMTs.

In Fig. 7b, the number of hits detected by each PMT is
shown as a function of their position in terms of zenith angle,
corresponding to the rings of PMTs in the DOM. For this
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➜ May 2014: Mini string (3 storeys) deployed at Capo Passero
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Fig. 1: Schematic of the PPM-DU (not to scale). Adjacent DOMs are vertically spaced by ⇠ 36m. Two empty
glass spheres serve as buoys; the vertical electro-optical cable (VEOC) connects the DOMs with the base
container, which is equipped with a 100m cable for connection to the submarine infrastructure and thus to the
shore station. Inset: the DOMs are attached to two Dyneemar ropes; the structure is free to move following
underwater sea currents.

the study of correlated signals in different DOMs generated from LED nanobeacons and from atmospheric
muons, a synchronisation at a nanosecond level between DOMs was obtained.

In this paper the main results obtained with this project are presented, using data collected between May
2014 and January 2015. In Section 2, an overview of the detector elements is given; the procedure of time
calibration is described in Section 3; an evaluation of the optical background at the deployment site of the
prototype is provided in Section 4; Monte Carlo (MC) simulation are presented in Section 5; the capability to
identify the signals from muons and reconstruct their directions using inter-DOM coincidences is presented in
Section 6.

2 Detector

The PPM-DU was deployed in May 2014 at 3457m sea depth in a location ⇠ 80km east of the Sicilian coast
at Capo Passero (latitude 36� 17’50”N, longitude 15� 58’45”E). The 160m long PPM-DU comprises three
DOMs with a vertical separation of ⇠ 36m. It is anchored on the sea bottom and is kept taut by the buoyancy
of the DOMs and two top flotation spheres (Fig. 1). The PPM-DU base is connected via an electro-optical cable
to the cable termination frame of the main electro-optical cable of the sea-bed network. This 100km long cable
bridges the distance between the deep sea infrastructure and the shore station for power distribution and data
transmission.

17

Fig. 13: (a) Zenith angular resolution of the tracking algorithm from Monte Carlo simulations. (b) Rates of the
reconstructed cosq in data and simulation.
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KM3NeT	  launcher	  vehicule
28

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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2 Astroparticle Research with Cosmics in the Abyss (ARCA)

Figure 41: Significance as a function of the observation time for the detection of the Galactic sources
RX J1713 and Vela-X. The bands represent the effect of the uncertainties on the conventional component
of the atmospheric neutrino flux.

disk of 0.8� radius.
The expected sensitivity of ARCA to Vela-X is shown in Fig. 41 as a function of the obsrervation

time. Owing to the good visibility of the Galactic Plane, a significance of 3� can be reached in less than
3 years of observation time. The bands show the variation of the significance due to the uncertainty on the
normalisation of the conventional part of the atmospheric neutrino spectrum (see Sec. 2.1.2).

Sources with a spectrum / E�2 The flux required for a 5� discovery has also been calculated for a
generic point-like source with a spectrum / E�2. In the preselection sample only events with ✓rec > 80�

have been selected. In this analysis, at present, the BDT procedure has not been applied, since the larger
difference in the slopes of the atmospheric and source neutrino energy spectra eases discrimintion between
them.

After the preselection, an unbinned method has been applied that maximises the likelihood ratio of
Eq. 1, with PDFs as functions of the two parameters Nhit (related to the energy of the neutrinos) and ↵,
the angular distance from the source center. The 5� discovery flux is reported in Fig. 42 as a function of
the declination for 3 years of observation time, corresponding to the exposure for the current IceCube result.
The upper limit of ANTARES is also reported for comparison.

ARCA’s expected resolution on cascades of ⇠ 1.5� (see Sec. 2.2.5) allows us to also use this channel for
a point-source search, as recently demonstrated by ANTARES [67]. Since discriminating downgoing cascade
events from the muonic background is easier than for tracks, cascade searches have a 4⇡ sr coverage, making
this detection channel especially important for sources with an otherwise limited visibility. First preliminary
results for the cascade channel for generic point-like sources with an E�2 spectrum will also be presented in
this section.

The sensitivity of KM3NeT/ARCA to point-like sources has been evaluated using cascade events. In
this analysis all simulated events have been reconstructed with both the track and cascade reconstructions.
To remove the atmospheric muons, which are the main source of background, a preselection of events was
performed, leading to the two event samples:

• Sample A: Events reconstructed as down-going with the track reconstruction. Cuts similar to the
cascade diffuse analysis have been applied:

– Geometrical containment cuts z < 250m and r < 500m (see Fig. 28);

– Reconstructed track zenith ✓rec < 80�;
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Figure 42: KM3NeT/ARCA 5� discovery potential as a function of the source declination (red line) for one
neutrino flavour, for point-like sources with a spectrum / E�2 and 3 years of data-taking. For comparison,
the corresponding discovery potential for the IceCube detector [65] (blue line), and upper limits on particular
sources for the ANTARES detector [66] (blue squares) are also shown.

– ToTevt > 6µs (see Fig. 28);

– ⇤ < �5.8 .

• Sample B: Events reconstructed as up-going with the track reconstruction. The following cuts are
applied:

– Geometrical containment cuts z < 324m and r < 450m (see Fig. 28);

– Reconstructed track zenith ✓rec > 80�;

– ToTevt > 4µs (see Fig. 28).

The containment cuts mainly select cascade events that have the interaction vertex inside the detector
volume and remove track-like events. Remaining track-like events are rejected by the ⇤ cut in Sample A
(removing well-reconstructed atmospheric muons) and with the ToT cut that removes lower-energy tracks
with the vertex inside the instrumented volume. In both samples, most of the selected source events are
cascade-like events, the track “contamination” being of order 10%.

Since the cut-and-count method has not been applied in this case (i.e. no cut on the distance between
the reconstructed direction and the source center has been applied, with events reconstructed closer to the
source appearing more source-like), the unweighted number of signal and background events passing the
above cuts is not meaningful, and is not reported.

The same BDT procedure described in Sec. 2.3.1 for the diffuse cascade analysis, to discriminate tracks
from showers, has been applied to the two samples. An optimal cut on the BDT output variable was found
to be ⇢ > 0.5.

The discovery potential has been obtained by performing an unbinned log-likelihood search. The likelihood
takes into account the energy and directional information of each event reconstructed with the cascade
reconstruction. In order to take into account the two different event samples, the following likelihood ratio,
similar to that one of Eq. 1, has been considered:

LR =
2Y

j=1

NjY

i=1

"
n

j
signal

N

j
· Sji +

 

1� n
j
signal

N

j

!

· Bji
#

, (7)

where j indicates the data sample and i indicates the event in that sample. Sji and Bji are the PDFs for
the signal and background of the j th sample and are evaluated as functions of the reconstructed cascade
energy and of the distance from the source center. N j is the total number of events in the j th sample. The
estimates number of signal events njsignal in each sample is related to the total number nsignal by the relative
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Figure 36: KM3NeT/ARCA visibility as a function of source declination for the muon-track analysis, for 2⇡
downward coverage, i.e. tracks below the horizon (black line); tracks up to 6� above the horizon (blue line);
and tracks up to 10� above the horizon (red line).

region around the measured declination with a radial extension of 0.6� has been assumed. The neutrino flux
adopted has been derived from the measured �-ray spectrum and has been parameterized following [58]:
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This energy spectrum is shown in Fig. 37 (black line).
In the point source analysis for track-like events, all simulated events (⌫µ, ⌫e , ⌫⌧ , µatm) have been

reconstructed with the track reconstruction code described in Sec. 2.2.4.
Since the maximum elevation for a source at the declination of RX J1713 is ⇠ 14�, and to maximise

the signal-to-background ratio, events were preselected requiring that the reconstructed track has a zenith
angle ✓rec > 78� and a radial distance from the center of the source of ↵ < 10�. The numbers of events
at reconstruction level and after the preselection cuts are shown in Tab. 6. Even after the preselection,
the numbers of events due to neutrino and muon atmospheric background largely exceed the number of
expected signal events from the source. The atmospheric muons can be efficiently removed by imposing
a cut on the ⇤ parameter as shown in Fig. 38. Finally, a BDT trained to discriminate signal events fron
neutrino background is applied.

The MDP is then maximised by adjusting the cut on the BDT output value. The number of events per
5 years of observation time surviving these cuts is indicated in Tab. 6, together with the number of events
expected at each step of this analysis. The ratio between these event numbers and the number of triggered
events is reported as a function of the neutrino energy for ⌫µ CC interactions in the right panel of Fig. 39.

The significance has been evaluated with an unbinned method [59] by maximising the likelihood ratio
of Eq. 1, with PDFs expressed as functions of the BDT output (Fig. 40). The result shows that a 3�
significance can be reached in about 4 years of observation time.

The same analysis has been applied to Vela-X, which is one of the nearest and most intense PWNe (Pulsar
Wind Nebulae), and has been extensively studied in TeV � rays by the H.E.S.S. Collaboration [60,61]. Vela-X
is located at a declination of �45� 360. The neutrino spectrum has been estimated from the differential
energy spectrum using the prescription in [62–64] for an integration radius of 0.8� around the source center
and was parameterized as:

d�
dE⌫

= 7.2⇥ 10�15 ·

E⌫

1TeV

��1.36
· exp

 

�
r
E⌫

7TeV

!

GeV�1 cm�2 s�1 sr�1 . (6)

This spectrum is shown in Fig. 37 (red line). The source has been simulated as a homogeneously emitting
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Figure 36: KM3NeT/ARCA visibility as a function of source declination for the muon-track analysis, for 2⇡
downward coverage, i.e. tracks below the horizon (black line); tracks up to 6� above the horizon (blue line);
and tracks up to 10� above the horizon (red line).

region around the measured declination with a radial extension of 0.6� has been assumed. The neutrino flux
adopted has been derived from the measured �-ray spectrum and has been parameterized following [58]:
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This energy spectrum is shown in Fig. 37 (black line).
In the point source analysis for track-like events, all simulated events (⌫µ, ⌫e , ⌫⌧ , µatm) have been

reconstructed with the track reconstruction code described in Sec. 2.2.4.
Since the maximum elevation for a source at the declination of RX J1713 is ⇠ 14�, and to maximise

the signal-to-background ratio, events were preselected requiring that the reconstructed track has a zenith
angle ✓rec > 78� and a radial distance from the center of the source of ↵ < 10�. The numbers of events
at reconstruction level and after the preselection cuts are shown in Tab. 6. Even after the preselection,
the numbers of events due to neutrino and muon atmospheric background largely exceed the number of
expected signal events from the source. The atmospheric muons can be efficiently removed by imposing
a cut on the ⇤ parameter as shown in Fig. 38. Finally, a BDT trained to discriminate signal events fron
neutrino background is applied.

The MDP is then maximised by adjusting the cut on the BDT output value. The number of events per
5 years of observation time surviving these cuts is indicated in Tab. 6, together with the number of events
expected at each step of this analysis. The ratio between these event numbers and the number of triggered
events is reported as a function of the neutrino energy for ⌫µ CC interactions in the right panel of Fig. 39.

The significance has been evaluated with an unbinned method [59] by maximising the likelihood ratio
of Eq. 1, with PDFs expressed as functions of the BDT output (Fig. 40). The result shows that a 3�
significance can be reached in about 4 years of observation time.

The same analysis has been applied to Vela-X, which is one of the nearest and most intense PWNe (Pulsar
Wind Nebulae), and has been extensively studied in TeV � rays by the H.E.S.S. Collaboration [60,61]. Vela-X
is located at a declination of �45� 360. The neutrino spectrum has been estimated from the differential
energy spectrum using the prescription in [62–64] for an integration radius of 0.8� around the source center
and was parameterized as:
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This spectrum is shown in Fig. 37 (red line). The source has been simulated as a homogeneously emitting
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 23: ARCA resolutions for contained ⌫e CC events using Algorithm 1, after the event selection of
Sec. 2.3.1. Left: energy resolution, right: directional resolution. For both plots, the black line shows the
median value; dark blue shaded regions give the 68% range, while light blue shaded regions give the 90%
range.

is estimated from the observed ToT values, taking into account the expected relative intensities at given
PMT positions. The third algorithm starts from a simple vertex estimation based on large-amplitude hits,
followed by a hit selection using this vertex and causality relations and finally by two sequential, independent
log-likelihood fits yielding first the vertex position and then the energy and direction of the event. The
algorithms yield similar accuracy and are fully efficient for events passing the cuts. While they are less
precise than Algorithm 1, they exhibit different responses to non-cascade events, and their output is useful
for background suppression. More details on the cascade reconstruction codes presented here can be found
in [35].

2.2.6 Prospects for improved reconstruction

The main reconstruction goal of ARCA is to precisely determine the parameters of track-like and cascade-
like events, and the methods presented above have been developed with this in mind. New reconstruction
algorithms tuned on ⌫µ CC and ⌫e CC events are in the testing phase and first results are very promising. Also
reconstructions tuned for different event classes that present more complex topologies are in the development
phase. In particular:

• Improved track and cascade reconstructions

The track and cascade reconstructions described above are first-generation algorithms developed for
ARCA, and there are good prospects for improvements in both. In fact, when the reconstruction al-
gorithms were developed the full PMT response was not yet being implemented in the simulation chain.
Reconstructions based on a more-detailed knowledge of the detector are currently in development or
in the testing phase.

In particular, the best current cascade reconstruction (Algorithm 1) uses very little timing information
to fit the cascade energy and direction, and no information from individual PMT signal magnitudes
(all time-over-threshold values treated equally). A new cascade reconstruction algorithm that exploits
this information in detail is under development. First estimates indicate that a cascade resolutions of
1� may be attainable with improved efficiency.

Additionally, a new track reconstruction algorithm has recently been developed. From initial values
obtained by a rigorous scan of the full solid angle, the likelihood is maximised using a multi-dimensional
probability distribution function of the arrival time of Cherenkov light from the muon. In Fig. 24, the
angular resolution reached for ⌫µ CC events is reported, showing that an angular resolution better
than 0.1� is reached for events with energy higher than 100 TeV.

However, these reconstructions have not yet been processed through the full Monte Carlo chain
described in Sec. 2.2, and hence are not used in the analyses presented here. However, since the
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Figure 14: Footprint of one building block of the ARCA detector.

cutoff at a few PeV. The distribution of the neutrino directions combined with the angular resolution does
not (yet) allow for the identification of one or more point sources. Deviations from flavour-uniformity are
only weakly constrained [13], and tau neutrino events have not yet been identified [14,15].

The prime physics case for KM3NeT Phase-2.0 ARCA is to measure and investigate the signal of
neutrinos observed by IceCube with different methodology, improved resolution and a complementary field
of view.

2.1.2 Assumptions

The basic assumption in the following studies is that the ARCA detector will comprise two KM3NeT building
blocks, providing an instrumented volume of about one cubic kilometre, i.e. of similar size as the IceCube
detector. All analyses reported in this document are performed for a horizontal distance between strings of
90 m and vertical distance between adjacent optical modules of 36 m. The footprint of one block is shown
in Fig. 14. To estimate the dependence of the sensitivity on the geometrical detector configuration, an
alternative layout with 120 m distance between strings but unchanged vertical distances is being investigated;
this configuration corresponds to an increase of the instrumented volume to 1.7 km3. In both cases a water
depth of 3.5 km and a latitude of 36� 160 N were assumed, corresponding to the Italian KM3NeT site
(KM3NeT-It, see Sec. 1.1).

The following sensitivity studies are discussed in the following:

• Cascade events from a diffuse flux, including high-energy starting muon tracks
This analysis includes all neutrino flavours. Owing to an efficient suppression of the atmospheric muon
and neutrino backgrounds (see below), a 4⇡ angular coverage has been achieved.

• Upgoing, diffuse flux of muon (anti-)neutrinos
This analysis is usually referred to as the “conventional” diffuse flux analysis. Traditionally, it does not
include the upper hemisphere, with the exception of a small zenith region above the horizon.

• Muon (anti-)neutrinos from a diffuse Galactic plane flux
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The prime physics case for KM3NeT Phase-2.0 ARCA is to measure and investigate the signal of
neutrinos observed by IceCube with different methodology, improved resolution and a complementary field
of view.
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blocks, providing an instrumented volume of about one cubic kilometre, i.e. of similar size as the IceCube
detector. All analyses reported in this document are performed for a horizontal distance between strings of
90 m and vertical distance between adjacent optical modules of 36 m. The footprint of one block is shown
in Fig. 14. To estimate the dependence of the sensitivity on the geometrical detector configuration, an
alternative layout with 120 m distance between strings but unchanged vertical distances is being investigated;
this configuration corresponds to an increase of the instrumented volume to 1.7 km3. In both cases a water
depth of 3.5 km and a latitude of 36� 160 N were assumed, corresponding to the Italian KM3NeT site
(KM3NeT-It, see Sec. 1.1).

The following sensitivity studies are discussed in the following:

• Cascade events from a diffuse flux, including high-energy starting muon tracks
This analysis includes all neutrino flavours. Owing to an efficient suppression of the atmospheric muon
and neutrino backgrounds (see below), a 4⇡ angular coverage has been achieved.

• Upgoing, diffuse flux of muon (anti-)neutrinos
This analysis is usually referred to as the “conventional” diffuse flux analysis. Traditionally, it does not
include the upper hemisphere, with the exception of a small zenith region above the horizon.

• Muon (anti-)neutrinos from a diffuse Galactic plane flux
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2 Astroparticle Research with Cosmics in the Abyss (ARCA)
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Figure 21: Left panel: median of the angle between the neutrino and the reconstructed muon direction (black
line) and between the neutrino and the true muon direction (red line), for selected ⌫µ CC events (⇤ > �5.8,
see below). The dark and light blue bands represent the 90% and 68% quantiles of the distributions. Right
panel: distribution of log10(Ereco/Eµ), where Ereco is the reconstructed and Eµ is the true muon energy for
events with Eµ � 10TeV that satisfy a containment criterion. The red line represents the Gaussian fit.

that the observed space-time PMT hit pattern is consistent with Cherenkov emission from the fitted muon
trajectory. An initial hit selection exploits hit coincidences between PMTs in the same optical module or
between different optical modules to remove uncorrelated hits from background photons, mostly from 40

K

decays. The reconstruction of the muon trajectory starts with a linear fit, followed by three consecutive
fitting steps, each using the results of the previous one as starting point. A pseudo-vertex position is also
estimated, which, however, usually is related to the entry point of the muon in the detector rather than
to the location of the interaction vertex; this quantity is useful for background rejection. In addition to
the track information (direction and pseudo-vertex) an estimator of the fit quality, ⇤, and the number of
hits associated with the final track fit, Nhit, are determined. The ⇤ parameter is used in the analysis to
reject badly reconstructed events, in particular atmospheric muons mis-reconstructed as up-going. The Nhit

parameter is related to the muon energy and is used to reject low-energy events that are mainly due to
atmospheric neutrino background. A very good angular resolution of about 0.2� is achieved for neutrinos
above 10 TeV, see Fig. 21 (left).

The amount of light collected by the PMTs when a muon travels inside the detector is correlated with
the muon energy. To estimate the muon energy, a method exploiting this dependence by means of an
artificial neural network has been developed. The first step is the selection of events with a reconstructed
muon track travelling inside the detector for an adequate distance. The second step is the evaluation of
several quantities related with the total event ToT and with the number of DOMs hit. These quantities are
used to feed the neural network. The energy resolution obtained for well reconstructed (cut on ⇤ applied)
and contained events is ' 0.27 units in log10(Eµ) for 10TeV  Eµ  10PeV (see Fig. 21 right); without
containment requirement, the resolution slightly worsens to ' 0.28 units. Further details on the track
reconstruction code can be found in [33].

This energy reconstruction method must be trained on appropriate samples of MC events and is not
yet fully integrated in the reconstruction software for ARCA. A simple energy reconstruction using the Nhit

parameter is embedded in the reconstruction software and gives results of almost equivalent quality. This
method is used for the sensitivity studies presented in the following.

2.2.5 Cascade reconstruction

The length of a cascade event depends logarithmically on the cascade energy and is of the order of 10 m
in the energy range relevant for ARCA analyses. At the length scale of typical distances between optical
modules, cascades thus produce almost point-like signatures, characterised by vertex position, direction, and
energy. CC interactions of ⌫µ and ⌫⌧ , if they happen in the detector volume, also produce cascades, but the
outgoing µ, ⌧ , or ⌧ decay products produce a more complex signature. Hence, cascade reconstruction is
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Figure 80: Median intrinsic scattering angle (red crosses), median electron direction resolution (blue dia-
monds) and the median neutrino direction resolution (black filled circles) as a function of neutrino energy
for upgoing ⌫eCC (solid marker) and ⌫̄eCC (hollow marker) events weighted according to the Bartol flux
model.
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Figure 81: Median electron direction resolution (angle between reconstructed direction and electron direc-
tion) as a function of electron energy for upgoing ⌫e and ⌫̄eCC events weighted according to the Bartol flux
model. Different marker colors and styles represent different true inelasticity y ranges.

Energy resolution: In Fig. 83 (left) the reconstructed energy is shown as a function of the neutrino
energy for , -⌫ eCC events weighted according to the Bartol flux model. The reconstructed energy is system-
atically higher than the neutrino energy. Therefore, an energy correction depending on the reconstructed
zenith angle ✓reco, inelasticity yreco and reconstructed energy Ereco is applied. The corrected reconstructed
energy Ecorrreco is given by

E

corr
reco = f (yreco, ✓reco, Ereco) · Ereco, (33)

where the 3-dimensional correction function f (yreco, ✓reco, Ereco) has been calculated from MC such that the
median reconstructed energy is equal to the neutrino energy assuming a Bartol flux model. The corrected
reconstructed energy as a function of the neutrino energy is shown in Fig. 83 (right).

The difference between reconstructed and neutrino energy in different neutrino energy bins is shown in
Fig. 84 for ⌫eCC and ⌫̄eCC events separately. These distributions are very well described by Gaussians.
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Figure 84: Difference between corrected reconstructed energy and neutrino energy in different neutrino
energy bins for ⌫eCC (red) and ⌫̄eCC (blue) events weighted according to the Bartol flux model. Dashed
lines show Gaussian fits.
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Figure 85: Median fractional energy resolution (|Ereco � E⌫ |/E⌫) as a function of neutrino energy for ⌫eCC
(red) and ⌫̄eCC (blue) events weighted according to the Bartol flux model.

in hadrons.
The effective volume for upgoing shower-like neutrino events is shown in Fig. 87 (left) as a function

of neutrino energy. The turn-on is much less steep for , -⌫NC and , -⌫ ⌧CC events than for , -⌫ eCC events, as
the outgoing neutrinos are invisible to the detector. For , -⌫ ⌧CC events the turn-on is steeper than for , -⌫NC
events as on average the visible energy in , -⌫ ⌧CC events is larger than in , -⌫NC events. In ⌫NC events the
average inelasticity is higher than in ⌫̄NC events leading to more energetic hadronic showers and a steeper
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