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KM3NeT	
  Physics	
  case	
  

KM3NeT	
  is	
  a	
  network	
  of	
  neutrino	
  telescopes	
  in	
  the	
  deep	
  Mediterranean	
  Sea	
  	
  
•  observe	
  high	
  energy	
  cosmic	
  	
  neutrinos	
  and	
  discover	
  their	
  sources	
  with	
  

KM3NeT/ARCA	
  	
  @	
  3500	
  m	
  depth	
  off	
  shore	
  Capo	
  Passero,	
  Italy	
  
•  determine	
  neutrino	
  mass	
  hierarchy	
  with	
  KM3NeT/ORCA	
  @2500	
  m	
  

depth	
  off	
  shore	
  Toulon,	
  France	
  

	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Same	
  collabora@on,	
  same	
  technology,	
  two	
  installa@on	
  sites	
  
LoI	
  
	
  
This	
  talk	
  is	
  	
  devoted	
  to	
  ARCA	
  and	
  its	
  perspec@ves	
  in	
  	
  high	
  energy	
  neutrino	
  
astronomy	
  
	
  

	
  	
  

Physics scope 

Low Energy  
3 GeV < Eν < 100 GeV 

Medium Energy  
10 GeV < Eν < 1 TeV 

High Energy  
Eν > 1 TeV 

ν Oscillations 
ν Mass Hierarchy  

Dark matter search ν  from extra-terrestrial 
sources 

Origin and production 
mechanism of HE CR 

+ Exotic searches 

See talk by 
P. Coyle 

See talk by 
M. Kowalski 
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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Figure 5: Arrival directions of the events in galactic coordinates. Shower-like events are marked
with a + and those containing tracks with a ⇥. The new events of table 1 are shown in black. Colors
show the test statistics (TS) for the point-source clustering test at each location. No significant
clustering was found.

observations by other experiments. IceCube is already sending public alerts using the HESE chan-
nel for track-like events [13] with the plan to extend this to the full HESE selection including
cascade-like events soon.
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STATE	
  OF	
  ART	
  OF	
  HE	
  NEUTRINO	
  ASTRONOMY	
  
ICECUBE	
  RESULTS	
  

The	
  discovery	
  of	
  cosmic	
  neutrino	
  flux	
  by	
  IceCube	
  opened	
  a	
  new	
  
observa:onal	
  window	
  	
  

–  high	
  significance	
  for	
  both	
  cascade	
  and	
  track	
  events	
  	
  

–  energy	
  spectrum	
  
•  different	
  spectral	
  index	
  (E-­‐2	
  –	
  E-­‐2.5)	
  for	
  different	
  classes	
  of	
  events	
  
•  no	
  prompt	
  component	
  from	
  charm	
  decay	
  observed	
  

–  event	
  angular	
  distribu:on	
  	
  
•  no	
  sta:s:cally	
  significant	
  devia:on	
  from	
  isotropy	
  =>	
  can	
  anisotropies	
  be	
  
excluded?	
  	
  

	
  
–  flavour	
  composi:on	
  	
  

•  compa:ble	
  with	
  1:1:1:	
  at	
  source	
  within	
  (large)	
  sta:s:cal	
  uncertain:es	
  

–  no	
  tau	
  events	
  observed	
  up	
  to	
  now	
  



Superior	
  angular	
  resolu@on	
  due	
  to	
  
large	
  λscaXering	
  in	
  deep	
  sea	
  water	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

KM3NeT/ARCA	
  

Very	
  large	
  field	
  of	
  view	
  for	
  up	
  going	
  µ
–  87%	
  sky	
  coverage	
  including	
  most	
  of	
  

Galac@c	
  Plane	
  and	
  Galac@c	
  Centre	
  

	
  



THE	
  KM3NET	
  TELESCOPE	
  
	
  

•  Exploit	
  op@cal	
  Cherenkov	
  radia@on	
  	
  
•  all	
  flavour	
  detec@on	
  in	
  the	
  TeV-­‐PeV	
  region	
  	
  

•  1	
  km3	
  of	
  sea	
  water	
  equipped	
  with	
  a	
  3D	
  array	
  of	
  
op@cal	
  sensors	
  	
  

•  two	
  building	
  blocks	
  of	
  115	
  Detec@on	
  Units	
  (DU)	
  	
  

•  each	
  DU	
  hosts	
  18	
  mul@-­‐PMT	
  Digital	
  Op@cal	
  
Modules	
  (DOM)	
  with	
  36	
  m	
  spacing	
  	
  

•  a	
  backbone	
  cable	
  with	
  breakouts	
  at	
  DOMs	
  
distributes	
  power	
  and	
  data	
  	
  

•  Sea	
  network	
  of	
  submarine	
  cables	
  and	
  Junc@on	
  
Boxes	
  provide	
  power	
  and	
  data	
  transmission	
  to	
  
shore	
  via	
  a	
  main	
  electro-­‐op@cal	
  cable	
  

•  All	
  data	
  to	
  shore	
  

	
  

Very	
  hos@le	
  enviroment	
  
due	
  to	
  huge	
  pression	
  (350	
  
bar),	
  corrosion,	
  difficult	
  
access	
  (installa@on,	
  
maintainance)	
  …	
  



DOM	
  -­‐	
  Digital	
  Op@cal	
  Module	
  

•  Digital	
  photon	
  coun@ng	
  
•  Improved	
  rejec@on	
  of	
  op@cal	
  

background	
  	
  
•  Direc@onal	
  informa@on	
  and	
  

wide	
  angle	
  of	
  view	
  
–  high	
  acceptance	
  (nearly	
  4π)	
  
–  good	
  reconstruc@on	
  (also	
  for	
  

down-­‐going	
  events)	
  
•  Compact	
  and	
  cost	
  effec@ve	
  

design:	
  1	
  DOM	
  equivalent	
  to	
  3	
  
Antares/IceCube	
  OMs	
  	
  

•  Photocatode	
  Area	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
ARCA	
  =	
  2.35	
  X	
  IceCube	
  	
  

‒  31	
  x	
  3”	
  PMTs	
  
‒  LED	
  &	
  acous@c	
  piezo	
  inside	
  
‒  Tiltmeter/compass	
  
‒  Gbit/s	
  fibre	
  DWDM	
  	
  
‒  Hybrid	
  white	
  rabbit	
  	
  

6	
  

17”	
  

Photon	
  coun@ng	
  capabili@es	
  and	
  direc@onal	
  
DOM	
  sensi@vity	
  Eur.	
  Phys.	
  J.	
  C	
  (2014)	
  74:3056	
  

mul@plicity	
  

ra
te
	
  



ARCA	
  Detec@on	
  Unit	
  
	
  •  -­‐	
  String	
  (700	
  m)	
  with	
  18	
  op@cal	
  modules	
  (DOM)	
  

•  -­‐	
  36	
  m	
  DOM	
  spacing,	
  90	
  m	
  DU	
  spacing	
  

•  -­‐	
  Mechanical	
  structure	
  made	
  of	
  two	
  Dyneema	
  ropes,	
  anchor	
  and	
  buoys	
  	
  

•  -­‐	
  Backbone	
  (VEOC)	
  made	
  of	
  a	
  6mm	
  oil	
  filled	
  tube	
  hos@ng	
  two	
  conductors	
  
and	
  18	
  fibres	
  with	
  breakouts	
  at	
  each	
  DOM	
  

•  -­‐	
  Base	
  module	
  with	
  optoelectronics	
  for	
  data	
  transmission	
  	
  
–  DWDM,	
  White	
  Rabbit,	
  All-­‐data-­‐to-­‐shore	
  

•  -­‐	
  Interlink	
  cable	
  for	
  connec@on	
  to	
  the	
  sea-­‐floor	
  network	
  	
  

–  connec@on	
  operated	
  by	
  a	
  ROV	
  (Remote	
  Operable	
  Vehicle)	
  	
  

≈7
00

 m
 

Detection Unit
★ String-type with 18 optical modules

★ Mechanical structure made of two Dyneema® ropes, anchor and buoys 
to keep taut the string

★ Backbone (VEOC): oil filled tube (∼6mm diameter) with 2 copper 
conductors and 18 fibres; break out of cable at each DOM

★ Base module with opto-electronics (DWDM) for data transmission

★ Interlink cables for connection to the sea floor network.

6
7	
  

Launcher	
  vehicle	
  



1st	
  DU	
  at	
  3500	
  m	
  depth	
  off-­‐shore	
  CapoPassero	
  (IT)	
  
	
  



Muon	
  Depth	
  Dependence	
  	
  
µ	
  

muons	
  

40K decay	
  



A	
  phased	
  approach	
  towards	
  km3	
  telescope	
  
	
  

PHASE	
  

	
  

BLOCKS	
  

	
  

PRIMARY	
  DELIVERABLES	
   FUNDS	
  

ARCA	
  

phase	
  1	
  

0.2	
  

0.1	
  km3	
  

	
  

Proof	
  of	
  feasibility	
  and	
  

first	
  science	
  results	
  

fully	
  

funded	
  

ARCA	
  

phase	
  2	
  

2	
  

1	
  km3	
  

	
  

Study	
  of	
  neutrino	
  

signal	
  reported	
  by	
  

IceCube	
  

All	
  flavor	
  ν	
  astronomy	
  

	
  

par:ally	
  

funded	
  

•  Two	
  DUs	
  installed	
  at	
  
nominal	
  posi@on	
  at	
  3500	
  
m	
  depth	
  

•  more	
  than	
  one	
  year	
  data	
  
collected	
  

•  data	
  analysis	
  in	
  progress	
  
•  system	
  off	
  due	
  to	
  short	
  

circuit	
  
•  sea	
  campaign	
  to	
  resume	
  

DU	
  foreseen	
  

ARCA	
  phase	
  1	
  volume	
  =	
  10	
  x	
  Antares	
  volume	
  



ALL	
  FLAVOR	
  ANALYSIS	
  
•  Track	
  channel:	
  analysis	
  for	
  up-­‐going	
  
events	
  based	
  on	
  Max.	
  likelihood	
  
•  θzen	
  >80°,	
  Λ	
  (reconstruc@on	
  quality	
  
parameter),	
  Nhit	
  (number	
  of	
  hits	
  -­‐>	
  
parameter	
  related	
  to	
  the	
  muon	
  energy)	
  	
  

–  Cascade	
  channel:	
  contained	
  events	
  
•  Vertex	
  cut:	
  cut	
  on	
  posi@on	
  of	
  

reconstructed	
  vertex	
  (z<200m	
  &	
  r<500m)	
  
•  Energy	
  cut:	
  cut	
  on	
  the	
  total	
  ToT	
  of	
  the	
  

event	
  (ToT>12	
  µs)	
  

Discovery	
  at	
  5σ	
  significance	
  (50%	
  probability)	
  in	
  less	
  than	
  one	
  year	
  with	
  combined	
  
analysis	
  
Results	
  from	
  the	
  KM3NeT	
  LeXer	
  of	
  Intent	
  	
  

SENSITIVITY	
  TO	
  ICECUBE	
  NEUTRINO	
  FLUX	
  



SENSITIVITY	
  TO	
  ICECUBE	
  NEUTRINO	
  FLUX	
  
-­‐	
  UPDATE	
  ON	
  TRACK	
  ANALYSIS-­‐	
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Diffuse fluxes with KM3NeT Rosa Coniglione

the training phase, to classify the events, the algorithm uses a set of "features" that are associated
to each events. In this analysis these features are the output parameters of the track reconstruction
algorithm and are related to the quality of the reconstructed track or energy or to the event topology.
In particular for each event 11 features are considered. The most important features for the rejec-
tion of atmospheric muons are the reconstructed zenith angle, the coordinates of the reconstructed
pseudo-vertex and the track likelihood. The reconstructed muon energy plays an important role in
the rejection of atmospheric neutrinos. The PDFs used to maximize the likelihood (eq. 2.4) are
functions of the outputs of the Scikit-learn algorithm and in particular on the probability assigned
to each events to be signal. This procedure has been applied to samples of events with different
preselection cuts on the reconstructed zenith angle (up to 30� above the horizon). Similar values
were achieved exploring the angular region from 5� to 20� above the horizon. To speed up the max-
imization of LR (eq. 2.4) and provide an adeguate number of pseudo-experiments the q zen.

rec

< 85�

was chosen. The preliminary results of this analysis are reported in Fig.1 left.
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Figure 1: Discovery fluxes as a function of the observation years for the track channels for the
ARCA detector for the all-sky analysis for the flux of eq. 2.1 (left) and eq. 2.2 (right). The dashed
blue lines represent the normalization factors of eq. 2.1 and 2.2.

With the same procedure the flux of eq. 2.2 was also tested. For this flux the preselection cut
has not been optimized and the same selection on the zenith angle (q zen.

rec

< 85�) was applied as for
the previous case. The results are reported in Fig.1 right. The discovery at 5s can be reached in
about one year for a flux with a spectrum µ E

�2 and a cutoff at 3 PeV (eq. 2.1) and in less than
one year for a softer spectrum µ E

�2.5 (eq. 2.2).
To predict the performance of KM3NeT/ARCA to the Galactic Plane region with |`| < 30�

and |b| < 4� an analysis similar to that one reported in [6] has been performed. The results are
reported in Fig.2 The better angular and energy resolution of the track algorithm, that reduces the
number of mis-reconstructed muons, together with the better efficiency improves the results. The
5s discovery can be reached in 4 years of operation.

4. The shower channel

Also cascade-like events can be exploited to test diffuse flux signals. This was clearly proved
in the KM3NeT Letter of Intent: a cosmic flux such as that of eq. 2.1 could be observed with

5

Discovery	
  poten@al	
  depend	
  on	
  spectrum	
  parametriza@on	
  of	
  IceCube	
  data	
  
5σ	
  discovery	
  expected	
  in	
  	
  1	
  year	
  or	
  less	
  with	
  only	
  muons	
  	
  	
  



	
  	
  EMISSION	
  FROM	
  GALACTIC	
  RIDGE	
  
Enhanced	
  γ	
  emission	
  observed	
  in	
  Fermi	
  data	
  in	
  a	
  region	
  around	
  the	
  GC	
  
and	
  also	
  by	
  HESS	
  at	
  higher	
  energy	
  

	
  
	
  

	
  
All	
  flavour	
  GR	
  neutrino	
  search	
  ANTARES	
  with	
  9	
  years	
  data	
  taking	
  (2007-­‐2015)	
  show	
  
Upper	
  limit	
  close	
  to	
  Gamma	
  model	
  with	
  50	
  PeV	
  cut	
  off	
  and	
  put	
  an	
  limit	
  on	
  percentage	
  
of	
  IC	
  events	
  from	
  Galac@c	
  Plane	
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Figure 3: ANTARES upper limit at 90% confidence level
on the three flavour neutrino flux (solid black line) on
the reference model with a 50 PeV energy cut-o↵ (blue
dashed line). The neutrino fluxes according to the ref-
erence model with the 5 PeV energy cut-o↵ (blue dotted
line), the conventional model with the 50 PeV (red dashed
line) and 5 PeV (red dotted line) cut-o↵s are shown for
all neutrino flavours, as well as the previously published
ANTARES upper limit [32] (solid green line) and the 4
years of HESE reconstructed by IceCube (black triangles).
The di↵use gamma ray spectral energy distribution de-
rived from PASS8 Fermi-LAT data (red points) is also
presented here. These expectations and results concern
the inner Galactic plane region (|l| < 40� and |b| < 3�).

signal events is expected from the model. It corresponds
to the sum of track-like and shower-like events, with
showers representing ⇠20% of the total. The resulting
discovery power at 3� confidence level is 7%. For the
model with a 50 PeV cut-o↵, the sensitivity is 1.05 ⇥ �50

ref
and µ⇤ = 13.7 signal events are expected, resulting in a
discovery power of 14% for a 3� confidence level.

4 Results

After unblinding, the test statistic of the data is computed.
The corresponding Q value is shown as the green line in
Figure 2. Table 1 presents the results for the two di↵er-
ent cut-o↵ energies (column 1) considered by the models.
Column 2 reports the number of expected events, µ⇤, and
column 3 the standard deviation of the distribution of the
number of fitted events, �⇤, which are defined in section 3.

For the data sample, the numbers of fitted track-like
events, µtr

data, and shower-like events, µsh
data, are reported

in columns 4 and 5, respectively. Their sum is smaller
than µ⇤, but still compatible with the expected fluctua-
tions. These include the Gaussian fluctuations. due to
the background (which is within 1�⇤) and the Poissonian
fluctuations on the number of signal events.

Finally, using the anti-cumulative distribution of the
background test statistic, the p-value of the data – as
defined in section 3 – is computed and reported in col-
umn 6. The derived upper limits at 90% confidence level
on the reference models are reported in the last column of
Table 1.

Figure 3 shows the 90% confidence level upper limit of
this analysis that relies on the particular morphology and
energy spectrum of the reference model. The dotted blue
line refers to the reference model assuming a cut-o↵ of 5
PeV for the primary protons, which produce neutrinos
when interacting with gas. Although full sky data were
used in this analysis, the expectations and the results
concerning the inner Galactic plane region (|l| < 40�

and |b| < 3�) are shown on this plot. This allows the
presented limit and the previous ANTARES constraint
on the neutrino emission [32] from the same region to
be compared. The di↵use gamma ray spectral energy
distribution derived from PASS8 Fermi-LAT data [34]
obtained after the subtraction of point-like components
comprised in this region is also shown for comparison.
And the red dashed line shows the predicted spectrum
from the conventional model with homogeneous CR
di↵usion. The neutrino flux from the 4 year IceCube
HESE catalog for individual events with origin compatible
with this region is shown as black triangles. All flavour
neutrino fluxes are represented in this figure.

5 Conclusions

The study reported here is based on nine years of
ANTARES data collected from 2007 to 2015. It uses a like-

6

Figure 1: VHE γ-ray images of the GC region. Top: γ-ray count map, bottom: the same map after
subtraction of the two dominant point sources, showing an extended band of gamma-ray emission.
White contour lines indicate the density of molecular gas, traced by its CS emission. The position
and size of the composite SNR G 0.9+0.1 is shown with a yellow circle. The position of Sgr A⋆

is marked with a black star. The 95% confidence region for the positions of the two unidentified
EGRET sources in the region are shown as dashed green ellipses [20]. These smoothed and
acceptance corrected images are derived from 55 hours of data consisting of dedicated observations
of SgrA⋆, G 0.9+0.1 and a part of the data of the H.E.S.S. Galactic plane survey [21]. The
excess observed along the Galactic plane consists of ≈3500 γ-ray photons and has a statistical
significance of 14.6 standard deviations. The absence of any residual emission at the position
of the point-like γ-ray source G 0.9+0.1 demonstrates the validity of the subtraction technique.
The energy threshold of the maps is 380 GeV due to the tight γ-ray selection cuts applied here
to improve signal/noise and angular resolution. We note that the ability of H.E.S.S. to map
extended γ-ray emission has been demonstrated for the shell-type SNRs RXJ1713.7 −3946 [22]
and RX J0852.0−4622 [23]. The white contours are evenly spaced and show velocity integrated
CS line emission from Tsuboi et al. [11], and have been smoothed to match the angular resolution
of H.E.S.S..

6
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– 55 –

Fig. 5.— Upper panel: observed Fermi–LAT counts in the energy range 200 MeV to 100 GeV used

in this paper. Lower panel: predicted counts for model SSZ4R20T150C5 in the same energy range.

To improve contrast we have used a logarithmic scale and clipped the counts/pixel scale at 3000.

The maps are in Galactic coordinates in Mollweide projection with longitudes increasing to the left

and the Galactic centre in the middle.
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GALACTIC	
  SOURCES	
  
The	
  search	
  for	
  neutrino	
  galac@c	
  sources,	
  although	
  very	
  challenging,	
  is	
  one	
  of	
  
the	
  prime	
  goal	
  of	
  km3net.	
  Muons	
  are	
  the	
  golden	
  channel	
  for	
  neutrino	
  
astronomy	
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Sensi@vity	
  to	
  Galac@c	
  sources	
  calculated	
  with	
  ν	
  fluxes	
  withthe	
  Vissani	
  model	
  
star@ng	
  from	
  HE	
  γ	
  observed	
  fluxes	
  in	
  the	
  hypothesis	
  of	
  fully	
  hadronic	
  
emission	
  and	
  100%	
  transparent	
  sources	
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  HE	
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Figure 6. Discovery potential �3�/�0 (left) and sensitivity �90/�0 (right) as functions
of the observation time for the first seven source fluxes listed in Tab. 1.
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Figure 7. Discovery potential �3�/�0 (left) and sensitivity �90/�0 (right) as functions
of the observation time for the three fluxes assumed for the source MGRO J1908+06 (see
Tab. 1). The fluxes (1), (2) and (3) correspond to a �-ray spectral index �� = 2 and
cuto↵ energies of Ecut,� = 30, 300, 800TeV, respectively.

though hadronic scenarios for Vela X are disfavored, it is worth noting that ARCA could423

constrain the hadronic contribution to ⇠had < 0.5 (⇠had < 0.3) in about 1.5 years (3 years).424

Note, however, the substantial uncertainty in the flux predictions as substantiated by425

the di↵erences between the results for the flux scenarios (1) and (2) for RXJ1713.7-3946426

and for HESSJ1614-518.427

It should be noted that the results slightly degrade with increasing extension of the428

sources. This e↵ect depends mainly on the source radius, but also on the source spectrum.429

Studies concerning this e↵ect have been reported by ANTARES [55, 56]. To quantify430

the impact of the source extension, the discovery potential and the significance have been431

determined for two examples, assuming that they are point-like instead of having finite432

extension. For RXJ1713.7-3946 (1), with a radius of 0.6�, �3� is reduced by about 25%433

•  KM3NeT	
  sensi@ve	
  also	
  to	
  sources	
  at	
  posi@ve	
  declina@on	
  

•  Different	
  spectrum	
  parametriza@on	
  lead	
  to	
  very	
  
different	
  neutrino	
  flux	
  expecta@on	
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ARCA	
  will	
  survey	
  almost	
  the	
  whole	
  sky	
  with	
  a	
  discovery	
  poten@al	
  @	
  5σ	
  about	
  
one	
  order	
  of	
  magnitude	
  beXer	
  than	
  IceCube	
  in	
  the	
  Southern	
  hemisphere	
  for	
  
equivalent	
  exposure	
  



CONCLUSIONS	
  
•  KM3NeT	
  will	
  contribute	
  to	
  all-­‐flavour	
  neutrino	
  astronomy	
  with	
  almost	
  

complete	
  sky	
  coverage,	
  higher	
  sensi@vity	
  and	
  unprecedented	
  angular	
  
resolu@on	
  

•  KM3NeT	
  entered	
  construc@on	
  phase	
  
–  first	
  two	
  strings	
  installed	
  in	
  Capo	
  Passero	
  site	
  operated	
  for	
  more	
  than	
  

1	
  year	
  before	
  stopping	
  due	
  to	
  short	
  circuit	
  
–  mass	
  produc@on	
  started	
  
–  performance	
  according	
  to	
  design	
  expecta@on	
  	
  
–  data	
  in	
  agreement	
  with	
  MC	
  

•  IceCube	
  data	
  expected	
  to	
  be	
  confirmed	
  in	
  less	
  than	
  1	
  year	
  of	
  ARCA	
  
•  Due	
  to	
  KM3NeT	
  loca@on	
  very	
  good	
  perspec@ves	
  for	
  neutrino	
  detec@on	
  

from	
  Galac@c	
  plane	
  and	
  3σ	
  significance	
  for	
  most	
  intense	
  galac@c	
  sources	
  
•  KM3NeT	
  will	
  have	
  unprecedented	
  performance	
  	
  for	
  point	
  like	
  sources	
  
•  Moreover	
  with	
  ORCA,	
  KM3NeT	
  will	
  contribute	
  to	
  determining	
  the	
  

neutrino	
  mass	
  hierarchy	
  


