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Neutrinos	From	MeV	to	PeV	
Small	cross-sec;ons:	
Need	very	large	
detectors	for	highest	
energies	

41	m	

KM3NET-ARCA	
ICECUBE		

						AN
TARES	
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KM3NeT-ORCA	
PINGU	

SuperK	



Neutrino	telescopes:	science	scope	

Low	Energy		
3	GeV	<	Eν	<	100	GeV	

Medium	Energy		
10	GeV	<	Eν	<	1	TeV	

High	Energy		
Eν	>	1	TeV	

ν	Oscilla;ons	
ν	Mass	hierarchy		

Dark	maZer	search	 ν 	from	extra-terrestrial	
sources	

Origin	and	produc;on	
mechanism	of	HE	CR	

Exo;c	par;cle	physics	
Monopoles,	nuclearites,…	

oceanography,	biology,	seismology,…		
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ANTARES	awarded	"La	Recherche	Prize”	category	"Coup	de	Coeur”	
	
&	C.	Tamburini,	S.	Escoffier	et	al.,	PLoS	ONE	8(7)	2013	
Deep-sea	bioluminescence	blooms	a0er	dense	water	forma6on	at	the	ocean	surface		
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Synergies	with	deep-sea	science	
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The	CR-Gamma-Neutrino	Connec;on	

 νe:νµ:ντ =1:2:0  source                             νe:νµ:ντ =1:1:1  Earth  The image cannot be displayed. Your computer 
may not have enough memory to open the 
image, or the image may have been corrupted. 
Restart your computer, and then open the file 
again. If the red x still appears, you may have 



Neutrinos	and	Mul;-Messenger	Astronomy	

->	iden;fy	the	cosmic	ray	sources	

Cosmic	Rays	
Subject	to	deflec;on	by	magne;c	fields	
Horizon	limited	by	GZK	cutoff	
Large	;me	delay	w.r.t.	op;cal	signals	

Photons	
leptonic	and	hadronic	processes->	confusion	
Absorbed	at	high	energies	and	large	distances	
	

Neutrinos	
Unambiguous	signature	of	hadronic	accelera;on	
Not	deflected	by	magne;c	fields	or	absorbed	by	dust 		
Horizon	not	limited	by	interac;on	with	CMB/IR	
Escape	from	region	of	high	maZer	density	
Time	correlated	with	EM	signals	
Full	sky	
24/24,	7/7	 6	



Event	Topologies	
Track-like	

Shower-like	

Track-like	contains	both	a	cascade		
and	one	track	

No	track	is	iden;fied	

Not	to	scale	

Muon	track	from	CC	
muon	neutrinos	
	
Angular	resolu;on			
0.5°/0.1°	for	ice/water		
	
dE/dx	resolu;on		
factor	2-3	

CC	electron/tau		
and	NC	all	flavour	
	
80%	of	all	nu	interac;ons	
	
Angular	resolu;on	10°/1°																								
at	100	TeV	for	ice/water	
	
Energy	resolu;on	~	10%		
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Atmospheric muons: 
Select upgoing 
Go deep 
Energy cut 
Spatial clustering 
Time clustering 
Coinc. with EM signals 
Veto outer layers 
 

Energy	

lo
g	
(d
N
/d
E)
	

νμatm E-3,7

νμcosm E-2

Energy	cut	

~ TeV

Select upgoing 
Go deep 
Energy cuts 
Spatial clustering 
Time clustering 
Coinc. with EM signals  
Veto assoc. muon (outer layers) 
Go shallow 

νµ

p

νµ

νµµp, α

Reducing	Atmos	Muon	and	Atmos	nu	Backgrounds	
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Lake	Baikal	
1/2000		km3	
228	PMTs	

Mediterranean	Sea	
1/100		km3	
885	PMTs	

South	Pole	glacier	
1	km3	
5160	PMTs	

Current	Neutrino	Telescopes	

NT-200+	
Antares	 IceCube	

Larger,	sparser	

Mediterranean	
~	43o	North	

South	Pole	
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•  Completed	2008	
•  Depth	2475m	
•  12	lines,	~70m	spacing	
•  25	storeys	per	line	
•  3x10-inch	PMTs	per	storey	
•  Decomissioning	2017	

ANTARES	

450m	

60-70m	
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ANTARES	

Atmospheric	muon	 neutrino	



4	year	HESE	analysis	
ICRC	2015	
	
53	events	
	
5.7	sigma	
Ethreshold:	60	TeV	
	
Best	fit	spectral	index:	-2.58	

Unfolded	upgoing	muon	spectrum	
TEVPA	2015	
	
6	yr	data	
	
5.9	sigma	
Ethreshold:	200	TeV	
	
Best	fit	spectral	index:	-2.03+-0.13	

IceCube	Diffuse	Flux	Signal	
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Flux	Characteris;cs	

Results	of	IC	tracks(6yr)	and	IC	combined	not	compa;ble	at	>	3.6σ	level	
	
Indica;on	of	spectral	break			(different	energy	thresholds)			??	
Indica;on	of	galac;c	and	extra-galac;c	contribu;ons	(different	hemispheres)		??		

90%	CL	contours	
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Cascade	resolu;on	10-15°		-	mainly	Southern	hemisphere	
Muon	resolu;on	0.5°											-	only	Northern	hemisphere	

p=2.5%	in	gal.	plane	scan	within	±	7.5°	gal.	la;tude	
Indica;ons	of	Galac;c	and	extra-galac;c	contribu;ons	??	

Origin	of	Astrophysical	Neutrinos?	
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ANTARES	Diffuse	flux	

Expected:	
9.5	±	2.5	bkgd	
5.0	±	1.1	IC	flux	
	
Observed:	
12	events	
	
1.75σ excess	
	
Consistent	with	bkgd	
Consistent	with	IC	

15	



No	Point	Source	Found	(yet)	

Cascade	resolu;on	<4°	
30%	improvement	adding	cascades	

ANTARES	
PRELIMINARY	
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ANTARES:	Some	Galac;c	Searches	

Expected:	12	
Observed:	22	
	
1.9	σ	excess		

No	signifcant	cluster	found	
within	20°	of	IC	hotspot	
	
Exclude	more	than	2		
HESE	events	for	index=2.5	

IC	hot	spot	 Galac;c	plane:	molecular	clouds	 Fermi	Bubbles	

17	
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Sensi;vity	to	CP	phase	?	
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Sensi;vity	to	CP	phase	?	
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Indirect search for Dark Matter	

Earth	

ν

χ

χ

χ

χ

χ

χ

Relic	WIMPs	gravita;onally	trapped	via	elas;c	collisions	
(Sun,	Earth,	Galac;c	Center)	

<Eν>	~	Mχ/3	
	

ANTARES	

20 Indirect	Searches	for	Dark	MaZer	
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Low-Energy	
(ORCA)	

High-Energy	
(ARCA)	

KM3NeT	is	a	distributed	research	infrastructure	with	3	main	science	topics:	
	-	The	origin	of	cosmic	neutrinos	(high	energy)	
	-	Measurement	of	fundamental	neutrino	proper;es	(low	energy)	
	-	Deep	Sea	Observatory	-	Oceanography,	bioacous;cs,	bioluminescence,	seismology		

Single	Collabora;on		
Single	Technology		

KM3NeT	

ARCA-	Astropar;cle	Research	with	Cosmics	in	the	Abyss	
ORCA-	Oscilla;on	Research	with	Cosmics	in	the	Abyss	 21	



Low-Energy	
(ORCA)	

High-Energy	
(ARCA)	

KM3NeT	Collabora;on	
12	Countries	
42	Ins;tutes	
225	Scien;sts	

APC	
	Calibra;on	Unit	base	
	PMT	studies	

	
CPPM	

	seafloor	infrastructure	
	base	and	anchor	
	string	integra;on+deployment	
	shore	sta;on		

	
IPHC+Mulhouse		

	DOM	integra;on	
	
Nantes,	Clermont	Ferrand,		
Grenoble,	CEA,	…		

	in	discussion	

Rabat	

Granada	

22	
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Figure	10-1:	Overall	6me	schedule	of	the	KM3NeT	project.	

KM3NeT	Technical	Design	Report¶	

¶	Deliverable	of	EU-funded	Design	Study.	

ü 		 ü 		 ü 		

KM3NeT	Timeline	



KM3NeT	Building	Block	(115	strings)	

~90m/20m 

~700m/200m 

24	

~36m/9m 

4/18

Detector and Measurement Sensitivity Study

KM3NeT/ARCA and KM3NeT/ORCA

The layout of KM3NeT: strings with
18 DOMs each instrument a large

volume of sea water.

x [m]
-400 -200 0 200 400

y 
[m

]

-400

-200

0

200

400

ARCA ORCA
Location Italy France
String dist. [m] 90 20
DOM spacing [m] 36 6
Volume [106 m3] ∼500 ∼3.8

Martijn Jongen Nikhef

KM3NeT/ORCA

ARCA	 ORCA	

Loca;on	 Italy	 France	

String	distance	(m)	 90	 20	

DOM	spacing	(m)	 36	 9	

Volume	(MTon)	 500*2	 3.8	
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Phase	 Blocks	 Primary	deliverables	

1	 0.2	
Proof	of	feasibility	and	first	science	results	
(6	ORCA	strings/	24	ARCA	strings)	

2.0	

2	
ARCA	

Study	of	neutrino	signal	reported	by	IceCube;	
All	flavor	neutrino	astronomy	

1	
ORCA	

Neutrino	mass	hierarchy	

3	 1+6	 Neutrino	astronomy	including	Galac;c	sources	

Phased	Implementa;on	
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KM3NeT	2.0:	LeZer	of	Intent	
The	main	objec;ves	of	the	KM3NeT	Collabora;on	are	i)	
the	discovery	and	subsequent	observa;on	of	high-energy	
neutrino	sources	in	the	Universe	and	ii)	the	
determina;on	of	the	mass	hierarchy	of	neutrinos.	These	
objec;ves	are	strongly	mo;vated	by	two	recent	
important	discoveries,	namely:	1)	The	high-energy	
astrophysical	neutrino	signal	reported	by	IceCube	and	2)	
the	sizable	contribu;on	of	electron	neutrinos	to	the	third	
neutrino	mass	eigenstate	as	reported	by	Daya	Bay,	Reno	
and	others.	To	meet	these	objec;ves,	the	KM3NeT	
Collabora;on	plans	to	build	a	new	Research	
Infrastructure	consis;ng	of	a	network	of	deep-sea	
neutrino	telescopes	in	the	Mediterranean	Sea.	A	phased	
and	distributed	implementa;on	is	pursued	which	
maximises	the	access	to	regional	funds,	the	availability	of	
human	resources	and	the	synerge;c	opportuni;es	for	the	
earth	and	sea	sciences	community.	Three	suitable	deep-
sea	sites	are	iden;fied,	namely	off-shore	Toulon	(France),	
Capo	Passero	(Italy)	and	Pylos	(Greece).	The	
infrastructure	will	consist	of	three	so-called	building	
blocks.	A	building	block	comprises	115	strings,	each	string	
comprises	18	op;cal	modules	and	each	op;cal	module	
comprises	31	photo-mul;plier	tubes.	Each	building	block	
thus	cons;tutes	a	3-dimensional	array	of	photo	sensors	
that	can	be	used	to	detect	the	Cherenkov	light	produced	
by	rela;vis;c	par;cles	emerging	from	neutrino	
interac;ons.	Two	building	blocks	will	be	configured	to	
fully	explore	the	IceCube	signal	with	different	
methodology,	improved	resolu;on	and	complementary	
field	of	view,	including	the	Galac;c	plane.	One	building	
block	will	be	configured	to	precisely	measure	
atmospheric	neutrino	oscilla;ons.		

hZp://arxiv.org/abs/1601.07459	



~ 600	or	200		m
	

Digital	OpJcal	Module	 Launcher	Vehicle	

‒  31	x	3”	PMTs	
‒  LED	&	acous6c	piezo	inside	
‒  Uniform	angular	coverage	
‒  Direc6onal	informa6on	
‒  Photon	coun6ng	
‒  Background	rejec6on	
‒  Low	ageing	
‒  Low	drag	

‒  Rapid	deployment	
‒  Compact		
‒  Autonomous	unfurling	
‒  Recoverable	

27	

17”	

KM3NeT	Design	
String	
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•  31	x	3”	PMTs	
•  Reflec;ve	rings	around	PMTs	

(+27%	light	detec;on,	JINST 8 (2013) T03006)	
•  PMTs	supported	by	plas;c	structure	

produced	by	3D-prin;ng	
•  Electronics	components	aZached	

to	cooling	mushroom	
•  One	single	penetrator	for		

connec;on	to	ver;cal	cable	
•  Op;cal	fibre	data	transmission	

•  DWDM	with	80	wavelengths	
•  Gb/s	readout	

•  FPGA	readout	
•  1	ns	;me	stamp		
•  Time	over	threshold	

•  Modified	White	Rabbit	;me	synchronisa;on	
•  Calibra;on:	piezo-acous;c	sensor,	

compass	+	;ltmeter,	nano-LED	beacon	
•  Low	power	(7W	per	DOM)	

KM3NeT	Digital	Op;cal	Module	



2)		Mini	string	deployed	at	Capo	Passero,	May	2014	(3500	m)	m)	

29	

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

arXiv:1510.01561	
Accepted	by	
Eur.	Phys.	J.	C	Ra

te
	[m

Hz
]	

cos(θ)	

1)	Op;cal	Module	deployed	at	Antares,	April	2013	(2500	m)	

KM3NeT	Prototypes	



Ligne déployée et connectée à Capo Passero le 3 décembre 2015 

The	first	KM3NeT	String:	construc;on	

30	



The	first	KM3NeT	String:	deployment	
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KM3NeT	string	connec;on	(3rd	Dec	2015)	
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The	first	KM3NeT	String	
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K40	Inter-PMT	Calibra;on	

γ

Up	to	150	
Cherenkov	
photons	
per	decay;	
stable	40K	

concentra;on	

e-	(β	decay)	40K	

40Ca	

γ
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Ligne déployée et connectée à Capo Passero le 3 décembre 2015 

Inter-DOM	calibra;on	
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Ligne déployée et connectée à Capo Passero le 3 décembre 2015 

Atmos	Muon	Reconstruc;on	
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KM3NET:	Diffuse	Flux	

IC	Diffuse	flux	 KRAγ	Model	
radially	dependent	diffusion	coefficient	for		
Galac;c	cosmic	rays	

muon	 cascade	

Angular	resolu;on	 0.1°	 2°	

Energy	resolu;on	 300%	 5%	

Muon	only	



•  Galac;c	sources	in	reach	

KM3NeT	STAC,	17.11.2015:	ARCA	LoI	(U.	Katz)	
38	

●  Significant discovery 
potential for extragalactic 
sources 

KM3NET:	Point	Sources	

100%	hadronic	

38	



Atmospheric	
θA~45°	

Reactor	
θ13~9°	
ê 

CP	viola;ng	phase	δCP	

Solar	
θ¤~30°	

Majorana	

39	

All	parameters	
measured	to	fair	
precision	except:		
mass	ordering		
octant	of	θ23			
CP	phase	
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Oscilla;on	of	massive	neutrinos	

39	
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The	neutrino	mass	hierarchy	
•  Prime	discriminator	for	theory	models	
•  Origin	of	neutrino	mass	and	flavour	
•  Help	measuring	the	CP	phase	
•  Absolute	mass	scale	
•  Nature	(Dirac	vs	Majorana)	
•  Core-Collapse	Supernovae	Physics	

Walter	Winter	Neutrino	2014	

Normal										Inverted	

Inverted	

normal	

40	



Measuring	the	neutrino	mass	hierarchy	with	atmospheric	neutrinos	

IH 

NH 

1 5 10	
Eν	[GeV]	

P	
(ν

x	→
	ν

μ)
	

1

0.5	

0

νμ	

νe	

P(νμ → νμ) for θ=130º 

•  a	«	free	beam	»	of	known	composi;on	(νe,	νμ)	

•  wide	range	of	baselines	(50	à	12800	km)	and	
					energies	(GeV	à	PeV)	

•  oscilla;on	paZern	distorted	by	Earth	maZer	effects		
					(hierarchy-dependent):	
	

						maximum	difference	IH	↔	NH	at		
						θ=130°	(7645	km)	and	Eν	=	7	GeV	
	
•  opposite	effect	on	an;-neutrinos:	IH(ν)≈NH(an;-ν)	
						BUT	differences	in	flux	and	cross-sec;on:	

		Φatm(ν)	≈	1.3	x	Φatm(an;-ν)			
		σ(ν)	≈	2σ(an;-ν)	at	low	energies	
	

•  measure	zenith	angle	and	energy	of	upgoing		
					atmospheric	GeV-scale	neutrinos,	
					iden;fy	and	count	muon	and	electron	channel	events	
		
•  	feasible	now	that	θ13	is	measured	to	be	large		

& 	Akmedov,	Razzaque	&	Smirnov,	
JHEP	02	(2013)	082	 41	
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Earth Model

Preliminary Reference Earth Model (PREM)
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Left: PREM density versus radius. The red line shows the shell model
used in the ORCA analysis to speed up the calculations.

Right: 2D representation of the model showing neutrino trajectories for
cos(✓) values at 0.05 intervals.

L. Schulte, M. Jongen Universität Bonn, Nikhef Amsterdam

Sensitivity Study Comparison



Experimental	signature	

Both	muon-	and	electron-channels	contribute	to	net	hierarchy	asymmetry	
electron	channel	more	robust	against	detector	resolu;on	effects:		

E,	θ	smearing	
(kinema;cs	
+	detector	
resolu;on)	
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450	m	

115	lines,	20m	spaced,		
18	DOMs/line	9m	spaced	

43	

Instrumented	volume	~6.5	Mt,	2070	OM	
Op;cal	background:	

10kHz/PMT	&	500Hz	coincidence	
	

17
	in
ch
	

The	ORCA	benchmark	design	



Excellent	angular	resolu;on	
Dominated	by	kinema;cs	
Largely	independent	of	ver;cal	spacing	
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Angular	Resolu;ons		

cascade	 track	



450	m	

45	

Energy	resolu;on	beZer	than	25%	in	relevant	range	
	–	close	to	Gaussian	

Energy	Resolu;ons	

cascade	 track	



•  Discrimina;on	of	track-like	(	νµ
CC	)		and		cascade-like	(	νNC,	νeCC	)	events	

	
•  Classifica;on	uses	“Random	Decision	Forest”	
	
•  At	10	GeV:	

•  90%	correct	iden;fica;on	of	νeCC	and	an;	–mu	
•  70%	correct	iden;fica;on	of	νµ

CC		
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Cascade/track	iden;fica;on	
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Effec;ve	Mass	
•  Instrumented	volume	reached	at	~30	GeV	

•  50%	Efficiency	at	5-10	GeV	depending	on	ver;cal	spacing	

•  Solid	:	nu–Dashed:	an;-nu	
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Atmospheric Muons

Muon neutrinos

Muon neutrinos (< 20 GeV)

3% contamination
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Atmospheric		
µ

	
Tunable	few	%	contamina;on	
achievable	without	too	strong	

signal	loss	
	

Instrumental	veto	
not	mandatory		Atmospheric		

ν	(E<20	GeV)	
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KM3NeT/ORCA Preliminary

•  Simula;on	based	on	MUPAGE	(&	Astropart.	Phys.	25	(2006)	1)	at	depth	2475	m		
	
•  νµ	reconstruc;on:	cut	on	the	reconstructed	pseudo-vertex	and	quality	parameters	+	BDT	

Atmospheric	muon	rejec;on	
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Various	systema;c	effects	taken	into	account:	
	
•  Oscilla;on	parameters	

•  Δm2,	θ12	fixed;	θ13	fiZed	within	its	error	
•  ΔM2,	θ23,	δCP	à	fiZed	unconstrained	
	

•  Flux,	cross	sec;on,	detector	related	 	 	 	 		 	 	 		
					 	 	 	 	 	 		(average		fluctua;on	w.r.t.	nominal)	

•  Overall	normalisa;on		 	(2.0%)	
•  ν/ν	ra;o																					 	(4.0%)	
•  e/μ	ra;o 	 	 	 	(1.2%)	
•  NC	scaling 	 	 	 	(11.0%)	
•  Energy	slope 	 	 	(0.5%)	
•  Energy	scale	
àFiZed	unconstrained	

Sensi;vity	Studies	

49	
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Sensi;vity	to	mass	hierarchy	

50	



3	year	sensi;vity	to	the	atmospheric	parameters	
ORCA:	red	ellipses	(solid/dashed=with/wo	Eν	scale)	

1	σ	contour:	3%	in	ΔM2,	4-10%	in	sin2θ23	

51	

ORCA,	MINOS,	T2K,	NovA	2020	

Sensi;vity	to	PMNS	parameters	



6	years,	no	systema;cs	
NH	true,	δCP=0,	three	test	points,	1/2/3	sigma	

52	

Sensi;vity	to	CP	phase	?	



–  Indirect	Search	for	Dark	MaZer	
	
–  Earth	tomography	and	composi;on	

–  Test	NSI	and	other	exo;c	physics	
	
	

–  Supernovae	monitoring	(takes	advantage	of	new	DOM	features)	
	
–  Low	Energy	Neutrino	Astrophysics	

•  Gamma-ray	bursts,	Colliding	Wind	Binaries	

–  A	Neutrino	beam	from	to	ORCA	(NMH	and	CP	phase)	

&	Ohlsson	et	al,	Phys.	Rev.	D	88	(2013)	013001	
&  Gonzales-Garcia	et	al.,	Phys.Rev.	D71	(2005)	093010	

&  Gonzales-Garcia	et	al.,Phys.Rev.LeZ.100:061802,2008,		
&  Agarwalla	et	al.,	arXiv:1212.2238v1	

&  J.	Becker	Tjus,	arXiv:1405.0471	...	

&  Lujan-Peschard	et	al,	Eur.	Phys.	J.	C	(2013)	73:2439		
&  Tang	&	Winter,	JHEP	1202	(2012)	028	
&  J.	Brunner,	AHEP,	Volume	2013	(2013),	Ar;cle	ID	782538.	

Addi;onal	ORCA	physics	topics	
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Phase	1	(funded-	11M€)	:	deploy	a	6-7	string	array	
In	the	ORCA	configura;on	to	demonstrate		
detec;on	method	in	the	GeV	range.	
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Phase	2	(+40	M€):	deploy	1	building	block	
115	strings	in	French	KM3NeT	site	
Comple;on	in	2020	
Funds:	9M€	(France)+5M€(Netherlands)+…	

ORCA	Construc;on	

Main	cable:	dec	2015		
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node:	april	2016		

ORCA	string:	june	2016		



•  Diffuse	flux	of	cosmics	neutrinos	observed	
•  higher	level	of	hadronic	ac;vity	in	the	non-thermal	universe		
							than	previously	thought		à	Exci;ng	;mes	ahead	!	
•  Sources	remain	to	be	iden;fied	
	
•  ANTARES:	first	undersea	Cherenkov	detector	

–  Excellent	angular	resolu;on,	view	of	Southern	sky	
–  Compe;;ve	sensi;vi;es	(Galac;c	neutrino	component,	Dark	maZer	searches)	
–  Improvements	s;ll	to	come:	include	showers	in	all	analyses	
–  Taking	data	un;l	superseded	by	KM3NeT	circa	end	of	2016	
	

•  KM3NeT:	phased	approach	to	next-genera;on	neutrino	telescope	
–  Capo	Passero	(KM3NeT-It)	à	ARCA	for	HE	neutrino	astronomy	(tracks	&	showers)		
–  Toulon	(KM3NeT-Fr)	à	ORCA	for	measurement	of	NMH	
–  First	string	performing	well	
–  LeZer	of	Intent	published	
–  Selected	for	new	ESFRI	roadmap	

Summary	and	perspec;ves	(I)	
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•  Atmospheric	Neutrinos	s;ll	have	a	major	role	to	play	for	precision	measurements	and	
determina;on	of	unknown	parameters	such	as	the	mass	hierarchy	and	the	search	for	exo;c	
phenomena	

	
�  Low	energy	(GeV)	extensions	of	Neutrino	

Telescopes	faster	and	cheaper	than	
other	alterna;ves…	

�  …but	challenging,	as	systema;cs	must	be	
carefully	controlled	

�  Preliminary	ORCA	sensi;vi;es	are	very	
promising	and	expected	to	improve	

Summary	and	perspec;ves	(II)	
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1) fit mixing parameters assuming NH 
2) fit mixing parameters assuming IH 
3) compute ΔlogL = log( L(NH)/L(IH) ) 
 
 
 

The performance of ORCA for the determination of the NMH is assessed by means of a  
likelihood ratio test: 

 
 
 
 

Sensi;vity	studies	
	 Global	Fit	Approach	
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Maximum	likelihood	es;mates	for	
Δm2’s	and	angles.		

NH	
IH	

θ23=42°	
3	yrs	



	
Widths	indicate	main	uncertainty	

	LBNE/NOVA:	δcp	
	JUNO:	σE	(3.0-3.5%)	
	ORCA/PINGU/INO:	θ23	

	
	
Other	projec;ons	assume	
worst	case	parameters	(1st	oct)	
	
	
ORCA	;meline,	assumes	start		
construc;on	2017	for	3	years	
	
	
LBNE	from	LBNE-doc-8087-V10	
PINGU	from	MANTS	2015	
Others	Blennow	

ORCA/PINGU:	Neutrino	Mass	Hierarchy	Determina;on	

59	

3	sigma	determina;on	of	neutrino	mass	hierarchy	in	3/4	years	

ORCA	



22-02-2016	 KM3NeT	collabora;on	mee;ng	Erlangen.			
Edward	Berbee	-	nikhef	 60	

						The	end	
(the	beginning)	
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10m 

30m 

50m 

40m 

20m 

70m 

10m 20m 

40m 

70m 50m 

30m 

Water	vs	Ice:	OM-hit	probability	
Probability	to	have	at	least	one	detected	photon	(KM3NeT	OM)	
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ARCA:	Cascade	Resolu;ons	
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Eν	[GeV]	 Eν	[GeV]	

Δ
θ	
[d
eg
]	

E R
/E

T	

Δθ	
ER/ET	

νe	

KM3NeT/ARCA	Preliminary	 KM3NeT/ARCA	Preliminary	

1	sigma	
90%	

Energy	 DirecJon	

5%	 <2°	



Neutrinos	from	CR	interac;on	in	the	Galac;c	Ridge?	
Neronov	et	al.	arXiv:1412.1690,	4	Dec	2014	 Gaggero	et	al.	arXiv:1504.00227		

The	KRA𝛾	model	adopts	a	radial	dependent	
diffusion	coefficient	which	turns	into	a	
spectral	hardening	toward	the	GC	region.	

KM3NeT	ARCA	sensi;vity	
(1500	days)	

ANTARES	90%	CL		
(1500	days)	



Shower	reconstruc;on	(νe)	
	

Much	more		
challenging	in	Ice	

Water	preserves		
Cherenkov	cone	

Res.	(σ):	0.5-1	m	



item	 quanJty	 unit	cost	(k€)	 total	cost	(k€)	

MEOC	 2	 1800	 3600	
nodes	+deployment	 6	 700	 4200	
string+IL+deployment	 115	 320	 36800	

readout	 500	

45100	

but	with	phase	1	we	have		
1	MEOC,	1	node,	6	strings	 MEOC	 -1800	
reuse	ANTARES	MEOC	cable		
(400k	to	relocate)	 ant	meoc	 -1400	

1	node	 -700	
6	strings	 -1920	

39280	

Based	on	actual	Phase-1	costs	
An;cipate	20%	reduc;on	in	PMT	costs	and	benefit	from	economy	of	scale	
	
Many	ideas	for	further	cost	reduc;on:		

	PowerSea	connectors,	20	DOMs	in	string,	5	nodes,		….		

Cost	of	ORCA	(115	Strings)	
Factor	4	cost	reduc;on	cf	ANTARES	



Point-source	search	with	cascades	

•  Results	are	
“rather	
preliminary”	

•  Important:	
Provides	
cascade	event	
sample	for	
source	
candidates	

•  Closes	visibility	
gap	

KM3NeT	STAC,	17.11.2015:	ARCA	LoI	(U.	Katz)	
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DOM	Prototype	on	ANTARES	

April	2013:	First	DOM	installed	on	ANTARES	instrumented	line	(KM3NeT-Fr)	

γ

Up	to	150	
Cherenkov	
photons	
per	decay;	
stable	40K	

concentra;on	

e-	(β	decay)	40K	

40Ca	

γ

40K	decay	provides:		
-	intra-DOM	;me	calibra;on	
-	absolute	PMT	efficiencies	
	
(coincidence	rate	~5	Hz		
on	neighbouring	PMTs)		

(Δt=20	ns)	
& 	Eur.	Phys.	J.	C	(2014)	74:3056	
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KM3NeT	mini-line	@	Capo	Passero	
Smooth	opera;on	
and	data	taking	
since	May	2014		

DOM1	

DOM2	

DOM3	



>	100	TeV	
	

p=2.5%	in	gal	plane	scan		
within	±	7.5°	gal	la;tude	

Mainly		



>	100	TeV	
	



Earth	and	Sea	Sciences	

Instrumenta;on	
module	

Seismograph	

Connected	
30	Oct	2010	

Secondary	Junc;on	Box	

O2,	CTD,	P	

BioCam	

Currentmeter	

Turbidity	

Deep Ocean Cabled Observatories Workshop-  
https://indico.cern.ch/conferenceDisplay.py?ovw=True&confId=165389 
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WALLY	
crawler	
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Event	rate	in	ORCA	(9m)	

•  Events	per	year	per	GeV	
•  No	resolu;ons,	no	PID	
•  One	example	bin	in	cosθ	(width	0.1	at	45°)	

For	all	angles:	
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Comparison	with	other	projects	
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AC	power	transmission	
Daisy	chain	of	4	strings	



>	100	TeV	
	

IceCube-Gen2	



KM3NeT	Picture	Gallery	

12 

� DOM arranged in the DR (ANTARES pots + 3 « bricolages »)  

STATUS OF THE FIRST LINE 
TESTS & CALIBRATION @CPPM 
 

� Termination of  
the laser system  

� acoustic  
piezo emitter  

Sylvain Henry - KM3NeT Collaboration Meeting 24 February, 2015 

KM3NeT-Italy		 KM3NeT-France		
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							Important	Ingredients	

•  Direc;on	resolu;on	(track/cascade)	
•  Energy	resolu;on	(track/cascade)	

•  Cascade	versus	track	separa;on	

•  Atmospheric	muon	background	rejec;on	
•  Neutral	current	backgrounds	

•  Effec;ve	volume		
•  Geometry	op;misa;on	
•  Trigger	efficiency	and	rates						(atms	mu@36Hz,	K40@19Hz)	

•  Systema;c	uncertain;es	



KM3NeT	cost	breakdown	

Phase	1	(funded)	:	31	M€			
Phase	2	+	95	M€		
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Flavour	Ra;os	



The Multi-messenger Program	

HE	neutrinos	

UHECR	
Auger	

Gravita;onal	
Waves	

Virgo	/	Ligo	

Op;c	/	X-ray	
TAROT,	ROTSE	/	
Swi�,	ZADKO	

GeV-TeVγ-rays	
Fermi	/	HESS	

CTA	

81 Mul;-Messenger	Program	

ANTARES	events		
needed	for	5	sigma	



The Multi-messenger Program	
82 GRBs?	Fermi-LAT	Blazars?	



The	ANT091501A	alert	
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AGNs	close	to	Ernie	and	Bert?	
TANAMI	collabora;on	reported	observa;ons	of	6	bright	blazars	locally	compa;ble	with	the	
2	first	PeV	IceCube	events	IC14	and	IC20.	
&	Krauß,	F.	et	al.	2014,	A&A,	566,	L7		

ANTARES	inferred	limits	

à	Relevant	constraints	on	spectral	
index	of	poten;al	source	
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& Antares,	A&A	576,	L8	(2015)		
Highlighted	in	the	Nature	vol	520,	April	2015	
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IceCube	


