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Neutrino	telescopes:	science	scope	

Low	Energy		
MeV	<	Eν	<	100	GeV	

Medium	Energy		
10	GeV	<	Eν	<	1	TeV	

High	Energy		
Eν	>	1	TeV	

ν	Oscilla0ons	
ν	Mass	hierarchy	
Supernova		

Dark	maUer	search	
Monopoles,	nuclearites,…	
	

ν 	from	extra-
terrestrial	sources	

Origin	and	produc0on	
mechanism	of	HE	CR	

+	oceanography,	biology,	seismology,…		
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ANTARES	
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Neutrinos:	cosmic	messengers	

Neutrinos:	neutral,	stable,	weakly	interac0ng	
	not	absorbed	by	background	light/CMB	è access	to	full	energy	range	
	not	absorbed	by	maUer 	 	 	 	è		access	to	dense	environments	
	not	deviated	by	magne0c	fields 	 	è astronomy	over	cosmological	distances	

	
‘Smoking	gun’	signature	for	hadronic	processes	
	
Correlated	in	0me/direc0on	with	electromagne0c	and	gravita0onal	waves	

		
KM3NeT/IceCube:	complementary	fields	of	view	



KM3NeT	
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Mul0-site,	deep-sea	infrastructure	

Single	collabora0on,	Single	technology		
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Instrument	km3	of	Seawater	



450	m	

115	lines,	20m	spaced,		
18	DOMs/line	9m	spaced	
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KM3NeT	Building	Block	

•  115	strings		
•  18	DOMs	/	string	
•  31	PMTs	/	DOM	
•  Total:	64k*3¨	PMTs	

~210/1000	m	

~200/800	m
	

9/36	m	

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.
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KM3NeT/ORCA

ARCA/ORCA	

ORCA	 ARCA	

String	spacing	 20	m	 90	m	

OM	spacing	 9	m	 36	m	

Depth	 2470	m	 3500	m	

Instrumented	
mass	

5.7	Mton	 0.6*2	Gton	
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Phase	 Blocks	 Science	
Funding	
Status	

1	 0.1	
Proof	of	feasibility	and	first	science	results	
(7	ORCA	strings/	24	ARCA	strings)	

Fully	funded	

2.0	

2	
ARCA	

Study	of	neutrino	signal		
reported	by	IceCube	
All	flavor	neutrino	astronomy	

1	block	almost	
funded	

1	
ORCA	

Neutrino	mass	hierarchy	
Half		block		
funded	

3	 1+6	
Neutrino	astronomy	including		
Galac0c	sources	
Neutrino	proper0es	

Not	yet	

	KM3NeT	Phased	Implementa0on	



		KM3NeT	2.0:	ESFRI	Roadmap	2016	
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H2020:	KM3NeT	2.0	
Prepare	legal	en0ty	(ERIC)	
Approved	Oct	2016	
3.8	M€		

Priority	on	APPEC	roadmap		
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Principle	of	Detec0on	

google	also:		‘The	KM3NeT	Virtual	Reality	Experience’	
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Track-like	(νµCC)	 shower-like	(νNC,	νeCC)	

Event	Topologies	

ARCA	simula0on,	TeV	neutrino	energies	
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					ARCA	Diffuse	Cosmic	Neutrinos	

Track	channel	
Analysis	for	up-going	events	based	
on	maximum	likelihood	
	
Pre-cuts	on	θzen	>80°,	
	
reconstruc0on	quality	parameter	
and	Nhit	(proxy	for	muon	energy)	
	
Cascade	channel	
Containment	cut	on	reconstructed		
vertex	to	remove	atmospheric	muons	
(excludes	upper	100m	layer)	
	
Full	sky	analysis	based	on	BDT	and	
maximum	likelihood.	

Defini0ve	independent	confirma0on	with	KM3NeT	2.0	(5	sigma	in	6	months)	

Final	ANTARES	sensi0vity	~	IC	flux		
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					ARCA	Diffuse	Flux	from	Galac0c	Plane	
ARCA	sensi0vity	to	a	flux	from	a	region	of	the	
Galac0c	Plane	near	the	Galac0c	Center		
	
Neutrino	flux	es0mate	based	on	a	radially-
dependent	cosmic-ray	transport	proper0es	

Discovery	at	5σ	significance	(50%	probability)	
in	about	5	years	



●  Unprecedented angular resolution 
 
●  Multi-flavour astronomy 

●  Significant discovery potential for 
extragalactic sources 

●  Galactic sources in reach 

ARCA	Point	Sources	

15	

100%	hadronic	

15	
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The	neutrino	mass	hierarchy	
•  Prime	discriminator	for	theory	models	
•  Origin	of	neutrino	mass	and	flavour	
•  Help	measuring	the	CP	phase	
•  Nature	(Dirac	vs	Majorana)	
•  Core-Collapse	Supernovae	Physics	

Walter	Winter	Neutrino	2014	

Normal										Inverted	

Inverted	

normal	
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•  A	¨free	beam¨	of	known	composi0on	(νe,	νμ)	
	
•  Wide	range	of	baselines	and	energies	
	
•  Oscilla0on	paUern	distorted	by	Earth	maUer	effects					
				maximum	difference	IH	↔	NH	for	resonance	in	
				Earth	mantle:	θ=130°	(7645	km)	and	Eν	=	7	GeV	
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Measuring	NMH	with	Atmospheric	Neutrinos	

IH 

NH 

1 5 10	
Eν	[GeV]	

1

0.5	

0

νμ	

νe	

P(νμ → νμ) for θ=130º ©J.	Coelho	



ORCA	NMH	Experimental	Signature	

Both	muon-	and	electron-channels	contribute	to	hierarchy	asymmetry	
Electron	channel	more	robust	against	detector	resolu0on	effects	

ORCA	E,θ	
resolu0ons	
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θZ	

νµ	 νµ	

νe	 νe	

(NIH-NNH)/NNH	
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• ~3σ	MH	sensi0vity	in	3	years		

• For	IH,	sensi0vity	is	essen0ally											
independent	of	θ23	

• The	combina0on	of	NH	and	
upper	octant	of	θ23	gives	
significantly	improved	sensi0vity	
(>5σ	in	3	years)		

• The	value	of	δcp	has	small	but	
non-negligible	impact	on	
sensi0vity	

ORCA	Sensi0vity	to	Mass	Hierarchy	

3	yrs	
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• Achieve	2-3%	precision	in	Δm2
32	and	4-10%	in	sin2θ23	

• Compe00ve	with	NOvA	and	T2K	projected	sensi0vity	in	2020	

Inverted	Hierarchy	

ORCA	Measurement	of	Δm2
32	and	sin2θ23	

T2K	2015	

NOvA	2020	

T2K	2020	

MINOS	

KM3NeT/ORCA	

Normal	Hierarchy	

1	sigma	
contours	

3	yrs	
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KM3NeT	2.0:	LeUer	of	Intent	
hUp://dx.doi.org/10.1088/0954-3899/43/8/084001	

J.	Phys.	G:	Nucl.	Part.	Phys.	43	(2016)	084001	



21	

ORCA	Tau	Neutrino	Appearance	
•  ντ	appearance	tests	PMNS	unitarity		
										and	BSM	theories	
	
•  ≈3k	ντ	CC	events/year	with	full	ORCA	

•  Rate	constrained	within	≈10%	in	1	year	

•  Early	physics	result	

1σ,	2σ,	3σ,	5σ	
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ORCA	Non	Standard	Interac0ons/Sterile	
Non-Standard	Interac0ons		

Sterile	Neutrinos		

With	1	year	of	data,		
ORCA	sensi0ve	to	
|Uτ4|2	values	5x	smaller		
than	current	limits	set	by	
Super-Kamiokande.		

With	1	year	of	data,		
ORCA	sensi0ve	to		
NSI	effects	more	than	an		
order	of	magnitude	smaller		
than	current	limits.		
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•  Simula0on	(SN1987A-like):	10	kpc,	3e53	erg,	1/6	in						,	25%	in	the	first	100	ms	

•  Spectra:																																																										,	α=3,											=12,	14	&	16	MeV	

•  Supernova	coincidence	distribu0on	is	harder	than	40K	but	soger	than	muons	

•  Best	sensi0vity	for	PMT	coincidence	level	greater	than	6	
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ANTARES	->	KM3NeT	2.0	
12 lines, 900 OMs 3 Building Blocks (3*115 lines, ~3*2000 OMs) 

‒  31	x	3”	PMTs	
‒  Uniform	angular	coverage	
‒  Direc0onal	informa0on	
‒  Digital	photon	coun0ng	
‒  Reduced	ageing	

24	



~ 800	or	200		m
	

Digital	OpLcal	Module	 Deployment	Vehicle	

‒  All	data	to	shore	
‒  Gbit/s	on	op0cal	fibre	
‒  Hybrid	White	Rabbit		
‒  LED	flasher	&	acous0c	piezo	
‒  Tiltmeter/compass	

‒  Rapid	deployment	
‒  Mul0ple	strings/sea	campaign	
‒  Autonomous/ROV	unfurling	
‒  Reuseable	 25	

KM3NeT	Technology	
String	

‒  2	dyneema	ropes	
‒  Oil	filled	PVC	tube	
‒  Low	drag	
‒  Low	cost	



Test	of	String	Deployment	



2)		Two	more	strings	at	Capo	Passero,	May	2016)	
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1)	First	string	connected	at	Capo	Passero,	Dec	2015	

KM3NeT	First	Strings	

3rd	string	non-opera0onal	immediately	ager	deployment	->	recovered	



40K:	Inter-PMT	Calibra0on	

γ

Up	to	150	
Cherenkov	
photons	
per	decay;	
stable	40K	

concentra0on	

e-	(β	decay)	40K	

40Ca	

γ

28	Knowledge	of	efficiencies	vs	zenith	-	important	for	NMH	measurement	



Muon	Depth	Dependence	
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μ	

												data	(corrected)	
												fit	
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ARCA	Atmospheric	Muons	
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													ORCA	Junc0on	Box	Re-deployment	(29	Sept	2016)					

Opera0onal,	but	fault	developed	in	deep	sea	cable	
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2016	 2017	 2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	

	ConstrucLon	
NMH	DeterminaLon	

Diffuse	signal	

2	Strings	 2	Building	Blocks	

Timeline	
May	2017:	Repair	of	KM3NeT-Fr	deep	sea	cable	
	
July	2017:	Deploy	two	ORCA	strings	
	
Spring/Summer	2017:	Produc0on	Readiness	Reviews	
	
End	2017:	Four	ORCA	strings	+	Four	ARCA	strings	
	
2020:	Two	full	Building	Blocks	(115*2	strings)		

8	Strings	



				ANTARES/KM3NeT:	Earth	and	Sea	Sciences	

BioCam	
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O2,	CTD,	P	
Seismograph	

Crawler	
Gamma	detector	

-	Real-0me	
-	Con0nuous	
-	High	frequency	
-	High	power	
-	Mul0ple	sensors	
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P2O:	Protvino	to	ORCA	
-U70	accelerator	in	Protvino	(near	Moscow),		
		E=70	GeV		
-Proposed	intensity	upgrade	
		P	=	450	kW			è up	to	4.1020	POT	/	year		

-νe	appearance	at	L	=	2600	km		
-Target	energy	range	:	3-8	GeV		
-Op0mal	baseline	for	separa0ng	NMH	from	δCP	

3	years	

NH	

IH	

3	years	

νe			35%	

νμ			6%	maximal	varia0on	with	δCP	

NC	
ντ	

preliminary	



KM3NeT:	phased	construc0on	of	a	next-genera0on	neutrino	telescope													

Developed	novel	and	performant	mul0-PMT	technology																														
	interest	from	IC-Gen2,	CHIPs,	NuPrism,	HyperK,	JUNO,…	

ARCA-high	energy:		
�  unprecedented	angular	resolu0on/mul0-flavour	astronomy	
�  inves0ga0on	of	diffuse	flux	and	point-like	sources	

ORCA-low	energy:		
�  NMH	at	3	sigma	level	in	3	years	(IH,	NH/first	octant)																									
							Much	quicker	if	NH/second	octant	
�  Compe00ve	measurements	of	Δm2

32	and	sin2θ23,	tau	
appearance,	sterile	neutrinos,	NSI,	DM,	tomography,…		

Synergy	with	Earth	and	Sea	sciences		

CP	Viola0on?:	
�  P2O:	Protvino	beam	to	ORCA	
�  Super	ORCA:	denser	array	with	threshold	~1	GeV	

New	collaborators	very	welcome	

Summary	and	Perspec0ves	

35	



BACKUPS	

36	
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•  Angular	resolu0on:	BeUer	than	10	degrees	at	relevant	energies	
•  Energy	resolu0on:	~25%	(Close	to	limit		arXiv:1612.05621)	

νµ-CC	

νµ-CC	

νe-CC	

νe-CC	

θ	
Re

s.
	

E	
Re

s.
	

θ	
Re

s.
	

E	
Re

s.
	

ORCA	Reconstruc0on	Performance	
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Indirect	Detec0on	of	Dark	MaUer	

Earth	

ν

χ

χ

χ

χ

χ
χ

Relic	WIMPs	gravita0onally	trapped	via	elas0c	collisions	
(Sun,	Earth,	Galac0c	Center)	

<Eν>	~	Mχ/3	
	

ORCA	

Spin	Dependent	 Spin	Independent	

ORCA	3	years	-	tracks+showers	
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Thank	you!	
“We know nothing in reality,
for truth lies in the abyss”
DÊMOCRITUS OF ABDÊRA, 
fragment 117, 420BC

hUps://www.youtube.com/watch?v=Bcqpa4YbxCk	
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Earth	Tomography	



The	first	KM3NeT	String	(in-situ)	
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Neutrinos	Fluxes	From	MeV	to	PeV	
σ(νp)/σ(γp)=	10-7		at	1	TeV	
	
Need	very	large	detectors	

41	m	

KM3NET-ARCA	
ICECUBE	
1Gton		

	ANTARES	
20Mton	
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KM3NeT-ORCA	
6Mton	SuperK	

50kton	

400	m	

1000m	

200m	



The Multi-messenger Program	

ANTARES,	
KM3NET	

UHECR	
Auger,	TA	

Gravita0onal	
Waves	

VIRGO,	LIGO	

Radio/Op0c	/X-ray	
TAROT,	MASTER,	
Swig,	SVOM,	MWA	

GeV-TeV	γ-rays	
Fermi,	HESS,	
HAWC,	CTA	

43 Mul0-Messenger/Mul0-flavour	Astronomy	

only	spa0al		
coincidence	

Receive	alerts	
Generate	alerts	

•  Space/0me	correla0on	reduced	background	(improved	sensi0vity)	
•  Track	and	shower	topologies	
•  Rapid	(few	secs)	real-0me	alerts	for	interes0ng	neutrino	events	
•  Event-by-event	iden0fica0on	of	neutrino	origin	

43	

neutrinos	
IceCube,	GVD,	

SNEWS	
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Effec0ve	Mass	
Ager	triggering,	atmospheric	muon	rejec0on	and	containment	cuts:	

vert	spacing:	
12m	
9m	
6m	

νe	
νμ	
ντ	
NC	
	

9m	
νe	

Solid	:	nu				Dashed:	an0-nu	

•  Energy	threshold	determined	by	DOM	spacing	
•  9m	ver0cal	spacing	->	6	Mton@10	GeV	

•  50%	Efficiency	at	5	GeV	
•  Instrumented	volume	reached	at	~10	GeV	

•  Lower	efficiency	for	neutral	current	

Events/yr:	
νeCC:	17,300	
νμCC:	24,800	
ντCC:	3,100	
NC:	5,300	



At	10	GeV:	
•  90%	correct	iden0fica0on	of	νeCC		
•  70%	correct	iden0fica0on	of	νµCC		
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Shower/Track	Iden0fica0on	
Discrimina0on	of	track-like	and	shower-like	events	
via	Random	Decision	Forest	



Phase	1:	7	string	array	at	KM3NeT-France	site		
																to	demonstrate	technology/detec0on		
																methods	in	the	GeV	range	
	
Phase	2:	Deploy	1	building	block	(115	strings)					

46	

													ORCA	Status	

46	

1st	node:	May	2015,	Sept	2016		

		2	ORCA	strings:	July	2017		

Albatross	

ANTARES	
cable	

MEOC:	Dec	2015	
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•  Pick	set	of	true	values	for	oscilla0on	parameters	and	other	systema0cs	
•  Generate	pseudo-experiments	for	NH,	IH	cases	
•  Find	best-fit	likelihoods	LNH,	LIH	for	the	NH,	IH	cases	
						(maximising	w.r.t.	8/9	free	parameters)	

•  Calculate	the	log-likelihood	ra0o	log	(LNH/LIH)		
	

Sensi0vity	Studies	(Pseudo	Expts)	

47	

3	yrs,	θ23=42°,	CP=0°	

nu
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Various	systema0c	effects	taken	into	account:	
•  Oscilla0on	parameters	

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

•  Flux,	cross	sec0on,	detector	related	 	 	 	 		 	 	 		
					 	 	 	 	 	 		(average		fluctua0on	w.r.t.	nominal)	

•  Overall	normalisa0on		 	(2.0%)	
•  ν/an0-ν	ra0o																					(4.0%)	
•  e/μ	ra0o 	 	 	 	(1.2%)	
•  NC	scaling 	 	 	 	(11.0%)	
•  Energy	slope 	 	 	(0.5%)	
•  Energy	scale	
àFiUed	unconstrained	

Sensi0vity	Studies	(Asimov)	

48	



2)		Mini	string	deployed	at	Capo	Passero,	May	2014	(3500	m)	m)	
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Eur.	Phys.	J.		
C	(2014)	74:	3056	

Eur.	Phys.	J.		
C	(2016)	76:	54	

Ra
te
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]	

cos(θ)	

1)	Op0cal	Module	deployed	at	Antares,	April	2013	(2500	m)	

KM3NeT	Prototypes	



Ligne déployée et connectée à Capo Passero le 3 décembre 2015 

Nanobeacon:	Inter-DOM	Calibra0on	
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Calibrated hit time [ns] modulo pulse period
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KM3NeT	Integra0on	Sites	
Av.	integraLon	speed	of	DOMs:	4	DOMs/week/site	
Av.	construcLon	speed	of	DUs:	1	DU/month/site	
Av.	integraLon	speed	of	base	modules:	1	module/week/site	



	
Widths	indicate	main	uncertainty	

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

	
	
Other	projec0ons	assume	
worst	case	parameters	(1st	oct)	
	
	
ORCA	0meline,	assumes	start		
construc0on	2017	for	3	years	
	
	
LBNE	from	LBNE-doc-8087-V10	
PINGU	from	MANTS	2015	
Others	Blennow	

ORCA/PINGU:	Neutrino	Mass	Hierarchy	Determina0on	
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3	sigma	determina0on	of	neutrino	mass	hierarchy	in	3/4	years	

ORCA	



6	years,	no	systema0cs	
NH	true,	δCP=0,	three	test	points,	1/2/3	sigma	
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Sensi0vity	to	CP	phase	?	
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Comparison	with	other	projects	


