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Neutrino	oscilla>ons	and	Earth	tomography	
with	the	ORCA	deep-sea	detector	



Neutrino	oscilla.ons	

2	

ü  3	genera.ons	or	flavours	
ü  flavour	mixing	

NEUTRINO	
	

à interacts	very	weakly	with	
ma:er	

à massless	in	Standard	Model	
à actually	not	massless…	but	

almost	!	

(Flavour	mixing)	&	(Dis>nct	masses)	
⇓		

Flavour	oscilla>ons	
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ORCA	?	
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«	Oscilla.on	Research	with	Cosmics	in	the	Abyss	»	

ü  Very	large	detec,on	volume	
ü  Background	reduc,on	
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ORCA	?	
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«	Oscilla.on	Research	with	Cosmics	in	the	Abyss	»	

Cosmic	rays	induce	
atmospheric	neutrinos	
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ü  Very	large	detec,on	volume	
ü  Background	reduc,on	



à  Neutrino	mass	hierarchy	

	

à  Earth	tomography	

ORCA	?	
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«	Oscilla.on	Research	with	Cosmics	in	the	Abyss	»	

Neutrino	flavour	oscilla,ons	

NH	 IH	

figure	C.	Ro>	 S.	Bourret	-	Journée	doctorants	APC	
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ü  Very	large	detec,on	volume	
ü  Background	reduc,on	



Detec.on	principle	:	Cherenkov	radia.on	
•  Par.cles	moving	faster	than	the	phase	velocity	of	light	in	a	dielectric	

medium	produce	coherent	radia.on	à	«	Cherenkov	cone	»	
•  Neutrino-nucleus	sca:ering	à	Charged	secondary	par.cles	à	Cherenkov	

emission	
•  Cherenkov	angle	θ	∼	43°,	energy-independent	for	highly	rela.vis.c	

par.cles	in	water	
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νμ	

μ±	

	νe	

e±	



8

Neutral Current (NC)
Flavour-insensi5ve

Charged Current (CC)
à Flavour iden5fica5on

Neutrino	interac.ons	and	signatures	
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Cascade-like event

incoming	neutrino	

Neutrino	interac.ons	and	signatures	
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Track-like eventCascade-like event

incoming	neutrino	

incoming	neutrino	

Neutrino	interac.ons	and	signatures	
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Weak and mass eigenstates

2
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Mass Eigenstates and Weak Eigenstates 
��The essential feature in understanding the physics of neutrino oscillations is to  
    understand what is meant by weak eigenstates and mass eigenstates 
��Suppose the process below proceeds via two fundamental particle states 
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i.e.  

and 

�� Can��t know which mass eigenstate (fundamental particle            ) was involved 
�� In Quantum mechanics treat as a coherent state 
��      represents the wave-function of the coherent state produced along with an 
     electron in the weak interaction, i.e. the weak eigenstate 
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Neutrino Oscillations for Two Flavours 
 
�� Neutrinos are produced and interact as weak eigenstates,  
�� The weak eigenstates as coherent linear combinations of the fundamental   
     ��mass eigenstates�� 

��The weak and mass eigenstates are related by the unitary 2x2 matrix 

(1) 

��Equation (1) can be inverted to give 

(2) 

��The mass eigenstates are the free particle solutions to the wave-equation and  
    will be taken to propagate as plane waves 

Origin of Neutrino Mass and Mixing Angle!
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<=Neutrino  Mass  

    State equation�

Mass 
eigenstates

Weak 
eigenstates

� = mixing angle

•Let’s assume two massive neutrinos.!

•Neutrinos are produced and interact as weak eigenstates νe, νμ!
•The weak eigenstates are coherent superposition of the fundamental mass 

eigenstates ν1, ν2!

•The mass eigenstates are the solutions of the free Hamiltonian and represent the 
propagation of the neutrinos in space.
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�� However we have neglected that fact that for the same momentum, different mass  
    eigenstates will propagate at different velocities and be observed at different times 

�� The full derivation requires a wave-packet treatment and gives the same result 
�� Nevertheless it is worth noting that the phase difference can be written 

�� The first term on the RHS vanishes if we assume                    or    

in all cases    L 
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�� Hence the two-flavour oscillation probability is: 

with 

�� The corresponding two-flavour survival probability is: 

��e.g.  
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Two neutrino flavor oscillations

3

P�e��µ = sin2 2� sin2

�
�m2L

4E

�

(Two neutrinos flavor)

Distance source-detector: L!
Neutrino energy: E

•If the masses are different, the two mass eigenstates propagate with different 
phases. The resulting state is the quantum mechanical superposition.!

•At a distance L from the source, neutrinos will be detected in a given flavor 
(=weak eigenstate) with a probability depending the neutrino energy:

�m2 � m2
2 �m2

1



Neutrino	Mass	Hierarchy	(NMH)	
•  Standard	oscilla.on	experiments	are	not	sensi.ve	to	the	sign	of	Δm2

ij	

•  The	sign	of	Δm2
21	=	(Δm2)sol	has	been	determined	from	solar	oscilla.ons	

•  Two	situa.ons	:	normal	hierarchy	(NH)	vs.	inverted	hierarchy	(IH)	

13
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Ma:er	effects	in	the	Earth	(MSW	effect)	

Propaga.on	of	atmospheric	neutrinos	through	the	Earth	
à  Sca:ering	off	nucleons	and	electrons	(«	coherent	forward	sca:ering	»)	

•  neutrino-nucleon	:	all	neutrino	flavours	involved		
•  neutrino-electron	:	

	

	

Neutral	current	:	all	flavours	

W± 

e e e e 

Charged	current	:	νe	only		

à	Electronic	and	muonic	components	of	the	atmospheric	neutrino	flux	do	
not	see	the	same	ma:er	poten.al		
 14
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•  Vacuuum	oscilla.ons	in	2-flavour	approxima.on	

•  2-flavour	oscilla.on	in	constant	ma:er	density	with	electron	density			
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Ma:er	effects:	simple	picture	
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Resonance	when	A	=	Ares		

Ma:er	poten.al	
⇒ mass	eigenstates	shifed	
⇒ effec.ve	mixing	angle	
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Ma:er	effects:	less	simple	picture	
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Ma:er	effects:	less	simple	picture	
Varying	ma:er	density	in	the	Earth	
à	Use	discre.zed	model	with	constant	density	steps	based	on	geophysics	
standard	model	
à	Step-by-step	numerical	resolu.on	of	evolu.on	equa.on	

L = 2REarth cos ✓z
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figure	C.	Ro>	

CMB	
core	

mantle	
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figure	C.	Ro>	

CMB	
core	

mantle	
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figure	C.	Ro>	

CMB	
core	

mantle	

anima,on	J.	Coelho	
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Electron	density	vs.	ma:er	density	

Electron	density	
=>	measured	with	
neutrino	oscilla.ons	

Ma:er	density	(à	nucleons)	
=>	measured	with	geophys.	
techniques	

ne =
NA

mn
⇥ Z

A
⇥ ⇢matter

Z

A
⌘

X
wi

Zi

Ai

Electron	to	mass	density	ra.o	à	depends	on	the	chemical	composi>on	of	the	
medium	

wi	=	weight	frac.on	of	
chemical	element	i	 Proton-to-nucleon	ra.o	≈	0.5	



Propor.onality	factor	between	electron	density	and	ma:er	density	
depends	on	chemical	&	isotopic	composi.on	(wi	=	weight	frac.on):	

Mantle:	Rext	≈	6300	km	
pyrolite	(rock	model)	
Z/A	=	0.496	

Outer	core:	Rext	≈	3480	km	
pure	Fe	(+	5%	Ni)	
Z/A	=	0.4656	(0.4661)	

Inner	core:	Rext	≈	1220	km		
pure	Fe		
Z/A	=	0.4656	 42-steps	PREM	model	[2]	

EARTH	MODEL	BASIS	

à	3	chemically	dis>nct	layers	
à	Z/A	uniform	in	each	layer	

Propor.onality	factor	between	electron	density	and	ma:er	density	
depends	on	chemical	&	isotopic	composi.on	(wi	=	weight	frac.on):	

Mantle:	Rext	≈	6300	km	
pyrolite	(rock	model)	
Z/A	=	0.496	

Outer	core:	Rext	≈	3480	km	
pure	Fe	(+	5%	Ni)	
Z/A	=	0.4656	(0.4661)	

Inner	core:	Rext	≈	1220	km		
pure	Fe		
Z/A	=	0.4656	 42-steps	PREM	model	[2]	

EARTH	MODEL	BASIS	

à	3	chemically	dis>nct	layers	
à	Z/A	uniform	in	each	layer	

Propor.onality	factor	between	electron	density	and	ma:er	density	
depends	on	chemical	&	isotopic	composi.on	(wi	=	weight	frac.on):	

Z/A	
0	 1	0.5	

H2O		

pyrolite	
MANTLE	

0.496	 0.56	

pure	Fe	
Fe	+	Ni	
CORE	?	

0.466	

0.46	

Pb	

0.39	

H	

1	

alloy	Fe	+	light	
elements	
CORE	?	

0.4715	

Earth	composi.on:	knowns	and	unknowns	
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Mantle	and	crust:	Rext	≈	6400	km	
silicate	rocks:	Si,	O,	Mg,	Fe,	Na,	K,	…	

Outer	core:	Rext	≈	3480	km	
liquid	Fe	+	few	%	Ni	+	<1%	light	elements	?	

Inner	core:	Rext	≈	1220	km		
solid	Fe	

22	



From	the	principle	to	the	measurement	
•  Limita.ons:		

-  poor	detec.on	efficiency	below	2	GeV	(≈	max	at	10	GeV)	
-  limited	angular	and	energy	resolu.on	at	low	energy	
-  no	neutrino	/	an.neutrino	dis.nc.on	on	event-by-event	basis	
-  flavour	ID	limited	to	2	broad	classes:	track	and	showers		

•  Detector	response	based	on	extensive	Monte	Carlo	simula.ons	

•  Sensi.vity	evalua.on:	sta.s.cal	model	taking	into	account	
-  sta.s.cal	fluctua.on	
-  systema.c	uncertain.es	due	to	unknown	parameters	in	the	model:	

oscilla.on	physics,	detector	response	parameters,	etc.		
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Results	à	come	to	the	PHD	seminar	
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Thank	you	for	your	a:en.on	!	
	

&	come	to	the	PHD	seminar	next	Thursday	
	

Thursday	17	Nov.	14h30	
(once	every	2	weeks,	tell	us	if	you	are	not	on	the	mailing	list)	
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Bonus:	first	KM3NeT	2-strings	data		
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Addi.onal	slides	
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KM3NeT	is	a	distributed	research	infrastructure	with	2	main	physics	topics:	
Oscilla.ons	and	Astropar.cle	Research	with	Cosmics	in	the	Abyss		

Low-Energy	studies	of	atmospheric	neutrinos	–	High-Energy	search	for	cosmic	neutrinos			

2	sites	
currently		
under		
construc.on	
in	France	and	
Italy:	
	
KM3NeT-Fr	
(Toulon,	close		
to	ANTARES)	
	
KM3NeT-It	
(Capo	Passero,	
Sicily)	ARCA	

240	people		
42	ins.tutes		
12	countries			

Where	&	who	
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450	m	

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

29	

•  ~5.7	Mt	instrumented	
•  115	strings		
•  18	DOMs	/	string				
•  31	PMTs	/	DOM				
•  Total:	64k*3¨	PMTs	

~210	m	

~200	m
	

Digital	Op>cal	Module	

‒  31	x	3”	PMTs	
‒  Uniform	angular	coverage	
‒  Direc.onal	informa.on	
‒  Digital	photon	coun.ng	
‒  Background	rejec.on	
‒  All	data	to	shore	

17”	

9	m	

slide	P.	Choyle	/	J.	Coelho	Depth=2475m	

The	ORCA	detector	
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Antares	2008-2016	
Neutrino	astronomy	

KM3NeT	2015-…	
Neutrino	astronomy	+	neutrino	oscilla1ons	

ARCA	
Neutrino	astronomy	 ORCA	

Atmospheric	neutrinos	
Oscilla,ons	

NH	 IH	

Neutrino	Mass	Hierarchy	
+	other	neutrino	parameters	

Tomography	of	the	Earth	
with	neutrino	oscilla.ons		

figure	C.	Ro>	



Perfect	detector	signal	–	Outer	core	tomography		
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Perfect	detector	signal	–	Mantle	tomography		
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Detector	response	

Example	of	2D	projec.on	of	response:	
•  Truth	=	only	one	bin	

§  E	≈	10	GeV	
§  cosθ	≈	-0.75	

•  Reconstructed	=	2D	distribu.on	

à «	event-by-event	»	response	stored	into	6D	sparse	histograms		
à Discrete	channels:	12	for	CC	events,	4	for	NC	events	
à Atmospheric	muon	contamina.on	not	included	yet	
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Measured	signal:	Mantle	–	ORCA	10	years	
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Sta.s.cal	significance	–	ORCA	10	years	
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Confidence	level	for	rejec.ng	basic	composi.on	of	mantle	
(pyrolite)	vs	alterna.ve	True	Z/A	

S.	Bourret	-	Antares/KM3NeT	collabora.on	
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Confidence	level	for	rejec.ng	basic	composi.on	of	outer	core	
(pure	Fe)	vs	alterna.ve	True	Z/A	
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