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Agarwalla	



What	do	we	want	to	know?	
Precision	scruDny	of	the	three	neutrino	oscillaDon	paradigm	
	
Only	3	neutrinos	
	
Mixing	parameters,	octant	of	theta23	
	
Unitarity	of	the	PMNS	matrix	
	
Tau	appearance	
	
MSW	effect	in	maNer	at	GeV	scale	
ParamagneDc	resonance	in	maNer	at	GeV	scale	
	
Mass	ordering		
	
CP	violaDon	
	
Understand	background	for	cosmic	neutrino	signal,	proton	decay	
	
Any	sign	of	new	physics?	
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Neutrino	masses	
Dirac	vs	Majorana	



The	NiNy	GriNy	!	
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Learned	



Compared	to	LBL	Expts?	

•  Hierarchy-CP	degeneracy	not	present	
•  No	significant	degeneracy	between	CP	and	Sintheta23	 6	

Goswami	



Atmospheric	Neutrinos		

Baselines	and	energies	inaccessible	to	LBL	or	reactor	neutrino	experiments	
Very	different	systemaDcs	
Above	tau	producDon	threshold	
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The	Neutrino	Saga	
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Learned	



Workshop	Topics	
Conven&onal		Physics	
	
Cosmic	rays	fluxes	
	
Atmospheric	neutrino	fluxes		
Prompt	neutrino	fluxes	
	
Neutrino	cross	secDons	
	
Neutrino	oscillaDons	
	
Mass	hierarchy	

		
CP	violaDon	
	
Tomography	of	the	Earth	

New	Physics		
	
NSI		
non-unitarity	
sterile	neutrinos	
Decoherence	
Invisible			
long	range	force	
extra	dimensions	
LIV	
NSI+sterile	
	
dark	maNer		
Proton	decay 		
	

Experiments	
	
SuperK	
SK-GD	
HyperK	
	
Amanda	
IceCube/DeepCore	
Gen2/Pingu	
	
ANTARES	
KM3NeT/ORCA/ARCA	
(P2O)	
(SuperORCA)	
	
INO	
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Never	Enough	Time	!	
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Please	forgive	me!!	



Ingredients	for	atmospheric	
neutrino	flux	calculaDons	
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Fedynitch	



Cosmic	ray	Fluxes	
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Honda	
Gaisser	



Prompt	Neutrino	Fluxes	
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Garzelli	
Intrinsic	charm	 Laha	

Different	predicDons	compaDble		
within	uncertainiDes	 dE/dx	of	tau	tracks	less	-	Laha	



Neutrino	InteracDons	

14	

Gallagher	



Neutrino	InteracDons	
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Katori	



Neutrino	InteracDons	
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Gallagher	



MCEq	
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Fedynitch	



Arguelles	



Phenomenology	
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Smirnov	
Raychaudhuri	



Current	Detectors	
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Brunner	

StuNard	
Bustamante	
Yuan	

Okumura	
Bronner	



41	m	

KM3NET-ARCA	
ICECUBE		

						AN
TARES	
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KM3NeT-ORCA	
PINGU	

SuperK	
INO	

Atmospheric	Neutrino	Detectors	
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ANTARES	
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Brunner	

90%	C.L.	

Sterile	



SK	Results	
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Okumura	

East-West	Asymmetry	
Energy	Spectrum	

Small	solar	acDvity		



SK	Results	
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Bronner	

QuesDon	about	oscillogram?	



Nagoya	Science	Museum:		
SK	Jigsaw-	300	pieces	(>100	systemaDcs)	

Price	650	Yen	
	
Good	value	for	money!	
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IceCube	
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StuNard	

+	NSI	
+	Decoherence	
+	LV	



InelasDcity	

27	

Dighe	

InelasDcity	informaDon	may	improve	detector	
performance	by		30	�	40%	depending	on	the	
quanDty.	
	
Apart	from	charge-ID,	another	important	
advantage	of	ICAL	would	be	its	ability	to	
reconstruct	energy	and	direcDon	of	muD-GeV	
hadrons.	



Towards	High	energy	cross-secDon	measurement	
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Bustamante	HESE	showers	 Through-going	muons	



Veto	SystemaDcs	
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Yuan	



Global	Fits	
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Lisi	



Global	Fits	
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Lisi	



The	Door	to	New	Physics	?	
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33	



Proton	Decay	
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Takhistov	



Sterile	

35	

Salvado	



NSI	

Can	disentangle	between	NSI	and	sterile	– Esmaili	
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Farzan,	Esmalli,	MarfaDa	

SK	 IC	

opening	up	the	e-tau	sector:	



Decoherence	
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Umasankar	
Nunokawa	
StuNard	



Neutrino	Earth	Tomography	
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Winter	
Donini	

IceCube	data	

Neutrino	Flux	ANenuaDon	 Neutrino	OscillaDons	



Dark	MaNer	
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GalacDc	Centre	 Sun	

+	secluded,	heavy	decaying	DM,		CR	interacDons	in	Sun	

RoN	
(Beacon)	

Spin	Dependent	



Extra	Dimensions		
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Peres	



CPT	and	LIV	
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Arguelles	



Long	range	forces	
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Khatun	
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The	joy	of	building!	



Planned	Detectors	

INO	
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But	some	not	yet	completely	funded	
ORCA	-	half	funded,	addiDonal	requests	ongoing	
	
GEN2	–	soon?	for	the	phase	1		
	
HyperK	–	Soon?		
	
INO	–	funds,	but	environmental	issues	

Each	generaDon	of	parDcle	physicists	has	to	fight	and	win	the	baNle	to	convince	
governments	that	our	science	is	important,	that	our	experiments	need	to	be	
funded	and	that	our	theorists	need	support.		
	
This	fight	has	goNen,	and	will	get,	harder	as	public	money	gets	Dghter	and	Dghter.		
	
To	win	the	fight	we	need	new	ideas	and	new	iniDaDves,	need	new	young	heroes!		
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Project	Uncertainty	Principle	

46	



Support	of	the	community	needed	

CompeDDon	with	GW,	gamma-rays,	radio,	accelerators	is	fierce	
	
PANE18	is	very	Dmely….	
	

Support	of	the	community	(and	beyond)	is	mandatory		
to	convince	funding	agencies/ministries	
	
We	should	also	support	each	others	projects	!	
	
Theorists 	-	help	moDvate	physics	case	

	 	 	-	menDon	all	relevant	expts	in	your	paper!	
	 	 	-	please	pin	down	the	systemaDcs	
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Technologies	

INO	
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Brunner	

Hignight	

De	Rosa	

Datar	



Photocathode	area	

/ORCA	
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KM3NeT/ORCA	first	data	 Brunner	
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OscillaDon	parameters	

SuperK	(2015)			
T2K		(2015)	
NOVA	(2018)	
IceCube	
(2017)	
MINOS	(2014)	
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(adopted	from	Blennow)	

MH	expected	sensiDviDes	vs	Dme	
(Dme	scales	indicaDve!)	
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CP	violaDon	with	T2HK	and	T2HKK	

beam	+	atmospheric	neutrinos,	10	year	exposure		

De	Rosa	



But	there	are	Risks!...	
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Remember	3σ±1σ		

MulDple	experiments	desirable	



Beware	SystemaDcs	
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Lisi	



Pot	of	gold	at	end	of	the	rainbow?	

Global	Neutrino	Network	à	
Global	Neutrino	Observatory	
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Tremendous	potenDal	of		
the	sea-based	technology	

Accelerators	and	caverns	are	very	expensive!	
	
Free	neutrino	beam	and	free	(very	large)	cavern	
	
Small	and	well	known	light	scaNering		
	
Lots	of	accessible	sea	(>1000m)	all	around	the	World	!	
	
Self-veto	->	depth	not	imperaDve		
	
In	built	K40	efficiency	calibraDon	
	
Reconfigurable	
	
KM3NeT	has	developed	cost	effecDve	technology	(ORCA	50ME)	
	
Important	synergies	with	Environmental	and	Sea	sciences	
	
go	for	it	!…. 	
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Beyond	the	planned	detectors?	

P2O	
Brunner	

SuperORCA	
Hofestadt	
Razzaque	
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T2OK	
Coyle,	RoN	

Pacific	neutrinos	
Vallee,	Grant	



CP	with	P2O/SuperOrca	
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P2O	(1.2*1021	PoT)	 SuperORCA	

Complementary	CP	resoluDons	as	a	funcDon	delta	



Distance	about	1000	km	between	arrival	direcDon	hemispheres.		
Full	oscillaDon	for	upcoming	and	liNle	for	downgoing		(about	1	GeV)	
	
Mixing	angle	theta	23	near	maximum	45	deg	(if	were	Dny:	unseen)	
	
4	MeV	nu_e	oscillaDon	lengths	2km	and	150km	and	mixing	angle	not	Dny	
	
MSW	maNer	effect	distance	about	radius	of	the	Earth	
	
In	Sun	oscillaDon	transiDons	actually	not	so	important-	adiabaDc	MSW	dominates	
	
Cosmic	neutrino	flux	at	maximum	of	Waxman-Bachall	limit	
	
Hierarchy	tending	towards	normal?		
theta23	tending	to	be	large?	
LSND/mini-BooNE	sterile?	
Anita	tau	events?	
	
Next	SN	should	wait	Dll	ORCA/SK-GD/Gen2-phase	1	online	!	

The	Curious	Luck	in	Neutrinos		Learned	
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(Odin	is	kind	to	neutrino	hunters!)	



And	if	we	are	not	lucky-		
there	is	always	Neutrino	Energy!	

62	
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Personal	Remarks	
Amazing	progress	in	the	last	decade	

	-more	physics	results	and	beNer	performances	than	ever	expected	
	-the	dreams	of	the	DUMAND	proceedings	becoming	reality	
	-weighing	the	Earth	with	neutrinos!	
	-delighted	to	see	Tomography	on	the	radar!	
	-approaching	neutrino	floor	from	CR	on	the	Sun!	

	
New	detectors/upgrades	just	around	the	corner	

	-ORCA	coming	online	
	-SK	adding	GD	
	-Gen2-Phase1	
	-INO	

	
Maximise	our	physics	potenDal		

	-get	those	systemaDcs	reduced	
	
Many	new	detector	ideas	yet	to	be	fully	explored		(SuperORCA,	P2O,…)	
	
ExciDng	decade	ahead		

	–	Let’s	stay	lucky		
	
Will	be	surprised	if	we	have	no	surprises!		
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Thanks	to	Posters	



Thanks	TwiNer	Masuta!	-	Teppei	Katori	
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Wonderful	Trip!	

66	

Brunner	



Thanks	organisers	for	a	Great	Workshop!	
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A	perfect	mix	of	cultures	from	around	the	World	
Appreciated	the	strong	representaDon	from	the	women	



Thank	you	all!	

Many	thanks	Sanjib!	 68	



THE	END	


