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Neutrino	Oscilla/ons	in	Brief		
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•  	In	addition	to	the	vacuum	oscillations	an	important	effect	due	to	propagation	
in	matter	was	pointed	out	by	Mikheev,	Smirnov	and	Wolfenstein	(MSW).		
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Genesis	of	Neutrino	Oscillations		
1957-1958	 	First	proposal	by	Pontecorvo	
		
1962	 	 	Maki,	Nakagawa	and	Sakata	
		
1968-1969	 	Pontecorvo	and	Gribov	
	
Since	 1970	 	Pontecorvo	and	Bilenky	carefully	and	
systematically	 studied	 possible	 oscillation	
scenarios	and	suggested	their	experimental	tests		

1987		
Review	by		
Bilenky	and		

Petcov		
(500+)				

1978			
Review	by		
Bilenky	and		
Pontecorvo		

(500+)				
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Discovery	of	Neutrino	Oscillations		

(neutrino	 +	 Cl	→	 Ar	 +	 electron)	 –
proposed	 by	 B.Pontecorvo	 and	 used	
by	R.Davis	in	Homestake			
	
(neutrino	 +	 Ga	→	 Ge	 +	 electron)	 –
suggested	 by	 V.Kuzmin	 and	 applied	
in	 SAGE	 at	 Baksan	 and	 GALLEX/
GNO	at	Gran	Sasso			
	
also	 Water	 Cherenkov	 detectors	
Kamiokande	 and	 SK	 observed	 this	
effect		

Deficit	of	the	Solar	neutrino	flux	was	observed	using	radiochemical	methods:		

Oscillations	were	the	most	plausible	explanation	of	the	deficit	but	there	was	a		
suspicion	in	the	theoretical		uncertainties	of	the	Solar	neutrino	flux	prediction		
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for the discovery of 
neutrino oscillations, 
w h i c h s h o w s t h a t 
neutrinos  have  mass  
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PMNS	today		



How	to	measure	θ13	?			

� Appearance	probability	at	accelerators:		
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� Disappearance	probability	at	reactors:		

Clean	θ13	measurement,	best	at	a	distance	of		~	1.8	km		

Very	rich	-	apart	from	θ13	sensitive	to	θ23,	δCP	and	MO,	
but	this	introduce	degeneracy	of	these	parameters		

� Clear	strategy	for	complementary	measurements	at	
reactors	and	accelerators.		
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CHOOZ	Limit	on	θ13	

Sin22θ13	<0.10	at	90%	CL,	PLB	466	(1999)	415		
			

Limited	by	systematic	uncertainties	of	the	flux.			

Inverse	β–decay		



Absolute	Reactor	Flux:	
Largest	uncertainty	in		

previous	measurements	

Relative	Measurement:	
Multiple	detectors	remove	
	absolute	uncertainty	

First	proposed	by	L.	A.	Mikaelyan	and	V.V.Sinev	at	NANP-99,		
Phys.	Atomic	Nucl.	63	(2000)	1002,	hep-ex/9908047.		

Solu/on	for	the	flux	uncertainty	problem		



Discovery	of	a	non-zero	θ13		
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Ø >10	proposals	were	
suggested	to	measure	
θ13	at	reactors		

Ø later	on	joined	around	
three:		

Ø Double	CHOOZ			
(with	INR	participation)		
	
Ø Daya	Bay		

Ø RENO			



Daya	Bay	measurement	of	θ13		

11	

DB@Neutrino	2020		
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MO	measurement	in	oscillations	at	reactors	were	for	the	
first	time	noted	by	S.Bilenky	and	S.Petcov	in	early	2000’s		
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ИЯИ,	ОИЯИ,	МГУ	
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K2K	experiment		
�  Constructed	 in	 1996-1999	 with	 the	 goal	 of	 exploring	
Kamiokande	hint	for	atmospheric	neutrino	oscillations			
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�  The	K2K	collaboration	started	with	three	countries:	Japan,	
the	 USA	 and	 Korea,	 and	 later	 included	 Canada,	 France,	
Italy,	Poland,	Russia	(INR),	Spain,	and	Switzerland		



Challenges:	Neutrino	production		spectrum,		
cross	sections	and	detector	response		
	
Solution:	Elaborated	ND,	external	
measurements	(HARP),	Monte	Carlo	
development		
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K2K	experiment		

K2K	accelerator	neutrino	experiment	
confirms	neutrino	oscillations	observed	in	
atmospheric	neutrinos		

SuperK		
Far	Detector:	

50	kt	water	Cherenkov	
with	11000		20”	PMT			
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The	T2K	Experiment		

Total	of	 1.97x1021	protons	on	target	
(POT)	in	ν-mode	and	1.63x1021	in	�̅�-
mode	data	shows:		
	

•  Preference	for	Normal	Ordering		
•  Slight	preference	for	upper	

octant	of	θ23	
•  Best	fit	value	δCP	=	-1.97	(rad)		
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NuMI	and	NOvA		

14	mrad	off-axis	(Eν	~	2	GeV)		

Near	Detector	(0.3	kt)	at	FNAL			

Far	Detector	(14	kt)	810km	away		



The	NOvA	Experiment		
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T2K	and	NOvA	comparison		
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T2K	and	NOvA:	prospects	for	data	
taking	and	common	analysis			

23	



Future	projects:	DUNE	and	T2HK		
(2025	and	2027,	respec/vely)			
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Physics	reach	of	DUNE	and	T2HK	
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OPERA		
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Ø Constructed	the	detector		

Ø Collected	data	(2008	till	2012)		

Ø Scanned	emulsions			

Ø Analyzed	events	and	reported:		

u Discovery	 of	 	 νμè	 ντ	 oscillations	 in	 appearance	 mode	 at	 6.1	
sigma	confidence	level	(10	(2)	signal	(background)	events)		

u In	addition,	νe	appearance	and		νμ	disappearance	measurements	
allowed	 an	 interesting	 one-experiment	 combined	 analysis	 of	 3	
and	(3+1)	flavor	oscillations		

CNGS1	(OPERA)	Experiment		
37	Institutes	(including	INR,	JINR,	Lebedev	and	MSU	from	RU)			
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Addi/onal	(Sterile)	Neutrino		
from	oscilla/on	data	?		

«Reactor	Anomaly»		 «LSND	Anomaly»		 Ga	Calibration		
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ESSnuSB		

High	Precision	CP	violation	measurement	possible,		
but	on	the	timescale	of	2035+		



Summary				
� Изучение	 осцилляций	 нейтрино	 в	 реакторных	 и	
ускорительных	 экспериментах	 внесло	 существенный	
вклад	в	исследование	этого	явления		

� Инструмент	 осцилляций	 позволяет	 в	 ближайшее	
время	 получить	 такую	 важную	 информацию,	 как		
иерархия	масс	нейтрино	и	лептонное		СР-нарушение		

�  Ученые	 из	ИЯИ	 РАН	 вносят	 всесторонний	 творческий	
вклад	в	динамичное	развитие	этого	направления		

� Поздравляю	 коллег	 и	 весь	 коллектив	Института	 с	 50-
летием	и	желаю	дальнейших	творческих	успехов!		
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