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3 flavor 
neutrino 
mixing 

established



Long	discovery	phase	finally	ended
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All the angles are measured ! 
lepton CP phase d left (1998-2012)

na=Uai ni

solar+KamLANDSK-atm+MINOS+T2K T2K-MINOS-DC-DB-RENO
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One	can	measure	q12 and	q13	by	
reactor	neutrino	oscillation

ne–bar survival 
probability
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q23	atmospheric	oscillation	decoupled	
from	q12 and	q13 oscillation

nµ survival	
probability

+	order	ε

Solar	oscillation	~	decoupled	
because	Dm2_solar	<<	Dm2_atm	
and	q13 small



Atmospheric	neutrinos:	Focus	
in	on	µ-like	events

• High-energy	sample	
shows	an	interesting	
feature:

• =>	no	deficit	in	down-
going	µ-like	events,	
whereas large	deficit	in	
up-going	events

• =>	neutrino	oscillation	
with	characteristic	
length	of	~1000	km
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Diamond	in	a	garbage	can	!!



All	three	angles	are	measured:	
Random	angles?

• q23 ~	45	degree	
• q12 ~	33	degree
• q13 ~	8	degree
• What	do	they	mean?
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Quark	mixing:	
angles	are	tiny	except	
for	qCabibbo =	13	deg.	



Small	nmasses

• More	generically,	one	can	write	down	the	higher	
dimensional	operator	(1/MNP)	ffnn

• Large	mass	scale	MNP involved	à nmass	is	telling	
us	about	world	with	huge	energy	scale	~1015 GeV
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Pedro	described	seesaw	models
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We	don’t	know	nmass pattern	&	
absolute	mass	scale

Normal Inverted

ß Cosmology	would	
help	à Planck	2015	



August 16, 2017 Nu University@Fermilab

CP 
violation?(
new data 

from T2K)



T2K	(Tokai-to-
Kamioka)
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Super-K	as	far	detector
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Mark	Hartz, KEK	Colloquium:	August	4,	2017	

nu

anti-nu
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Mark	Hartz, KEK	
Colloquium	
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If so it’s a 
great 

news for 
NOvA!



d=3p/2 (or –p/2) implies that we are at 
the tip of the ellipse           the best 

case for NOvA
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d and	sign	of	Dm13 couple	because	
(Dm13 àDm13 ,	dàp-d)	symmetry	
in	vacuum	

Sign	of	Dm13 distinguishes	normal	
vs inverted	mass	ordering

P-\bar{P}	bi-probability	diagram,	proposed	by	HM-H.Nunokawa,	JHEP	2001
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q23: Maximal 
or not ? 

(NOvA vs. 
T2K)



NOvA:	Fermilabà Ash	River
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avalanche	photodiode	(APD)	

6,000	tons	of	rigid	polyvinyl	chloride	(PVC)	extrusions,	
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Maximal	mixing	excluded	at	2.6	s
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Nuclear	effects	discussed	
also	in	the	context	of	
Minerva	results	



Minerva:	RPA	
&	2p2h	

improves	fit	
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Rik Gran	@	Nuint 2017
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Next 
generation 

experiments



Hyper-Kamiokande
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D:74m

HK	included	in	the	MEXT	Roadmap	!!



Sensitivity	to	CP	phase
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If	CP	is	known	to	3	s,	HK	(or	next	
generation	machines)	may	have	to	
have	capability	to	measure	
something	else
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Tokai-to-
Kamioka-

Korea 
(T2KK), or  

T2HKK



T2KK	(or	T2HKK)

August	16,	2017 Nu	University@Fermilab

Bi-probability	plot:	HM-
H.Nunokawa,	JHEP	2001

E dependence far more dynamic 
at 2nd oscillation maximum

Ishitsuka-Kajita-HM-Nunokawa, PRD 2005



T2HKK:	Mass	
ordering	and	CP	
sensitivities
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T2HKK	White	paper	
arXiv 1611.06118	
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DUNE:	CP	
sensitivity
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Narrow	off-axis	vs.	wide-band	beams

• Complementarity or	
synergy?

• Detector	technology	
very	different	

• Sensitivity	to	new	
physics,	NSI	etc	?
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Hyper-K

DUNE
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JUNO: 
exploring 

12 sector & 
mass 

ordering
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20	kt Liquid	
Scintillator Detector	

Capozzi et	al	
PRD2014



August	16,	2017 Nu	University@Fermilab

My	slide	in	Neutrino	2012@Kyoto
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Anomaly? 
Sterile n?



Reactor	anomaly?

• Calculated	nu	flux	~3%	
higher	than	measured

• Sterile	nu?
• But	the	discrepancy	is	
in	235U,	not	in	239Pu	
(Daya Bay)
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Reactor	neutrino	anomaly?



LSND-MiniBooNE anomaly
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Diwan@WIN2017



New	experiments	ongoing/planned	1
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NEOS	(Korea)

DANSS	(Russia)



New	experiments	ongoing/planned	2
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PROSPECT@Oak Ridge
SOX=144Ce	source	
@Borexino
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We want 
to hear 
the last 
words
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Fermilab SBL	program:	5s coverage!
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arXiv:	1503.01520	
ICARUS	T600	

MicroBooNE

LiqAr ND	



If	they	see	sterile	…

• If	they	see	sterile,	what	that	means?										
Curious	guy	without	SM	interactions	exists

• For	what	reason?	
• If	they	exist	do	they	affect	cosmology?	
• If	too	much	and	fully	thermalized,	conflict	
with	data…
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Majorana
vs. Dirac 
neutrinos
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Observable:	0n DBD	half	life
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Currently,	Xe
constraint	
seems	the	
strongest
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Many	double	beta	decay	experiments	
are	either	ongoing	or	coming

May	18,	2015 Seminar@IFT-UAM



If	0n DBD	is	discovered	..

• If	0n DBD	is	discovered	what	that	means?
• Neutrinos	are	Majorana particle
• Lepton	number	is	violated	by	2	units
• (1/MNP)	ffnn (=Majorana mass)	favored	but	
not	proven		
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What is 
next? 



What	is	next?	

• Suppose	in	some	day	we	come	to	know	lepton	
CP	phase	and	the	neutrino	mass	ordering

• Then,	the	question	is	“what	is	next?”,	or	could	
be	“what	is	the	last?”

• High	precision	measurement?
• Paradigm	Test	!																Prove	that	3	nu	
mixing	is	our	world	

• But,	how?
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JUNO!



Unitarity test
• If	one	could	prove	that	flavor	mixing	matrix	U	
is	unitary	it	indicates	that	3	nu	system	spans	
complete	set

• Unitarity triangle?	

• Apparently,	in	neutrino	case,	hard	to	measure	
each	side	of	the	triangle

• Model	of	unitarity violation	+	experimental	
tests
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High-energy	vs.	Low-energy	unitarity
violation	

• Feature	of	unitarity violation	different	for	
• High-energy	(E	>>	MW)	unitarity violation	vs.	
• Low-energy	(E	<<	MW)		unitarity violation	
• For	Low-E	case	probability	leakage	to	“sterile”	
sector															small	but	observable	effect	

• Other	differences	are	more	subtle,	like	zero	
distance	transition	in	High-E	case
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C-S.	Fong,	HM,	H.	Nunokawa,	JHEP	2017



Conclusion 
• Breakthrough	at	around	1994-2002	led	to	
discovery	of	nu	mass		

• Current	status	of	our	understanding	of	neutrino	
oscillation/mixing	briefly	reviewed

• Accumulating	hints	for	lepton	CP	violation											
d ~	3p/2	??															d could	me	measured	earlier	
than	we	thought??	

• Current	weak	hints	for	Nu	mass	ordering	not	
conclusive,	but	d ~	3p/2	great	news	for	NOvA
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Conclusion 
• LSND-MiniBooNE anomaly	+	reactor	neutrino	
anomaly														hints	for	sterile	neutrinos?	

• Less	likely	for	the	reactor	anomaly	
• The	former	anomaly	needs	to	be	settled										
either	confirmation	at	high,	s or	rejection

• 0n double	beta	decay	discussed	as	a	mean	to	
determine	Majorana vs Dirac	neutrinos

• How	to	close	the	neutrino	story?														3	n
paradigm	test	

August	16,	2017 Nu	University@Fermilab



August 16, 2017 Nu University@Fermilab

Backup 
slides
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Reactor produces	neutrinos
Reactor n is free!



May 6 - June 6, 2014 USP mini-course


