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We	see	things	converge:		
δ	~	3π/2	is	the	best	case		

•  T2K	see	more	and	more	preference	of	δ	~	3π/2	(or		
-	π/2),	and	NOvA	agrees	

•  T2K	(everybody)	–	NOvA	discrepancy	about	θ23	
seems	resolved	(best	fit	near	maximal)	

•  T2K	II	(proposed,	run	un[l	2026)	they	could	see	CPV	
at	~3	σ	(expected	for	~15x1021	POT)	

•  δ	~	3π/2	is	the	best	case	for	NOvA	for	mass	
ordering:	(see	bi-P	plot)	

•  NOvA	could	see	mass	hierarchy	at	~3	σ	?		
•  Implica[on	to	the	next	genera[on	projects	?		
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See	slide	

See	slide	

14.7x1020	POT	(nu)	7.6x1020	POT	(an[nu)	! 20x1021	POT	(2026)	

See	slide	
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Colloquium	Aug	
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Agree	on	near	
maximal	θ23	
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Alexander	Radovic		
Wine&Cheese@	Fermilab	Jan	2018	

Improving	on	nuclear	
physics	models,	etc	



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

case for NOvA	
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δ	and	sign	Δm2
31	couple	because	

(Δm2
31	! - Δm2

31	,	δ !π-δ)	
symmetry	in	vacuum	(JHEP	2001)		

Sign	of	Δm2
31	dis[nguishes	

normal	vs	inverted	mass	ordering	

P-\bar{P}	bi-probability	diagram,	proposed	by	HM-H.Nunokawa,	JHEP	2001	



NOvA	starts	to	see	preference	of	NH		
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Alexander	Radovic		
Wine&Cheese@	Fermilab	Jan	2018	



Assuming	all	these	go	through	well,	the	
key	ques[on	is	“What	is	lek?”		

and		
“what	is	most	important	among	them?”	

			My	answer	is:	

•  Paradigm	Test	!	
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Unitarity 
test: 

2 ways 



#1:	Unitarity	triangle	

•  Determine	|Ue1|,	|Ue2|,	|Ue3|,		separately																			
JUNO	(+Daya	Bay	etc)	

•  Determine	|Uµ1|,	|Uµ2|,	|Uµ3|,	separately																	
“νµ-JUNO”	

•  For	JPARC	beam,	L=300x30=9000	km,	prety	
hard….	

•  6x1020	νe-bar/s	(1GWe)																6x1020	pion/
kaon	decay	/	s	(stopped	π/K)		
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Model-independent	!	

See	slide	
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20	kt	Liquid	Scin[llator	Detector,	
receive	nu’s	from	(6+4)	reactor	
cores	at	53	km,		~	the	solar	
oscilla[on	maximum		

Capozzi	et	al	
PRD2014	



Separate	determina[on	|Ue1|2	
and|Ue2|2	:	JUNO	5	years	
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1	–	(|Ue1|2	+|Ue2|2	+|Ue3|2	)	can	be	
constrained	to	~1%	level	by	JUNO	!	

Chee	Sheng	Fong,	HM,	Hiroshi	Nunokawa,	JHEP	2017	

3%	flux	error	
assumed	



How	can	|Ue1|	and|Ue2|	be	
determined	separately?	
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#2:	Models	with	unitarity	viola[on		

•  Prepare	model	of	unitarity	viola[on	
•  Constrain	these	models	by	confron[ng	them	
with	experiments	

•  Unitarity	test	is	a	passive	way	
•  Ques[on:	how	one	can	execute	a	complete	
job?	!	I	don’t	know	the	answer	
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Natural	star[ng	point	

•  Consider	seesaw	model	of	neutrino	mass	
•  M=	|		0		m	|	

•  							|	m		M	|	

•  θ ~	m/M	~	10-14	if	m=100	GeV	and	M=1016	
GeV	

•  unitarity	viola[on	effect	in	the	light	sector	at	
the	order	of	~(m/M)2	

•  Too	small	to	observe	(high-scale	seesaw)	

•  But	suppose	M~TeV	etc…	
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Unitarity	viola[on	as	
a	natural	concept	
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High vs 
low scale 
unitarity	



High-	vs	low-energy	scale	unitarity	
viola[on	

•  Let	us	define	“high	scale”	and	“low	scale”	unitarity	
viola[on	as		

•  “low	scale”:	heavy	leptons/neutrinos	do		
communicate	with	light	ν	system,	i.e.,	par[cipate	
to	nu	oscilla[on		

•  “high	scale”:	heavy	leptons/neutrinos	do	not	
communicate	with	light	ν	system	

•  Note:	high	scale	UV!pioneering	work	by	Antusch,	
Biggio,	Fernandez-Mar[nez,	Gavela,	and	Lopez-
Pavon,	JHEP2006	
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My	concern	today	

Since	then,	Enrique	has	
been	in	the	deep	mine..	



New	Physics	at	low	energies:	
rela[vely	new	op[on	

•  Various	scenarios	are	proposed	which	involve	
“new	physics”	at	low	energies	

•  Mo[vated	by	LSND-MiniBoone,	DAMA,	etc.		

•  Orthodoxy	seems	challenged,	e.g.,	WIMP	dark	
mater,	low-E	SUSY,	day	one	NP,	..	
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Plus	many	
more	!!	



High-	vs	low-energy	unitarity	viola[on	

•  lepton	flavor	universality:	
NO		

•  zero	distance	neutrino	
flavor	transi[on:	YES	

•  Kinema[cal	effect	of	
sterile	nu	emission:	YES	
(if	kinema[cally	allowed)	

•  lepton	flavor	
universality:	YES	

•  zero	distance	neutrino	
flavor	transi[on:	NO	

•  Kinema[cal	effect	of	
sterile	nu	emission:	YES	
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High-energy	UV	Low-energy	UV	



High-energy	unitarity	viola[on	

•  When	high	mass	sector	integrated	out	we	have	
effec[ve	Lagrangian	of	light	neutrinos	and	
leptons	but	with	unitarity	viola[on	
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Antusch	et	al	JHEP	2006	

Flavor	nu	states	
NOT	orthogonal	
with	each	other			

Aiming	at	model-independent	formula[on	!!	



Flavor	non-universality	

•  µ	! νi:	Nµi
*
	

•  νi! νµ:	Nµi
	/	√	(NN+)µµ because		

•  <νi	|	νµ>	=	Nµi
	/	√	(NN+)µµ 	

•  Then,												=	Σi	Nµi	Nµi
*/	√	(NN+)µµ = √	(NN+)µµ 

•  										Gµ	=	GF	√	(NN+)µµ √	(NN+)ee 	
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Escrihuela	etal	PRD2015	



Most	probably	in	high	scale	unitarity	
viola[on,	…		

•  In	high	scale	UV,	we	assume	NP	at	high	scale,	
MNP	>	EW	scale	

•  Then,	most	probably,	SU(2)	x	U(1)	holds	at	the	
scale	

•  Unitarity	viola[on	is	constrained	primarily	by	
charged	lepton	sector		

•  Nothing	wrong	with	this!,	but	less	room	for	
the	next	nu	project	playing	a	crucial	role,	….	
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Beter	probe!,	easier	to	
explore	experimentally	!	
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(3+N) model 
for Low-E 
unitarity 
violation	

Other	models	of	Low-E	UV?	



3	ac[ve	+N	sterile	unitary	model	in	
vacuum	
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NxN	

3x3	



3+N	model	for	low-E	UV	and	modest	
requests	on	it	

•  By	3+N	model	I	mean	(3+N)	space	is	unitary,	
but	not	in	3	ac[ve	nu	space	

•  Requirement:	The	predic[on	of	the	3+N	
model	must	be	independent	of	details	of	N	
sterile	sector	

•  Aker	fulfilling	this	criterion	we	will	show	what	
is	the	difference	between	High-E	vs	Low-E	UV		
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Unique?	Probably	not.	General	Low-E	UV	
model	hard	to	construct.	My	strategy	is	…	



Probability	in	vacuum	

•  Ac[ve-ac[ve,	ac[ve-sterile,	sterile-sterile	oscilla[ons	
•  If	Δm2

as	(Δm2
ss)	>	0.1	eV2,	“fast	oscilla[on”	due	to	

ac[ve-sterile	and	sterile-sterile	Δm2	are	averaged	out		
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What	is	this?	



Fast	oscilla[on	averaged	out	by	decoherence	
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LBL	reactor	(JUNO)	 accelerator	



P	looks	almost	standard	one,	but	there	
is	a	new	term		
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Appearance	

Disappearance	

Probability	leakage	!	

U	=	non-unitary	“MNS”	

Order	~	W4,	small!!	



P-leaking	term:		
It	must	be	obvious	to	exist,	right?	

•  There	is	a	N	sterile	sector	which	can	
communicate	with	ac[ve	nu	sector	

•  So	the	probability	leaks	to	sterile	sector	
•  Yet,	not	emphasized	before…		

•  ~	W4,	Too	small?	
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Term	kept	by	S.	Parke	and	M.	Ross	Lonergan,	
PRD	2017	is	also	4th	order	in	W	



Summary:	There	exists	sterile-sector	model	
independent	P	formula	if	Δm2

as	>	0.1	eV2	

•  A	constant	leaking	term	Cαβ	(=	dis[nguishes	
between	low-E	vs	high-E	unitarity	viola[on	!!)	

•  Unitary	MNS	!	non-unitarty	“U”	
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Disappearance	

UV	effect	is	in:	(1)	explicit	W	correc[on	term,	(2)	non-unitary	U	matrix		



Can one detect Cee?  
(=P leaking term): JUNO!	
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20	kt	Liquid	Scin[llator	Detector,	
receive	nu’s	from	(6+4)	reactor	
cores	at	53	km,		~	the	solar	
oscilla[on	maximum		

Capozzi	et	al	
PRD2014	



Sensi[vity	to	Cee	and	1-Σ|Uei|2	from	JUNO		
5	years	
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Cee	~	10-4	(1	σ)		
1-Σ|Uei|2	~	0.01	

3%	flux	uncertainty	assumed	



Feb 12, 2018 Seminar@IFT Madrid

Invitation 
to non-
unitary 
world.. 



Parke-Ross-Lonergan	PRD2016	
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Without	P	leaking	term!	



Constraints	on	unitarity	viola[on	
(Parke-Ross-Lonergan)	
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Sterile 
model-

independent 
P: Prevail to 
“in matter” ? 



Small-UV	perturba[on	theory		
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Chee	Sheng	Fong,	HM,	Hiroshi	
Nunokawa,	arXiv:1712.02798	



Small-UV	perturba[on	theory:	change	
to	vacuum	mass	basis	
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Do	perturba[on	
theory	in	hat	basis	

X=unitary	matrix,	
diagonalize	H0(3x3)	



Do	W	perturba[on	to	4th	order		
to	keep	P	leaking	term	

•  Did	we	find	~W4	P	leaking	term?																Yes!	
•  How	about	what	is	the	role	of	the	rest?	
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P	leaking	term	
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Typical	W4	term	



Do	W	perturba[on	to	4th	order		
to	keep	P	leaking	term	

•  Did	we	find	~W4	P	leaking	term?																Yes!	
•  How	about	what	is	the	role	of	the	rest?		
•  To	answer	the	ques[on	let	us	first	examine	W2	
terms	
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Aker	averaging	out	fast	oscilla[ons..		
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Zeroth	order	in	W	



Do	it:	W	perturba[on	to	4th	order		
to	keep	P	leaking	term	

•  Did	we	find	~W4	P	leaking	term?																Yes!	
•  How	about	what	is	the	role	of	the	rest?		
•  To	answer	the	ques[on	let	us	first	examine	W2	
terms	

•  If	we	impose	Δm2
jK	>	0.1	eV2,	then	all	the	~W2	

correc[on	terms	are	small															negligible	
•  Then,	all	the	~W4	terms	can	be	ignored	except	
for	P	leaking	term	
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Always	comes	with	mater	poten[al	



A	simple	formula	for	oscilla[on	
probability	in	mater	w/o	unitarity	

•  Apart	from	P	leaking	term,	leading	(zeroth)	order	terms	only	!		

•  For	constant	mater	density,	one	can	write	down	an	exact	
expression	for	Pβα					

•  UV	effect	is	in:	(1)	explicit	W	correc[on	term,	(2)	non-unitary	
U	matrix		
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Where is 
the region 

of large UV? 
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ΔP	large	at	solar-	and	atm-	
MSW	enhanced	regions		

•  Leading	order	
terms	=	Zeroth	
order	in	W			
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Large ~W2 
corrections? 	



•  Order	W2	correc[on	
terms			

•  										small	in	most	
of	the	regions	of	L-E,	
but	sizeable	in	
limited	places	

•  High	energy,	long	
baseline	! IceCube,	
PINGU,	Hyper-K		
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How to 
proceed? 	



How	to	proceed?		
•  Find	hint	for	non-unitarity																				can		be	done	with	
leading	order	P,	e.g.,	(implicit)	order	W2	correc[on	in	
disappearance	channels	

•  This	step	is	being	done	by	many	people:	common	to	high-E	
and	low-E	UV		
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Plus	many	
more	!!	



How	to	proceed?	2	
•  Then,	if	we	see	UV,	the	next	step	would	be:	
•  Detect	P	leaking	term	Cαβ		
•  Detect	explicit	W2	correc[ons	
•  										To	dis[nguish	low-E	UV	from	high-E	UV	

•  So	far,	we	only	did	“JUNO”	with	known	flux	
•  Detec[ng	Cαβ	(in	accelerator)	requires	near	
detector	measurement	

•  T2K/T2HK	!	ND	at	300m	!	OM	for	Δm2=3	eV2	

!	ND	before	averaged	out,	if	we	limit	to	Δm2	

<~0.3	eV2		
•  	W2	terms	!	IceCube,	Hyper-K	atmospheric	nu?	
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Conclusion (1st part) 	
•  Mixing	parameter	measurement	in	progress	!	
looks	converging	

•  Accumula[ng	hints	for	lepton	CP	viola[on											
δ	~	3π/2																δ	could	me	measured	much	
earlier	than	we	thought?	

•  δ	~	3π/2	implies	NOvA	could	determine	Nu	mass	
ordering	

•  ~3	σ	evidence	for	both	CP	and	mass	ordering	
before	Hyper-K	and	DUNE?		
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Conclusion (non-unitarity) 	
•  General	structure	of	nu	oscilla[on	in	ac[ve	nu	
sector	of	(3+N)	unitary	system	is	analyzed	in	vacuum	
and	in	mater	in	the	context	of	low-E	unitarity	
viola[on	

•  A	new	term,	the	“probability	leaking	term”	found	
(leaking	to	sterile	sector)		

•  												Dis[nguishes	between	Low-E	vs	High-E	
unitarity	viola[on	

•  Condi[ons	for	sterile	sector	model-independent	P	in	
vacuum	and	in	mater	are	elucidated																							
mJ

2	>	0.1	eV2			
•  Likely	to	be	insensi[ve	to	sterile	interac[ons	

Feb	12,	2018	 Seminar@IFT	Madrid	



Conclusion (non-unitarity2) 	
•  JUNO	analysis	shows	one	can	constrain	UV	in	νe	
row	at	a	high	level		

•  												Cee	~	10-4,	1-Σ|Uei|2	~	0.01	(both	1	σ)	

•  Non-unitarity	effect	in	the	leading	order	(W0)		
seems	sizeable	in	solar-	and	atm	MSW	regions	
(Probability	level)		

•  generally	requires	L	~	3000-104	km	

•  W2	correc[on	sizeable	in	limited	L-E	regions		

•  								dis[nguishes	between	low-E	from	high-E	UV	

•  										L	~	3000-104	km	
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Thank you 
Belen (and 
IFT) for 

bringing me to 
Madrid	
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