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My	talk	is	meant	to	
be	a	pedagogical	talk,	
not	for	the	experts…	
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Solar-scale	oscilla/on	is	
large	on	our	planet	
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Let’s	u/lize	it	!	



How	to	u/lize	terrestrial	solar-scale	
oscilla/on	?	

•  E=100	–	500	MeV,	L=1000	–	5000	km,	solar	
scale	oscilla/on	is	large	

•  Possibility	to	use	it	for	precision	measurement	
of	parameters?	

•  Low	energy	atmospheric	neutrinos	

•  Accelerator	LBL	neutrinos	(JPARC	beam	to	
HKK)?																	See	next	slide	

•  What	is	the	characteris/cs	of	such	low	energy	
Nu?	

Mar	20,	2019	 Atmospheric-Nu@Nagoya-U	 4	



T2HKK: 
Hyper-K 
in Korea	
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T2hkk	white	paper@PTEP	



Mar 20, 2019 Atmospheric-Nu@Nagoya-U

Physics 
of low 
energy 

neutrinos	

6	



CP	viola/on	is	>	10	/mes	larger	in	solar	
scale	oscilla/on	

•  In	usual	LBL	at	atm.	oscilla/on	maximum,	
Δ21L/2	=	Δm2

21L/4E=	~	Δm2
21/Δm2

31=1/30		

•  											CPV	is	doubly	suppressed,	but	not	in	
solar	maximum	
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Ivan	Mar/nez-Soler,	
HM,	to	appear	



L=1000	–	2000	km	tunnel	in	the	earth?	

•  Looks	expensive…	
•  Lets	formulate	simple	approxima/on	by	which	
we	can	calculate	everything	very	easily	

•  Key	parameters:		
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Effec/ve	expansion	parameter	
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Solar	resonance	perturba/on	theory:	1	p	summary		

Mar	20,	2019	 Atmospheric-Nu@Nagoya-U	 10	

“hat”	basis	

Flavor	basis	S	matrix	

Only	one	
nontrivial	
feature!!	



P(νµ	! νe):	zeroth	order	
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P(νµ	! νe):	zeroth	order—averaged	
over	atmospheric	oscilla/ons	
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CP	viola/on	at	solar	resonance		
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LBL	in	vacuum	
12	/mes	larger	



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	
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How	accurate	
is	the	formula?	
(leading	order)		
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Works	even	for	T2K	!!	
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Atmospheric neutrinos at low 
energies	

•  low-energy	atmospheric	neutrinos	
•  												very	interes/ng	op/on	for	parameter	
measurement	

•  Because	of	many	large	detectors	in	construc/on	
or	planned					

•  								Hyper-K,	DUNE,	JUNO,	IceCube-Gen2/PINGU	
and	KM3NeT-ORCA	…	

•  Main	oscilla/on	term	in	Pµe	~	c232		(unlike	
conven/onal	LBL	~	s232	)	

•  											good	for	θ23	degeneracy	
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Extensive	works	done,	see	below,	but	
not	became	a	majority?…		
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May	be	more…	



To	do	physics	with	low-energy	
atmospheric	neutrinos	

•  Okumura-san	says:	the	limi/ng	factor	is	
“systema/c	errors	too	large”	(>~	20%)	

•  What	are	the	systema/c	errors?	

•  Neutrino	flux	and	cross	sec/ons	(very	bread	&	
buser…)	

•  Honda-san	says:	to	improve	flux	predic/on,	
measure	atmospheric	muon	flux	at	500	MeV	–	
1.5	GeV	

•  How?	HAWK?,	ALPACA?,	GRAPES-3?	
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100	MeV	atmospheric	neutrinos?	

•  JUNO:	atmospheric	neutrino	detec/on	in	
liquid	scin/lla/or	??	

•  														e-µ	separa/on?,	Direc/onality?,	
Energy	resolu/on?	

•  DUNE:	atmospheric	neutrino	detec/on	in	
liquid	Ar?	

•  How	Gd	helps	
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Conclusion 	
•  low-energy	atmospheric	neutrinos	
•  									very	interes/ng	target	experimentally	(even	
for	theorists)	

•  Physics	is	very	simple:	CP	phase	dependent	
terms	~>	10	/mes	larger	than	conven/onal	LBL	

•  Main	oscilla/on	term	in	Pµe	~	c232	(~	s232		in	
conven/onal	LBL)	

•  Experimentally	challenging:	

•  										Control	systema/c	error:	flux	and	σ

•  										new	detec/on	scheme:	JUNO,	DUNE,	SKGd	
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P(νµ	! νe):	first	order	
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