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Wide	kinemaDcal	region	with	different	characterisDc		è		Different	experDse	need	integrated	
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Neutrino-nucleus	sca;ering	for	ν-oscilla)on	experiments	

Atmospheric	ν	

Current	status	reviewed	in		Reports	on	Progress	in	Physics		80	(2017)		056301	

“Towards	a	Unified	Model	of	Neutrino-Nucleus	Reac)ons	for	Neutrino	Oscilla)on	Experiments”	
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TheoreDcal	descripDon	of	elementary	process		
in	resonance	region	
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Δ(1232)-excitaDon	is	parDcularly	important	in	ν-induced	1π	producDons		

, Δ

•  Accurate	determinaDon	of	Ν-Δ(1232) transiDon	strength	is	of	vital	importance		

Vector	current		:			photon-	and	electron-nucleon		1π	producDon	data	

Axial	current					:			neutrino-nucleon	1π	producDon	data	

•  Experimental	inputs	are	needed	to	determine	Ν-Δ(1232) transiDon	strength			
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Neutrino	interacDon	data	in	Δ(1232)	region	
νµ p è  µ-π+ p 	

•  Data	to	fix	gΑΝΔ	

•  Discrepancy	between	BNL	&	ANL	data	

							à		theoreDcal	uncertainty	in	neutrino-nucleus	

													cross	secDons	

Wilkinson	et	al.	PRD	90	(2014)	

Reanalysis	of	original	data	

					à	discrepancy	resolved	(probably)	

σ (CC1π;data)
σ (CC0π;data)

×σ (CCQE;model)

Flux	uncertainty	is	cancelled	out		

Nuclear	effects	macer	?	νµ p è  µ-π+ p data	were	extracted	from	νµ d è  µ-π+ p n data	
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Mechanisms	(including	nuclear	effects)	for		νµ d è  µ-π N N	

+		higher-order	
					terms	

Nuclear	effect	managements	

Exp.							Quasi-free	(	≈	impulse)	events	were	(supposedly)	selected	in	ANL	and	BNL	analyses	

Theory		Fermi	moDon	considered	in	fixing		gΑΝΔ					Hernandez	et	al.	(2010),		Alam	et	al.	(2016)	

Q	:		Final	state	interacDons	(FSI)	effects	can	be	removed	with	simple	kinemaDcal	cuts	?	

FSI	effects	on	νµ d è  µ-π N N		have	been	explored	with	a	dynamical	model			Wu	et	al.	(2015)	



FSI	effects	on			νµ d è  µ-π + p n	 Wu,	Lee,	Sato,		PRC91,	035203	(2015)	

Eν = 1 GeV,

Eµ = 550, 600, 650 MeV,  θµ = 25°,  φπ= 0°

Impulse	approx.	
NN	FSI	
NN	+	πN	FSI	

Significant	reducDon	due	to	NN	FSI	
é	

Orthogonality	of	pn	and	d	wave	funcDons	

LimitaDon	of	Wu	et	al.’s	work		:		Tiny	fracDon	of	the	whole	phase-space	was	covered	

σ = d∫ pN1dpN2dpµdpπδ
(4)(Pi −Pf ) |M |2 (7	dim.	non-trivial	numerical	integral)	

ComputaDonally	challenging	problem	 will	be	managed	in	this	work	



This	work	
•  Total	(	σ )	and	single	differenDal	(	dσ/dX )	cross	secDons	for		
					νµ d è  µ-π + p n , µ-π 0 pp  	with	FSI		are	calculated	

								---		ν d  reacDon	model	based	on	dynamical	coupled-channels	model	for	

														νµ N è  µ-π  N  elementary	amplitudes		

								---		7-dim.	numerical	integral	is	managed	with	Monte-Carlo	method	

	
•  FSI	effects	on	σ 	and		dσ/dX  are	examined		

•  How	FSI	could	distort	νµ p è  µ-π + p  and  νµ n è  µ-π + n , µ-π 0 p   	
					cross	secDons	extracted	from	νµ d è  µ-π + p n , µ-π 0 pp  cross	secDons	?	



Dynamical	Coupled-Channels	model	

for	electroweak	meson	producDons	

on	single	nucleon	

Kamano,	SXN,	Lee,	Sato,	PRC	88,	035209	(2013)	
SXN,	Kamano,	Lee,	Sato,	PRD	92,	074024	(2015)	



Meson	producDons	on	single	nucleon	in	resonance	region	

Δ

2nd	 3rd	

�  Several	resonances	form	characterisDc	peaks	
�  2π producDon	is	comparable	to	1π
�		η, Κ		producDons		(mulD-channel	couplings	are	important	physics) 	

(MeV)	

γΝ è  X 



νΝ-reacDon	model	in	resonance	region	

�  Channel-couplings	required	by	unitarity	
�  Important	2	π producDon		

�  RelaDve	phases	among	different		ANN*		under	control

TheoreDcally	sound	model	should	also	account	for:	

	
★  	Develop	DCC	model	for γ(*)Ν, πΝ è πΝ, ππΝ, ηΝ, ΚΛ, ΚΣ

★   Extension	to		νΝ  è l-X    ( X= πΝ, ππΝ, ηΝ, ΚΛ, ΚΣ )     	

Dynamical	Coupled-Channels	(DCC)	model	accounts	for	these	features	through:	

(Most νΝ-reacDon	models	do	not)	

Main	mechanisms			(considered	in	most	previous	models	)	

N*
iΣ

i
+ + +  ...



By	solving	the	LS	equaDon,	coupled-channel	unitarity	is	fully	taken	into	account	

,  

Kamano	et	al.,	PRC	88,	035209		(2013)	

				

Coupled-channel	Lippmann-Schwinger	equaDon	for	meson-baryon	scacering	



,  

Kamano	et	al.,	PRC	88,	035209		(2013)	

				

Coupled-channel	Lippmann-Schwinger	equaDon	for	meson-baryon	scacering	

			
		



By	solving	the	LS	equaDon,	coupled-channel	unitarity	is	fully	taken	into	account	

,  

Kamano	et	al.,	PRC	88,	035209		(2013)	

				

Coupled-channel	Lippmann-Schwinger	equaDon	for	meson-baryon	scacering	

							
	

T
V V V

In	addiDon,		γΝ, W±N, ZN  channels	are	included	perturbaDvely

T



Par)al	wave	amplitudes	of	π	N	sca;ering	

Kamano, Nakamura, Lee, Sato, 
PRC	88	(2013)			

Previous model  
(fitted to πN à πN data only) 
[PRC76 065201 (2007)] 

Real part	

Imaginary part	Data:	SAID	πΝ		amplitude	

	Constraint	on	axial	current	through	PCAC			



Kamano,		Nakamura,	Lee,	Sato,	2012	

Vector	current	(Q2=0)	for	1π 

ProducDon	is	well-tested	by	data	

Kamano,		Nakamura,	Lee,	Sato,	PRC	88	(2013)	

γp	à	π0p	 dσ/dΩ	for	W	<	2.1	GeV	 Comparison	of	DCC	model	with	data	



Rela)on	between	neutrino	and	electron	(photon)	interac)ons	

Lcc = GFVud
2
[Jλ

cccc
λ

+ h.c. ]

Charged-current	(CC)	interacDon		(e.g.		νµ + n  à  µ- + p )		

Jλ
cc =Vλ − Aλ cc

λ =ψµγ
λ (1−γ5 )ψν

ElectromagneDc	interacDon		(e.g.		γ (*)  + p  à  p )		

Lem = e Jλ
emAem

λ

Jλ
em =Vλ +V

IS
λ

V and	VIS	can	be	separated		by	analyzing		
(virtual)	photon	data	on	proton	and	neutron	

Axial	current	 < !X | q ⋅A | X > ~ i fπ < !X |T |πX > PCAC	relaDon	

Interference	among	resonances	and	background	can	be	uniquely	fixed	within	DCC	model	

N* N*
πA

PCAC
(Q2-dependence	is	assumed)	
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DCC	predicDons	for	νµ N è  µ- X 	cross	secDons		

•  πΝ  & ππΝ		are	main	channels	in	few-GeV	region	

•  DCC	model	gives	predicDons	for	all	final	states	

•  ηΝ, ΚY cross	secDons	are	10-1	–	10-2		smaller		
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DCC	predicDons	for	νµ N è  µ- X 	cross	secDons		
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•  πΝ  & ππΝ		are	main	channels	in	few-GeV	region	

•  DCC	model	gives	predicDons	for	all	final	states	

•  ηΝ, ΚY cross	secDons	are	10-1	–	10-2		smaller		
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Comparison	of	DCC	model	with	single	pion	data	

ANL	Data	:	PRD	19,	2521	(1979)	
BNL	Data	:	PRD	34,	2554	(1986)	

DCC	model	predicDon	is	consistent	with	BNL	data		(before	flux	correcDon)		

DCC	model	has	flexibility	to	fit	ANL	data		(ANN*(Q2))	

νµ n è  µ- π0 p 	νµ p è  µ-π+ p 	 νµ n è  µ- π + n 	
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We	will	fit	data	aqer	the	issue	of	nuclear	effects	is	clarified	



νµ d è  µ-π + p n, µ-π 0 p p 	model		

based	on		

dynamical	coupled-channels	model	



d TNNd

W + 
π

N

N

Impulse	 ΝΝ		rescacering	 πΝ	rescacering	

d π

Model	for		νµ d è  µ-π N N	

W±N à π N,   π N à π N  amplitude			ç   DCC	model			(SXN	et	al.,	PRD92	(2015))	

ΤΝΝ	,		deuteron	w.f.																																	ç  CD-Bonn	potenDal			(Machleidt	et	al.,	PRC	63		(2001)	)		

MulDple	scacering	theory	truncated	at	the	first-order	rescacering	

3-dim.	loop	integral	with	off-shell	amplitudes	are	numerically	evaluated	

Elementary	amplitudes	

The	model	has	been	validated	in	photo-induced	pion	producDons	



Results	
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Eγ = 310 MeV

•  Model	predicDon	is	reasonably	consistent	with	data	

•  Large	ΝΝ		(small	πΝ)	rescacering	effect	for	π0 producDon	

						orthogonality	between	deuteron	and		pn		scacering	wave	funcDons		
•  Small	rescacering	effect	for		π- producDon	

Data:	EPJA		6,	309	(1999)	
											EPJA	10,	365	(2001)	

Data:	NPB	65,	158	(1973)	

γ d à π N N		 Purpose	:	test	the	soundness	of	the	model	
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Caveat:	calculaDons	have	been		
done	only	at	several	Eν		for	
a	large	computaDonal	cost;	
lines	are	just	for	guiding	your	eyes		

•  (Mostly	NN)	FSI	reduces		σ  by	9%,	4%,	5%		at	Eν	=	0.5,	1.25,	2	GeV	

•  πN	FSI	hardly	changes		σ(νµ dà µ-π + p n)

•  Much	smaller	FSI	effects	than	what	you	might	have	expected	from	Wu	et	al.’s	result	?	

-9%	

-4%	

-5%	

FSI	effects	
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dσ/dΩµ		and		dσ/dpµ		for	νµ d è  µ-π + p n	

•  Significant	FSI	effects	are	seen	in	narrow	kinemaDcal	windows	

　 		à		moderate	reducDon	of	total	cross	secDons		

•  Wu	et	al.’s	calculaDon	was	done	at	θµ = 25°	and		Eµ = 550, 600, 650 MeV
      (region	where	quasi-free	kinemaDcs	is	important)	

Eν	=	1	GeV	
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Eν	=	0.5	GeV									vs								Eν	=	1	GeV	

(NN)	FSI	effects	are	significantly	larger	for	Eν	=	0.5	GeV	

Why	?	

Q2
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Eν	=	0.5	GeV									vs								Eν	=	1	GeV	

•  NN	FSI	effect	is	large	at	low	NN	energy	region	(<	50	MeV)	where		

					orthogonality	between	pn	scacering	states	and	deuteron	is	most	effecDve	

•  Low	NN	energy	region	occupies	a	relaDvely	larger	porDon	

					of	phase-space	for	low		Eν

à			Larger	NN	FSI	effect	for	lower	Eν	

~	
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νµ d è  µ-π 0 p p total	cross	secDons	

•  FSI	effects	are	much	smaller	than	those	for	νµ d à µ-π + p n 	

•  NN	FSI	is	negligible	(no	orthogonality	with	deuteron	wave	funcDon)	
•  πN	FSI	slightly	enhances		σ(νµ dà µ-π 0 p p)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.5  1  1.5  2

σ
 (1

0-3
8 cm

2 )

Eν (GeV)

IA
NN FSI

NN+πN FSI
 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0.5  1  1.5  2

σ
 (1

0-3
8 cm

2 )

Eν (GeV)

IA
NN FSI

NN+πN FSI

νµ d à µ-π + p n 	



How	could	FSI	distort	elementary	ν-p and	ν-n cross	secDons	
extracted	from	ν-d cross	secDons		?	

Q	:	How	to	extract	σ(νµ pà µ-π +p)  and	σ(νµ nà µ-π +n)  from		σ(νµ d à µ-π +pn) 	
                                           and                 σ(νµ nà µ-π 0p)  from		σ(νµ d à µ-π 0pp) ?	

•  An	ideal	procedure	
						Develop	a	deuteron	reacDon	model	with	FSI,	and	analyze	σ(νµ d à µ-π NN) data

										à					(correct)	νµ pà µ-π +p and	νµ nà µ-π +n, µ-π 0p  elementary	amplitudes	

   L			Not	very	pracDcal	because	calculaDng	σ(νµ d à µ-π NN) takes	too	much	Dme	

   L			σ(νµ d à µ-π NN) data	without	kinemaDcal	cuts	do	not	exist	at	present	

   							ANL	&	BNL	analyses	used	kinemaDcal	cuts	(and	etc.)	to	isolate	each	of	elementary		

          νµ pà µ-π +p ,  	νµ nà µ-π +n ,  νµ nà µ-π 0p 	contribuDons		to		σ(νµ d à µ-π NN) 	

   Note	:	ANL	&	BNL	analyses		did	not	extract		σ(νµ Nà µ-π N) 	

   												à	correcDons	are	needed	to	account	for	Fermi	moDon	and	FSI	



How	could	FSI	distort	elementary	ν-p and	ν-n cross	secDons	
extracted	from	ν-d cross	secDons		?	

Q	:	How	to	extract	σ(νµ pà µ-π +p)  and	σ(νµ nà µ-π +n)  from		σ(νµ d à µ-π +pn) 	
                                           and                 σ(νµ nà µ-π 0p)  from		σ(νµ d à µ-π 0pp) ?	

•  Another	ideal	procedure	

						à	Follow	ANL	and	BNL	analyses	

												Apply	their	cuts	(and	etc.)	to	calculated	σ(ν d)  à	comparison	with	 ANL	&	BNL	data	

											L			CalculaDng	σ(νµ d à µ-π NN) takes	too	much	Dme	

											L			Details	of	ANL	and	BNL	analyses	(cuts	etc.)		have	been	lost	in	history		

•  We	propose	a	pracDcal	method	for	extracDng		σ(νµ N)  from		σ(νµ d )

								Useful	for		(i)	interpretaDon	of	ANL	and	BNL	data;	(ii)	future	experiments	
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Extract		σ(νµ pà µ-π +p)  from		σ(νµ dàµ-π +pn)   IA	case		

How	?	 Use		spectator	momentum	(pn)	distribuDon	

from	observaDons	below	(cf.	ANL	&	BNL	analyses)	

•  νµ pà µ-π +p contribuDon	dominates	in	low-pn 	
						well	separated	from	νµ nà µ-π +n	in	high-pn 	

•  Quasi-free	(QF)	peak	à		good	staDsDcs	exp.	

•  FSI	would	enhance	high-pn contribuDon	

convoluted	
σ (νµ p→ µ−π +p)

Def.	for	convoluted	 σ (νµ p→ µ−π +p)

d !σν p(Eν )
dpn

= pn
2 dΩpn∫ σ

νµ p→µ−π +p
( !Eν ) Ψd (

!pn )
2

If	FSI	were	absent,	we	fit																						data	

with																					in	QF	region	

à																																is	obtained	

dσνd (Eν )
dpnd !σν p(Eν )

dpn

σ (νµ p→ µ−π +p)

(de-convoluDon)	



Extract		σ(νµ pà µ-π +p)  from		σ(νµ dàµ-π +pn)   IA+FSI	case		
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•  FSI	would	enhance	high-pn contribuDon	

Previous	naïve	expectaDon	

NN	FSI	reduces																						in	QF	peak	region	
dσνd (Eν )
dpn

Introduce	FSI	correcDon	factor	:	N (Eν)	

dσνd (Eν )
dpn

≈ N(Eν )
d !σν p(Eν )
dpn

Once	N (Eν) is	given,		you	can	fit	your	
νµ pà µ-π +p model		to																											data	

without	calculaDng	FSI	correcDons		!		

dσνd (Eν ) / dpn

for	pn < pn
max ≈ 50	MeV		where	FSI	does	not		

significantly	change	the	spectrum	shape	
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We	provide		N (Eν)	

Eν=1GeV	

Eν=1GeV	



Extract		σ(νµ nà µ-π +n)  from		σ(νµ dà µ-π +pn)	
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contribuDon	
νµ p→ µ−π +p
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Some	different	features		
in	extracDng		σ(νµ nà µ-π +n)	

by	analyzing	dσ(νµ dà µ-π +pn)/dpp 	
νµ pà µ-π +p contribuDon	

in	QF	region	

NN	and	π N FSI	effects		
are	comparable	

N (Eν)	:	FSI	correcDon		
&	νµ pà µ-π +p  removal	

Method	similar	to	extracDng	σ(νµ pà µ-π +p)	



N (Eν) : FSI	correcDon	factor		
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≈ N(Eν )
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dps

                            N (Eν) 
νµ pà µ-π +p     0.89 - 0.95 
νµ nà µ-π +n     0.79 - 0.91
νµ nà µ-π 0p     0.98 - 0.99 	

νµ pà µ-π +p
νµ nà µ-π +n
νµ nà µ-π 0p	

for	ps < ps
max ≈ 50	MeV		

•  ANL	and	BNL	analyses	did	not	compensate	for	the	cross	secDon	reducDon		

						due	to	FSI	in	QF	region	

						à	N (Eν) would	be	a	reasonable	FSI	correcDon	in	analyzing	ANL	&	BNL	data	

•  Useful	for	designing	and	analyzing	a	possible	future	experiment	



Conclusion	



•  Total	(σ)	and	single	differenDal	(dσ/dX)	cross	secDons	for	
				νµ d è  µ-π + p n,  µ-π 0 p p  	with	FSI		are	calculated		for	the	first	Dme		
	
•  FSI	effects	on	σ 	and		dσ/dX  for	νµ dà µ-π +p n  are	examined;		
			(NN)	FSI	reduces		σ by	9%,	4%,	and	5%		at		Eν	=	0.5,	1.25,	and	2	GeV	

				FSI	effect	on	νµ d è  µ-π 0 p p is	very	small	
	

•  We	present	the	FSI	correcDon	factors		N (Eν)  that	will	be	useful		

						in		extracDng	σ(νµ Nà µ-π N) 	from		σ(νµ dà µ-π  NN) data.	

   Convoluted	σ(ν N) would	be	ficed	to	FSI-corrected	ANL	&	BNL	data:	

Conclusions		

  +		5-12%		for		νµ p è  µ-π + p 	
  +10-25%		for		νµ n è  µ-π + n 	
  +			1-2	%		for		νµ n è  µ-π 0 p 	



Thank	you	very	much	
for	your	acenDon	
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