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Introduc1on		



Neutrino	experiments	need	neutrino-nucleus	pion	producFon	model	

An	essenFal	ingredient	of	neutrino-nucleus	model		:		elementary	neutrino-nucleon	model	

We	are	sFll	in	a	process	of	establishing	the	elementary	neutrino-nucleon	pion	producFon	model	

〈Eν 〉 = 4.0 GeV ,W <  1.4 GeV

MINERvA			PRD	92	(2015)	

νµ CH è  µ-π ± X 	

Precision	era	of	neutrino	experiments	(CP,	mass	hierarchy)	à		models	of	comparable	quality	

à	Model	goes	into	analysis	of	oscillaFon	data	



TheoreFcal	descripFon	of	elementary	process		
in	resonance	region	(single	pion	producFons)	
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Dominant	Δ(1232)-excitaFon	and	sub-leading	non-resonant	mechanisms	

, Δ

•  Accurate	determinaFon	of	Ν-Δ(1232) transiFon	strength	is	of	vital	importance	

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

Axial	current					:			neutrino-nucleon	1π	producFon	data	

•  Experimental	inputs	are	needed	to	examine	pion	producFon	mechanisms			
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Neutrino	interacFon	data	in	Δ(1232)	region	
νµ p è  µ-π+ p 	

•  ALL	models	fit	this	data	by	adjusFng	gΑΝΔ

        	à	very	important	data	

•  Discrepancy	between	BNL	&	ANL	data	

							à		theoreFcal	uncertainty	in	neutrino-nucleus	

													cross	secFons	
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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		



 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2

σ
 (x

 1
0-3

8  c
m

2 )

Eν (GeV)

ANL (1979)
BNL (1986)

Neutrino	interacFon	data	in	Δ(1232)	region	
νµ p è  µ-π+ p 	

•  ALL	models	fit	this	data	by	adjusFng	gΑΝΔ

        	à	very	important	data	

•  Discrepancy	between	BNL	&	ANL	data	

							à		theoreFcal	uncertainty	in	neutrino-nucleus	

													cross	secFons	

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	maaer	?	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	events	were	(supposedly)	selected	in	ANL	and	BNL	analyses	

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

Q	:		Should	we	sFll	consider	final	state	interacFons	(FSI)	effects	?	

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	reducFon	due	to	NN	FSI	
é	

Orthogonality	of	pn	and	d	wave	funcFons	



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	reducFon	due	to	NN	FSI	
é	

Orthogonality	of	pn	and	d	wave	funcFons	

Wu	et	al.	focused	on	quasi-free	kinemaFcs	only		
à	whole	phase-space	need	to	be	examined	to	understand	FSI	effects	on	ANL	and	BNL	data	

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

Numerically	challenging	problem	
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Eν = 1 GeV,

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

Impulse	approx.	
NN	FSI	
NN	+	πN	FSI	

Significant	reducFon	due	to	NN	FSI	
é	

Orthogonality	of	pn	and	d	wave	funcFons	

Wu	et	al.	focused	on	quasi-free	kinemaFcs	only		
à	whole	phase-space	need	to	be	examined	to	understand	FSI	effects	on	ANL	and	BNL	data	

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

Numerically	challenging	problem	will	be	managed	with	Monte-Carlo	integral	



This	work	
•  νµ d è  µ-π  NN 	cross	secFons	of	the	whole	phase-space	are	calculated		
				with	a	dynamical	model	including	FSI	;	for	the	first	Fme	
	
•  FSI	effect	on	spectator	momentum	distribuFon		dσ/dps  is	examined		

•  Find	a	useful	recipe	to	extract	elementary		νµ N è  µ-π  N  cross	secFons		
					from	νµ d è  µ-π  NN spectator	momentum	distribuFon	

•  Extract		νµ N è  µ-π  N  total	cross	secFons		by	correcFng		
					(flux-corrected)	ANL	and	BNL	data	for	FSI	and	Fermi	moFon	

à  	Significantly	improved	elementary	νµ N è  µ-π  N  model	to	be	implemented		

							in	neutrino-nucleus	reacFon	model		for	oscillaFon	experiments	of	the	precision	era	

Future	impact	



νµ d è  µ-π  NN   reacFon	model	

based	on		

dynamical	coupled-channels	model	
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Model	for		νµ d è  µ-π N N	

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

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

MulFple	scaaering	theory	truncated	at	the	first-order	rescaaering	

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

Elementary	amplitudes	



Dynamical	coupled-channels	model	

++ +  ... +  ...
∆

π, η, Κ
 σ, ρ

Ν, Δ, Y
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N

π

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

Developed	through	analyzing		γ(*)Ν, πΝ è πΝ, ηΝ, ΚΛ, ΚΣ		data	(∼27,000	data	pts.)	

à	Extended	to	νΝ  è l-X    ( X= πΝ, ππΝ, ηΝ, ΚΛ, ΚΣ )     		

Unique	features	
•  Hadronic	rescaaering	and	channel-couplings	are	taken	into	account	
						ß	requirement	from	the	unitarity	

•  Interference	among	resonant	and	non-resonant	mechanisms	are	under	control	

						within	the	model	

•  One-pion	AND	two-pion	producFons	for	the	whole	resonance	region	are	described	



Kamano,		Nakamura,	Lee,	Sato,	2012	

Vector	current	(Q2=0)	for	1π 

ProducFon	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	



Comparison	of	DCC	model	with	single	pion	data	

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

DCC	model	predicFon	is	consistent	with	BNL	data		(before	flux	correcFon)		

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	amer	the	issue	of	nuclear	effects	on	the	data	is	clarified	



Results	



γ d è π N N :	model	predicFons	and	data	

	γ d è  π0 pn 	 	γ d è π - pp 	

•  Large	NN	FSI	effect	for	π0	producFons						ß	NN	and	deuteron	wave	fn.	are	orthogonal	
•  FSI	effects	are	small	for	π-	producFons	
•  Reasonable	agreement	with	data		à		reliable	esFmate	of	FSI	effects	on	neutrino-deuteron	

Data:	EPJA	6,	309	(1999);	10,	365	(2001)		for	γ d è  π0 pn ,						NPB	65,	158	(1973)	for	γ d è π – pp 	
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Minimal	informaFon	to	extract	νµ N è  µ-π  N 	cross	secFons	

ContribuFon	from	other	nucleon	(spectator)	is	expected	to	be	small	in	small		ps 	region

Impulse	

σ (νµn àµ- π+ n)	∼	
σ (νµ p àµ- π+ p)	

Eν  = 500 MeV Eν  = 500 MeV

∼	

Phase-space	integral	for	νµ d è  µ-π + p n is	done	with	Monte-Carlo	method		

				à		central	values	with	staFsFcal	errors	

No	FSI	yet	
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No	FSI	yet	

Convoluted	cross	secFon	(σ ):		
α =νµN→ µ−π +N

Ψd :	deuteron	w.f.	

∼	

cross	secFon	for	free	nucleon

Impulse	

=	Quasi-free	contribuFon	
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Difference	between	σ (Impulse)	and	σ 	à		contribuFon	from	the	other	nucleon	

			σ (νµ p àµ- π+ p)	≈		9	x	σ (νµn àµ- π+ n)	

∼	

Impulse	



νµ d è  µ-π + p n spectator	momentum	distribuFon	
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ContribuFon	from	other	nucleon	(spectator)	is	expected	to	be	small	in	small		ps 	region
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Impulse	
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FSI	effect	

Eν  = 500 MeV Eν  = 500 MeV

Impulse	+	NN	FSI	
x			Impulse	+	NN	+	πN	FSI	

Naïve	expectaFon	:	FSI	affects	high	ps	region,	leaving	small	ps	region	unchanged	
Reality	:		FSI	significantly	reduces	spectrum	in	small	ps	(quasi-free	peak)	region	
																	large	NN	FSI	effect	ß	orthogonality	between	NN	scaaering	state	and	deuteron		

FSI	effect	is	small	for	νµ d è  µ-π 0 p p spectator	momentum	distribuFon	



Nα (Eν , ps ) ≡
dσνd (Eν ) / dps
d !σα (Eν ) / dps

RaFo	of	spectator	momentum	distribuFon		
and	convoluted	cross	secFon	

Other	nucleon’s	contribuFon	and	FSI	effects	on	the	spectator	momentum	distribuFons		

can	be	seen	more	clearly	and	quanFtaFvely	



Nα (Eν , ps ) ≡
dσνd (Eν ) / dps
d !σα (Eν ) / dps

Impulse	+	NN	FSI	
x			Impulse	+	NN	+	πN	FSI	
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Nα (Eν , ps ) ≡
dσνd (Eν ) / dps
d !σα (Eν ) / dps
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FSI	effects	

•  NN	FSI	effect	is	larger	for	smaller	Eν 

•  πN	FSI	is	large	correcFon	to	quasi-free	νµ nàµ-π +n		;			σ (π+pà π+ p)	≈  9 x σ (π+nà π+ n)
•  FSI	effects	depend	on	spectator	momentum	



Nα (Eν , ps ) ≡
dσνd (Eν ) / dps
d !σα (Eν ) / dps

Phenomenological	formula	fiaed	to	Nα (Eν , ps)  is	pracFcally	useful		

•  From																												data,																									can	be	extracted	with	FSI	taken	into	account	

•  Model	can		be	easily	tested	against		

•  																										data	may	be	obtained	in	future	neutrino-deuteron	experiment	

																																																																													INT	embedded	workshop,	June	25-29,	2018	

•  Nα (Eν , ps)  is	raFo		

					à	model	dependence	from	using	DCC	νµ N è  µ-π  N model	is	expected	to	be	small		

d !σα (Eν ) / dpsdσνd (Eν ) / dps

d !σα (Eν ) / dps

dσνd (Eν ) / dps
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Impulse	

	ps	=	pn		

	ps	=	pp		

α = νµ pà µ-π +p	

α = νµ nàµ-π +n	

N fit
α (Eν , ps ) = Aα (Eν )+Bα (Eν )ps Aα (x) =

aαx
2 + bαx + cα

x2 + dαx + eα
, Bα (x) =

fαx + gα
x + hα

Parameters	(aα – hα)	are	fiaed	to	Nα (Eν , ps) 	over		ps < 50 MeV		and		0.4 <  Eν < 2 GeV 	



νµ N è  µ-π  N 	cross	secFon	data	
corrected	for	FSI	and	Fermi-moFon	

•  Significant	FSI	effects	on	spectator	momentum	distribuFons	of	νµ d è  µ-π + p n
						in	quasi-free	peak	region	

•  (Flux-corrected)	ANL	and	BNL	data	have	not	been	corrected	for	FSI	but	need	to	be	
•  We	extract	νµ N è  µ-π  N 	cross	secFon	from	flux-corrected	ANL	and	BNL	data		

by	further	correcFng	it	for	FSI	and	Fermi-moFon	

•  Details	of	ANL	and	BNL	analyses	have	been	lost	
						à	A	reasonable	assumpFon	needs	to	be	made		



νµ N è  µ-π  N 	cross	secFon	data	
corrected	for	FSI	and	Fermi-moFon	

Procedure		
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νµ N è  µ-π  N 	cross	secFon	data	
corrected	for	FSI	and	Fermi-moFon	

Procedure		

1.  Fit																													with																		so	that																						dps
dσνd (Eν )
dps0

ps
max

∫ ≈ d3psσ
fit
νN (Eν ) Ψd (

!ps )
2

0

ps
max

∫σ fit
νN (Eν )dσνd (Eν ) / dps

(temporary;	sFll	under	study)	

AssumpFon:	

For	ps	<	ps
max		(small	ps region	including	quasi-free	peak)	,				

																											is	from	quasi-free	νµ N è  µ-π  N 	process		(no	effect	from	the	other	nucleon	)	

	and	mostly	follows	Fermi	moFon	shape,		

dσνd (Eν ) / dps

Ψd (
!ps )

2



νµ N è  µ-π  N 	cross	secFon	data	
corrected	for	FSI	and	Fermi-moFon	

Procedure		

1.  Fit																													with																		so	that																						
	

2.  RaFo																																		is	the	correcFon	factor	to	be	mulFplied	to		

							flux-corrected	ANL	and	BNL	data	(	PRD	90,	112017	(2014),	EPJC	76,	474	(2016)	)			

							(																	:		DCC	νµ N è  µ-π  N 	model	)		
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Summary	



Summary	
•  νµ d è  µ-π  NN 	cross	secFons	of	the	whole	phase-space	are	calculated		
				with	a	dynamical	model	including	FSI	;	for	the	first	Fme	
	
•  Examined	FSI	effect	on	spectator	momentum	distribuFon		dσ/dps 		

•  Found	a	useful	recipe	to	extract		νµ N è  µ-π  N  cross	secFons		
					from	νµ d è  µ-π  NN spectator	momentum	distribuFon	(from	future	exp.)	

•  Extracted		νµ N è  µ-π  N  total	cross	secFons		by	correcFng		
					(flux-corrected)	ANL	and	BNL	data	for	FSI	and	Fermi	moFon		(preliminary)	

à  	Significantly	improved	elementary	νµ N è  µ-π  N  model	to	be	implemented		

							in	neutrino-nucleus	reacFon	model		for	oscillaFon	experiments	of	the	precision	era	

Future	impact	
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νµ d è  µ-π  NN  total	cross	secFons	
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•  Significant	FSI	effects	are	seen	in	narrow	kinemaFcal	windows	

　 		à		moderate	reducFon	of	total	cross	secFons		



Eν	=	0.5	GeV									vs								Eν	=	1	GeV	

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0  0.1  0.2  0.3  0.4

dσ
/d

 Q
2  (1

0-3
8 cm

2 /G
eV

2 )

Q2 (GeV2)

IA
NN FSI

NN+πN FSI

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  0.2  0.4  0.6  0.8  1

dσ
/d

 Q
2  (1

0-3
8 cm

2 /G
eV

2 )

Q2 (GeV2)

IA
NN FSI

NN+πN FSI

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  100  200  300  400

dσ
/d

p π
 (1

0-3
8 cm

2 /G
eV

)

pπ (MeV)

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  100  200  300  400  500  600  700

dσ
/d

p π
 (1

0-3
8 cm

2 /G
eV

)

pπ (MeV)

Q2

pπ



Eν	=	0.5	GeV									vs								Eν	=	1	GeV	
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•  NN	FSI	effect	is	large	at	low	NN	energy	region	(<	50	MeV)	where		

					orthogonality	between	pn	scaaering	states	and	deuteron	is	most	effecFve	

•  Low	NN	energy	region	occupies	a	relaFvely	larger	porFon	

					of	phase-space	for	low		Eν

à			Larger	NN	FSI	effect	for	low	Eν	
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Q2	=		- q2

ν =  q0

					 					

					 					
ν

DIS	
region	

QE	
region	

RES	
region	

Wide	kinemaFcal	region	with	different	characterisFc		è		Different	experFse	need	integrated	

CollaboraFon	at	J-PARC	Branch	of	KEK	Theory	Center	

T2K	

Neutrino-nucleus	scaXering	for	ν-oscilla1on	experiments	

Atmospheric	ν	

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

“Towards	a	Unified	Model	of	Neutrino-Nucleus	Reac1ons	for	Neutrino	Oscilla1on	Experiments”	

					 					

					 					
ν

Q2	=		- q2

ν =  q0



BNL	analysis	
PRD	34,	2554	(1986)			



Previous	models	for	ν-induced	1π producFon	in	resonance	region	

N*
iΣ

i

Rein	et	al.		(1981),	(1987)	;			Lalalulich	et	al.	(2005),	(2006)		

N*
iΣ

i
+ + +  ...

Hernandez	et	al.	(2007),	(2010)	;		Lalakulich	et	al.	(2010)	

Sato,		Lee			(2003),		(2005)	

++ +  ... +  ...
∆

resonant	only		

+	non-resonant		(tree-level	non-res)	

+	rescaaering		(π N	unitarity, Δ(1232)	region)	

VNN*	:	helicity	amplitudes	listed	in	PDG		

ANN*	:	quark	model,	PCAC	relaFon	to	|πNN*|	(PDG)		

             relaFve	phases	among		N*’s		are	out	of	control



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

,  

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

				

Coupled-channel	Lippmann-Schwinger	equaFon	for	meson-baryon	scaaering	



,  

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

				

Coupled-channel	Lippmann-Schwinger	equaFon	for	meson-baryon	scaaering	

			
		



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

,  

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

				

Coupled-channel	Lippmann-Schwinger	equaFon	for	meson-baryon	scaaering	

							
	

T
V V V

In	addiFon,		γΝ, W±N, ZN  channels	are	included	perturbaFvely

T



Rela1on	between	neutrino	and	electron	(photon)	interac1ons	

Lcc = GFVud
2
[Jλ

cccc
λ

+ h.c. ]

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

Jλ
cc =Vλ − Aλ cc

λ =ψµγ
λ (1−γ5 )ψν

ElectromagneFc	interacFon		(e.g.		γ (*)  + p  à  p )		

Lem = e Jλ
emAem

λ

Jλ
em =Vλ +V

IS
λ

< p |Vλ | p > = − < n |Vλ | n > < p |V IS
λ | p > = < n |V

IS
λ | n >

V and	VIS	in		Jem
  can	be	separately	determined		by	analyzing	photon	(Q2=0)		

and	electron	reacFon	(Q2≠0)	data	on	both	proton	and	neutron	targets,  because:	

Matrix	element	for	the	weak	vector	current	is	obtained	from	analyzing	electromagneFc	processes	

< p |Vλ | n > = 2 < p |Vλ | p >



	

Q2=0	

										non-resonant	mechanisms		

				
	

										resonant	mechanisms		

	

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

N*
iΣ

i
+ + +  ...

N* N*
πA

PCAC

∂µπ → fπA
external
µ

DCC	model	for	axial	current	

Because	neutrino	reacFon	data	are	scarce,	axial	current	cannot	be	determined	phenomenologically		
à	Chiral	symmetry	and	PCAC	(parFally	conserved	axial	current)	are	guiding	principle	

< !X | q ⋅A | X > ~ i fπ < !X |T |πX >PCAC	relaFon	



Q2≠0	

	

										non-resonant	mechanisms		

				
	

										resonant	mechanisms		

	

DCC	model	for	axial	current	

FA (Q
2 ) = 1

1+Q2 /MA
2

!

"
#

$

%
&

2

MA=1.02 GeV

:		axial		form	factors		

More	neutrino	data	are		necessary	to	fix	axial	form	factors	for		ANN*

Neutrino	cross	secEons	will	be	predicted	with	this	axial	current	

FA (Q
2 )

FA (Q
2 ) = 1

1+Q2 /MA
2

!

"
#

$

%
&

2



DCC	analysis	of		γΝ, πΝ  è  πΝ, ηΝ, ΚΛ, ΚΣ 	

and	electron	scaXering	data		



DCC	analysis	of	meson	producFon	data	

Fully	combined	analysis	of		γΝ, πΝ  è  πΝ, ηΝ, ΚΛ, ΚΣ  data		

																								and	polarizaFon	observables													(W	≤	2.1	GeV)	

~	23,000	data	points	are	fiaed		

by	adjusFng	parameters		(N*	mass,	N*	è	MB		couplings,	cutoffs)		

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

dσ / dΩ

Data	for	electron	scaaering	on	proton	and	neutron	are	analyzed		by	adjusFng				

γ* Ν  è Ν*  coupling	strength	at	different	Q2 values	(	Q2 ≤ 3 (GeV/c)2 )	



Par1al	wave	amplitudes	of	π	N	scaXering	

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	



Par1al	wave	amplitudes	of	π	N	scaXering	

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			



Predicted πN à ππN total cross sections with our DCC model 

Kamano,	PRC88(2013)045208	

Kamano,	Julia-Diaz,	
	Lee,	Matsuyama,	Sato	

PRC79(2008)025206	

π+p	à	π+π+n		 π-p	à	π+π-n		 π-p	à	π-π0p		

π+p	à	π+π0p		 π-p	à	π0π0n		



Single	π	produc1on	in	electron-proton	scaXering	

σΤ  + ε σL  for		Q2=0.40	(GeV/c)2			and		W=1.1	–	1.68	GeV	
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Purpose		:		Determine	Q2	–dependence	of	vector	coupling	of	p-N*	:			VpN*(Q2) 		
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•  Reasonable	fit	to	data	for	applicaFon	to	neutrino	interacFons	
•  Important	2π contribuFons	for	high	W	region 	

　　	

　	

Inclusive	electron-proton	scaXering	

DCC	vector	currents	has	been	tested	by	data	for	whole	kinemaEcal	region	

relevant	to	neutrino	interacEons	of	Eν ≤ 2	GeV	

Similar	analysis	of	electron-neutron	scaaering	data	has	also	been	done	
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•  πΝ  & ππΝ		are	main	channels	in	few-GeV	region	

•  DCC	model	gives	predicFons	for	all	final	states	

•  ηΝ, ΚY cross	secFons	are	10-1	–	10-2		smaller		
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•  πΝ  & ππΝ		are	main	channels	in	few-GeV	region	
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Comparison	with	double	pion	data	

ANL	Data	:	PRD	28,	2714	(1983)	
BNL	Data	:	PRD	34,	2554	(1986)	

Fairly	good	DCC	predicaFon		

First	dynamical	model	for	2	π producFon	in	resonance	region	
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Mechanisms	for	νµ N è  µ- π Ν  	

•  Δ(1232) dominates	for		νµ p è  µ- π+ p  	(I=3/2)  for Eν  ≤ 2 GeV	

•  Non-resonant	mechanisms	contribute	significantly	

•  Higher	N*s	becomes	important	towards	Eν  ≈ 2 GeV	for	νµ n è  µ- π Ν 		

νµ n è  µ- π N 	νµ p è  µ-π+ p 	
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Eν  = 2 GeV		

dσ / dW dQ2  ( ×10-38 cm2 / GeV2)	
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Eν  = 2 GeV		

dσ / dW dQ2  ( ×10-38 cm2 / GeV2)	
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