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Outline


q Energy reconstruction in neutrino oscillation experiments.


q Why e- scattering?



q Testing neutrino energy reconstruction using electron 

scattering data.
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(Long	Baseline)	Oscilla5on	Challenge	
T2K	experiment	L=295km	

T2K,		Phys.		Rev.		D		91,		072010		(2015)		
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(Long	Baseline)	Oscilla5on	Challenge	
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(Long	Baseline)	Oscilla5on	Challenge	

P(νµ →νµ ) = sin
2 2θ23( )× sin2 Δm32

2L
4Eν

⎛
⎝⎜

⎞
⎠⎟

T2K,		Phys.		Rev.		D		91,		072010		(2015)		

𝜃23	

#O
bs
er
ve
d	
/	#

Ex
pe

ct
ed

	

Real	vs.	
Reconstructed	Δm23

2	



8	

(Long	Baseline)	Oscilla5on	Challenge	
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2 2θ23( )× sin2 Δm32

2L
4Eν

⎛
⎝⎜

⎞
⎠⎟

T2K,		Phys.		Rev.		D		91,		072010		(2015)		

𝜃23	

#O
bs
er
ve
d	
/	#

Ex
pe

ct
ed

	

Δm23
2	

Error	in		
Reconstructed	E	

Error	in	extracted	
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EQE = 2Mε + 2MEl −ml
2

2(M − El + kl cosθ )
ε ≈ 20 MeV single nucleon separation energy
M -nucleon mass
ml  outgoing lepton mass
kl − lepton three momentum
θ − lepton scattering angle

ECal = Ee
' + Tp∑ + EBinding + Eπ∑

EBinding − Binding energy 

Tp − kinetic energy of knock out proton

Ee
' − energy of scattered electron

Eπ − energy of produced meson

Lepton kinematics:

 [(e,e’) or      ]
 Final state Calorimetry
(ν ,l) [(e,e ' pX) or (ν ,lX)]

Tracking detectors:

•  Detect: Charged particles +π0.

•  Miss: Neutrons and charge 

particles below threshold.






u 	e-	and	neutrino	interac5ons	are	similar.	

u 	Various	nuclear	effects	are	prac5cally	iden5cal	(FSI	resca6ering	of	
the	knock-out	nucleon	on	other	nucleons,	mul5-nucleon	effects,		etc).	

u 	e-	beam	energy	is	known	à	can	test	energy	reconstruc5on	in	
selec5ve	kinema5cs.	

u 	Test	neutrino	interac5on	event	generator	by	running	in	
electron-mode	(turning	off	the	axial	response	etc).	
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Testing with e- scattering?
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Targets:	3,4He,	12C,	and	56Fe.	
Energies:		4.4,	2.2	and	1.1.	
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CLAS detector 


²      acceptance (almost).


² Charged particles (8-143o):

§  Pp>300 MeV/c

§  P >150 MeV/c


² Neutral particles: 

§  EM calorimeter (8-75o) and 

§  TOF (8-143o)


π

4π
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Neutrino Energies


T2K	off-axis	

T2K	on-axis		

MiniBooNE	

NOvA	

MINERvA	
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Neutrino Energies


1.1GeV	

T2K	off-axis	
T2K	on-axis		

MiniBooNE	

NOvA	
MINERvA	

4.4GeV	2.2GeV	
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As	close	to	QE	as	one	can	get:	
•  Sca6ered	electron,	
•  Knockout	proton,	
•  Zero	pion,	
•  Zero	gammas	in	the	EC	or	LAC.	
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As	close	to	QE	as	one	can	get:	
•  Sca6ered	electron,	
•  Knockout	proton,	
•  Zero	pion,	
•  Zero	gammas	in	the	EC	or	LAC.	

Scale the e−  scattering data with 1/σMott  to have 'neutrino like' data!
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Non-QE	interac5ons	lead	to	mul5	hadron	final	states.	
	
Gaps	in	CLAS	acceptance	will	make	them	look	like	(e,e’p)	events.	
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Non-QE	interac5ons	lead	to	mul5	hadron	final	states.	
	
Gaps	in	CLAS	acceptance	will	make	them	look	like	(e,e’p)	events.	
	
Data	Driven	Correc5on:	
1.  Use	measured	(e,e’p𝜋)	events,	
2.  Rotate	𝜋	around	q	to	
							determine	its	acceptance,	
3.  Subtract	(e,e’p𝜋)	contribu5ons	
	

(e,e'pπ )
e	
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Non-QE	interac5ons	lead	to	mul5	hadron	final	states	
	
Gaps	in	CLAS	acceptance	will	make	them	look	like	(e,e’p)	events	
	
Data	Driven	Correc5on:	
1.  Use	measured	(e,e’p𝜋)	events,	
2.  Rotate	𝜋	around	q	to	
							determine	its	acceptance,	
3.  Subtract	(e,e’p𝜋)	contribu5ons	
4.  Do	the	same	for	2p,	3p	2p+	𝜋	etc.	
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(e,e'pπ )
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2.2 GeV 12C 	2.2 GeV 12C 	
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Non-QE	interac5ons	lead	to	mul5	hadron	final	states	
	
Gaps	in	CLAS	acceptance	will	make	them	look	like	(e,e’p)	events	
	
Data	Driven	Correc5on:	
1.  Use	measured	(e,e’p𝜋)	events,	
2.  Rotate	𝜋	around	q	to	
							determine	its	acceptance,	
3.  Subtract	(e,e’p𝜋)	contribu5ons	
4.  Do	the	same	for	2p,	3p	2p+	𝜋	etc.	
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2.2 GeV 12C 	

No	cuts	

0	pions	
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Energy	Reconstruc5on	

2.26	GeV		

4He


Ecal	(e,e’p)	

EQE	(e,e’p)	

0									0.5									1								1.5									2									2.5								3									
Erec	[GeV]	

EQE	(e,e’)	

1.EQE has worse peak resolution than ECal.   

2.Same tail for EQE+ECal.                                   

   




Large	A	dependence	
2.26	GeV		

4He
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1.  56Fe is predominantly 
tail.


2.  56Fe is much worse 
than 4He.	



Large	E	dependence	

2.26	GeV		

4He


ECal(e,e’p)	

EQE	(e,e’p)	

4.46	GeV		

EQE	(e,e’)	EQE	(e,e’)	

ECal(e,e’p)	

EQE	(e,e’p)	

 Better reconstruction at lower energies.
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2.2	GeV	56Fe	
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1.  Worse peak 
resolution for EQE.


2.  EReconstructed worse for 
heavier targets.


3.  Large    ->bad 
reconstruction.


 Pmiss
⊥  slices

Pmiss
⊥

EQE		

0-0.2	

0.2-0.4	
>0.4	

56Fe	

12C	

4He	

ECal		

ECalor[GeV]	EQE[GeV]	
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Percent	of	events	reconstructed	to	within	5%	of	the	beam	energy	
	

	 2.2	GeV	 4.4GeV	

EQE	1e
 ECal	1e1p
 EQE	1e
 ECal	1e1p

4He	 25	 46	 16	 32	
12C	 22	 39	 13	 27	
56Fe	 17	 25	 10	 16	

From	10	to	46%	of	events	reconstruct	to	within	
5%	of	beam	energy.	
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Data-Generator	Comparisions	
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Data-Generator	Comparisions	

ν[GeV ]
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W<2GeV	

	
W<2GeV	
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Summary	

Afrodi;	Papadopoulou	
(MIT)	

Adi	Ashkenazi	
(MIT)	

1. The first use of electron data to test neutrino 
energy 

reconstruction algorithms 



§  select zero-pion events to enhance quasi-elastic 

signal

§  just using scattered lepton (Ekin )


² used in Cherenkov-type neutrino detectors

§  total energy of electron plus proton (ECalorimetric)


² used in calorimetric neutrino detectors





2.Only 0.16-0.52 of events reconstruct to

 within 5% of the beam energy at 2 GeV


§  better for lighter nuclei

§  improved by a transverse momentum cut


3.Work  in progress

§  extend analysis to other types of events

§  more targets and energies

§  Proposal “Electrons for Neutrinos” conditionally 

approve by PAC 45.

§  Compare to models.




1. First use of e data to test neutrino energy reconstruction. 



2. Small fraction of events reconstruct to within 5% of the 
beam energy. 



3. Data - MC comparisons will constrain the nuclear models. 



4. Significant disagreement between data-generator results.



5. Relatively good data-generator agreement in QE region.



6. Further GENIE event generator development and and 
benchmarking against electron scattering data.








Backup	
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	and						distribu5ons	ϕθ

π −

ϕ[Deg.]
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π +

E2a 12C (e,e’) and (e,e’p) 2.261 GeV
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Large	E	dependence	

56Fe


 Better reconstruction at lower energies.
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1.  Worse peak 
resolution for EQE.


2.  EReconstructed worse for 
heavier targets.


3.  Large    ->bad 
reconstruction.


 Pmiss
⊥  slices

Pmiss
⊥

EQE		 ECal		

0-0.2	

0.2-0.4	
>0.4	

56Fe	

12C	

4He	

ECalor[GeV]	EQE[GeV]	
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Afrodi;	
Papadopoulou	
(MIT@FNAL)	

Adi	Ashkenazi	
(MIT@FNAL)	

eA 

GENIE 

NEUT GENIE 
eA 

NEUT 
56Fe(e,e’p)  2.2 GeV 

NEUT	

GENIE	

eA	

NEUT	

GENIE	

eA	

56Fe(e,e’p)		2.2	GeV	

	->			Very	different		
oscilla5on	parameters!		

The	expected	energy	at	DUNE	far	detector	as	reconstructed	using	the	energy	feed		down	from	A(e,e’p)	data	at	one	beam	energy	and	simula5on.					

Possible	Implica5on	on	DUNE	analysis	

Reconstructed Eν  [GeV ]2.26 GeV Erec  fractional error

 

iCompared Erec  for eA to Erec  for νA
iUsed 2.26 GeV eA Erec  for all incident energies
iThrew events with νA Genie
iReconstruct with νA Neut or eA data
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Mott Difference


 

e− ,ν  (NC,  CC)− nucleus inclusive scattering cross sections

d 2σ
dε 'dΩ

⎛
⎝⎜

⎞
⎠⎟ e−

= dσ
dΩ

⎛
⎝⎜

⎞
⎠⎟ M

vLRL + vT RT[ ]         d 2σ
dε 'dΩ

⎛
⎝⎜

⎞
⎠⎟ν /ν

= G2

2π 2 k 'ε 'F(Z,k ')cos2 θ
2
vLRL + vT RT + vzzRzz − v0zR0z ∓ vxyRxy⎡⎣ ⎤⎦

F(Z,k ')− Fermi function                          v-known factors                                 z - is along three momentum transfer "q 

G- GF cosθC (CC), GF (NC)                     R-nuclear response                             x ⊥ z − lies on (
"
k ,
"
k ' ) plane  

kµ = (ε ,
"
k ), kµ ' = (ε ' ,

"
k ' )−  initial and final lepton four momenta                        y ⊥ z − is perpendicular to (

"
k ,
"
k ' ) plane 
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