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Introduction

¥ Our final goal is to calculate  accurate Neutrino-
Nucleus cross section.

¥  Information obtained from electron-Nucleus
scattering (Nuclear effects, vector current) can
be applied to ! -A scattering.

¥ Purpose of this work is investigating appropriate
models of electron-Nucleus cross sections which
agree with  many experimental data, for quasi-
elastic scattering and pion production.



Method

¥ Impulse Approximation
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Models used mainly in this work

Models in our work
Accurate Simple

Initial State
Spectral Function

Fermi Gas

Quasi-Elastic
Non-dipole Form factors Dipole Form factors

Pion  Production
Resonances + Non-Resonant (MAID) ! (1232) only

Final State Interaction (on QE)
Folding Function

Optical Potential PWIA (no FSI)

Pauli Blocking

Used in Previous work
Benhar et al., PRD 72, 053005 (2005)



Differential Cross Section

¥ A(e,eÕ) cross section expression
using N(e,eÕ) invariant amplitude

p: initial nucleon momentum, q: momentum transfer,
! : energy transfer
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p: initial nucleon momentum, q: momentum transfer
Imaginary part of 1h1pGreen'sfunction ( involvingall nuclear e®ects)
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p+ qapjAi
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Nuclear Effect

e-N reaction



Spectral Function

¥ Initial State:  realistic spectral function (Benhar et al.)
  (single particle + correlation with local density approx.)
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Probability of removing a
nucleon of momentum p
with excitation energy E.



Fermi Gas Model

¥ Non-interacting and uniform Fermi Gas
Model (Moniz)

Ph(p;! ) =
1
E p
µ(PF ¡ jpj)±(Ep + ! )

Pp(p0; ! ) = 1
E 0

p
µ(jp0j ¡ PF )±(E 0

p ¡ ! )

Ep =
p
p2 + M 2 ¡ EB ; E 0

p =
q
p02+ M 2

PF : Fermi momentum (225MeV for oxygen),
EB : B̀inding' Energy (27MeV for oxygen)
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Fermi Gas
Pauli Blocking



Single particle

Momentum Distribution

¥ Momentum
distribution of a
nucleon in nucleus.

¥ Spectral function
has long tail due to
correlation.
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Form Factors

¥ Non-dipole form factors
Brash et al., PRC65,051001(2002).  Bosted PRC51,409(1995)

Gp
M (Q2) = [1+ 0:116Q + 2:874Q2 + 0:241Q3 + 1:006Q4 + 0:345Q5)]Á1

Gp
E (Q2) = (1Á 0:130(Q2 Á 0:04D0))Gp

M (Q2)
(Q in GeV)
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MAID2003

¥ D. Drechsel,  S.S. Kamalov, L. Tiator (Mainz U.),
Nucl. Phys. A645 (1999) 145-174

¥ A Unitary Isobar Model for Pion Photo-
and Electroproduction on the Nucleon

¥ Resonances: P33(1232), and higher.
¥ Non-Resonant: Born terms, "  /#

exchange.
¥ Available on the web:

¥  http://www.kph.uni-mainz.de/MAID/maid2003/



MAID2003(contÕd)
¥ Resonances: P33(1232)

P11(1440) D13(1520) S11(1535)
S31(1620) S11(1650) D15(1675)
 F15(1680) D33(1700) P13(1720)
F35(1905) P31(1910) F37(1950)

¥ Born terms:
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" (1232):P33

¥ N-!  Current + Breit-Wigner

¥ Form factors

N

%�Î
!

CV
3 =

h
(1+ Q2=M 2

V )2(1+ Q2=(4M 2
V ))

i Á 1
(MV = 840MeV)

CV
4 = ÁM =WCV

3 ; CV
i = 0 (i 6= 3; 4)
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Paschos et al. PRD69,014013(2004),



Final State Interaction

¥ Optical Potential Model
        Imaginary part of potential

On-shell condition of recoiled nucleon is changed:

¥ Folding Function (Benhar et al.)

Ð NN scattering

    with Local Density Approximation
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Result-1

¥ Intermediate Energy
Ð16O(e,eÕ) : E=700-1200 MeV #=32 ¡

¥ Anghinolfi et al., NPA602(Õ96),405.



Previous work

ÐQE;SP+FSI  (Energy: 700-1200MeV)
ÐPion production: ! (1232)

Benhar et al., PRD 72, 053005 (2005)
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Result-2

¥ Low Energy
Ð12C(e,eÕ) : E=240-520 MeV
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¥ J.Mougey et.al.,PRL41(Õ78),1645.



 0

 50

 100

 150

 200

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
e
V

-1
]

!  [MeV] 

E = 240 MeV  "  = 130 deg

FG
MAID

 0

 50

 100

 150

 200

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
e
V

-1
]

! [MeV] 

E = 280 MeV  " = 130 deg

FG
MAID

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

!  [ MeV]  

E = 360 MeV  "  = 130 deg

FG
MAID

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

!  [ MeV]  

E = 360 MeV  "  = 130 deg

FG
MAID

C(e,eÕ) & =130¡ FG
SP MAID

E=240MeV E=280MeV

E=320MeV E=360MeV

R =
1

?M OTT

d?
d! d-

1

Energy Transfer



 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

!  [ MeV]  

E = 400 MeV  "  = 130 deg

FG
MAID

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

!  [ MeV]  

E = 440 MeV  "  = 130 deg

FG
MAID

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

!  [ MeV]  

E = 480 MeV  "  = 130 deg

FG
MAID

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350  400

R
 [

1
0-3

M
eV

-1
]

! [ MeV]  

E = 520 MeV  " = 130 deg

FG
MAID

E=400MeV E=440MeV

E=480MeV E=520MeV

FG
SP MAIDC(e,eÕ) & =130¡(contÕd)



 0

 20

 40

 60

 80

 100

 0  50  100  150  200

R
 [

10
-3

M
eV

-1
]

?  [MeV] 

E = 280 MeV  ? = 60 deg

FG
SP

SP FF
SP FF PB

C(e,eÕ) & =60¡

¥SP (no FSI)

¥SP+Folding function

¥SP+Folding function+ Pauli
Blocking

�&�����������. �F�7���� �������›

 0

 10

 20

 30

 40

 50

 0  50  100  150  200  250  300  350  400

R
 [1

0-3
M

eV
-1

]

?  [MeV] 

E = 520 MeV  ? = 60 deg

FG
SPFFMAID

�&�����������. �F�7���� �������›¥SP+Folding function

FG



Summary
¥ A(e,eÕ) cross section are calculated with spectral function

and FSI in the energy range where QE and Pion
production are dominant.

¥ For pion production,  we apply MAID which includes
resonance and non-resonant contributions.

¥ When E~1 GeV, our calculations agree very well with the
experimental data, even in the dip region.

¥ Even in low energy scattering (E=240-520MeV), good
agreements are shown in QE + DIP region if FSI are
considered.

¥ Future Problems
Ð FSI for pion production.
Ð MAID-type approach for weak currents.
Ð Study the effect of DIS at high Q2 (>0.3GeV2)



End
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