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QE-peak dominated by one-nucleon knockout
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QE e-nucleus scattering

e+t A=—=¢e +N+(A-1)

" both e’ and N detected one-nucleon knockout (e,e'p)
" (A-1) is a discrete eigenstate n exclusive (ee'p)
" only e' detected inclusive (e.e’)

QE v-nucleus scattering

1/5(175)+A:>1/5(175)—|—N+(A—1) NC

Vz(ﬂz)+AN+(A—1) CC

" only N detected semi-inclusive NC and CC
" only final lepton detected inclusive CC
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Direct knockout DWIA (e.e'p)

## exclusive reaction: n

# DKO mechanism: the
probe interacts through a
one-body current with one
nucleon which is then
emitted the remaining
nucleons are spectators
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Direct knockout DWIA (e.e'p)

A2 () 1 5(a) | én)

@ j* one-body nuclear current
@ 1O =<n|f> s.p. scattering w.f. H(w+E,,)
& ¢, = <n|¥, one-nucleon overlap H(-E, )e
@ ), spectroscopic factor

@ 1) and ¢ consistently derived as
eigenfunctions of a Feshbach-type optical
model Hamiltonian

@ phenomenological ingredients used in the
calculations for x) and ¢
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RDWIA: (ee'p) comparison to data | ©o(eep) |
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RDWTIA: (ee'p) comparison to data

[GeV™3]
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| 160(e,e'p) |

RDWTIA: (ee'p) comparison to data

[GeV™3]
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NIKHEF parallel kin e=520 MeV T, = 90 MeV
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RDWTA: NC and CC v -nucleus scattering

A2 () 1 5(a) | én) “ ‘ ‘ ‘
If >

.
& transition amplitudes calculated with
the same model used for (ee'p)

@ the same phenomenological k
ingredients are used for ¥ and ¢

@ j* one-body nuclear weak current



J

One-body nuclear weak current

K .
H=FY(QH)" + szzv(Qz)a” 0 — GA(Q*)YHy°

K anomalous part of the magnetic moment

NC




One-body nuclear weak current

j* = [Flv(Q W+ i FY (Q%)0™ gy — GA(Q2)VMY® + Fp(Q° )q“w"} -

oM
CcC

By — 2MG A induced pseudoscalar form factor
P= 2 2
m2 + Q




One-body nuclear weak current

7 = [FY @ + i B (Q1)0™ = GA(QD'Y° + Fe(Q%)g"y | 7

2M
B — 2MG A induced pseudoscalar form factor
P 2 2
m2 + Q
2 —2
GS¢ = 1.26 (1 - ]%) cc
The axial form factor | . A
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Ma = (1.026 £ 0.021)GeV



One-body nuclear weak current

7 = [ Y@ + i B (@10 q — Ga(QPIy° + Fe(Q%)g"y | 7

oM
CcC

By — 2MG A induced pseudoscalar form factor
P= 2 2
m2 + Q
2 —2
GS° = 126 (1 + ]%) cc
The axial form factor A

G?\(“JNC _ % [+(_)GE{C NC

Ma = (1.026 £ 0.021)GeV

possible strange-quark contribution




One-body nuclear weak current

3 = [FY (@ + i FY Q)0 a, — GA(@2 ™) + Fp(Q%)q"° | 7

The weak isovector Dirac and Pauli FF are related to the Dirac and
Pauli elm FF by the CVC hypothesis

VvV CC
F,

— FP_F" cc

FYPUINC - (%—QSiHQQ\N) FP —%F“( —%F NC

sin? Oy ~ 0.23143



One-body nuclear weak current

3 = [FY (@ + i FY Q)0 a, — GA(@2 ™) + Fp(Q%)q"° | 7

The weak isovector Dirac and Pauli FF are related to the Dirac and
Pauli elm FF by the CVC hypothesis

FV CC _ FZP o an cC

F;/'P( NC (% — 2sin? QW) P %Fn( NC
sin? Oy ~ 0.23143 ﬂ

strange FF




v -nucleus scattering

E only the outgoing nucleon is detected: semi inclusive process

B cross section integrated over the energy and angle of the
outgoing lepton

E intfegration over the angle of the outgoing nucleon

B final nuclear state is not determined : sum over n




v -hucleus scattering

E only the outgoing nucleon is detected: semi inclusive process

B cross section integrated over the energy and angle of the
outgoing lepton

E intfegration over the angle of the outgoing nucleon

B final nuclear state is not de‘rermined

W (w,q) = 3 (mxp | (@) | Wo)(Wo | T (@) | m:xp,)) 6o +w — Ex)

n




calculations

m pure Shell Model description: ¢, one-hole states in
the target with an unitary spectral strength

m > over all occupied states in the SM: all the nucleons
are included but correlations are neglected

B the cross section for the v-nucleus scattering where
one hucleon is detected is obtained from the sum of
all the integrated one-nucleon knockout channels

m FSTI are described by a complex optical potential
with an imaginary absorptive part
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FSI for the inclusive scattering :
Green's Function Approach




FSI for the inclusive scattering :
Green's Function Approach

(e.e) nonrelativistic

F. Capuzzi, C. Giusti, F.D. Pacati, Nucl. Phys. A 524 (1991) 281

F. Capuzzi, C. Giusti, F.D. Pacati, D.N. Kadrev Ann. Phys. 317 (2005) 492 (AS CORR)
(e.e’) relativistic

A. Meucci, F. Capuzzi, C. Giusti, F.D. Pacati, PRC (2003) 67 054601

A. Meucci, C. Giusti, F.D. Pacati Nucl. Phys. A 756 (2005) 359 (PVES)

CC relativistic

A. Meucci, C. Giusti, F.D. Pacati Nucl. Phys. A739 (2004) 277



FSI for the inclusive scattering :
Green's Function Approach

@ the components of the inclusive response are expressed in terms of the
Green's operators

@ under suitable approximations can be written in terms of the s.p. optical
model Green's function

@ the explicit calculation of the s.p. Green's function can be avoided by its
spectral representation which is based on a biorthogonal expansion in terms of a
non Herm opt. pot. H and H*

# matrix elements similar to RDWIA

@ scattering states eigenfunctions of H and H* (absorption and gain of flux):
the imaginary part redistributes the flux and the total flux is conserved

@ consistent treatment of FSI in the exclusive and in the inclusive scattering
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COMPARISON OF DIFFERENT
MODELS




relativistic vs nonrelativistic PWIA
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COMPARISON OF RELATIVISTIC
MODELS

PAVIA  <{Z——> MADRID-SEVILLA
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SCALING APPROACH

Need of reliable calculations of v-nucleus cross sections

Analogies between v-nucleus and e-nucleus scattering
where a large amount of data is available

Is it possible to extract model independent v-nucleus cross
sections from e~-nucleus experimental cross sections?

Instead of using a specific nuclear model one can exploit the
scaling properties of (e.') data and

extract a scaling function from (e.e") data

invert the procedure to predict v-nucleus cross sections

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly, A. Molinari and I. Sick
PRC71 (2005) 015501



SCALING APPROACH

The method relies on the scaling properties of the electron
scattering data

2 /
At sufficiently high q the scaling function f = d”o(q,w)/dS2dk

Ss.n.(qu)

depends only upon one kinematical variable (scaling variable)
(SCALING OF T KIND)
is the same for all nuclei
(SCALING OF II KIND)

I+IT SUPERSCALING



Scaling variable (QE)  yqr = j:\/l/(ZTF) (q 1+ 1/r—w— 1)

+ (<) for ® lower (higher) than the QEP, where y=0



Scaling variable (QE) VQE = i\/l/(sz) (q' 1+1/7—w— 1)

+ (-) for @ lower (higher) than the QEP, where y=0

Reasonable scaling of I kind at the left of QEP
Excellent scaling of II kind in the same region

Breaking of scaling particularly of I kind at the right
of QEP (effects beyond IA)

The L contribution superscales



Scaling variable (QE) VQE = i\/l/(sz) (q' 1+1/7—w— 1)

+ (-) for o lower (higher) than the QEP, where y=0

Reasonable scaling of I kind at the left of QEP
Excellent scaling of II kind in the same region

Breaking of scaling particularly of I kind at the right
of QEP (effects beyond IA)

The L contribution superscales
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Experimental QE superscaling function
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M.B. Barbaro, J.E. Amaro, J.A. Caballero, T.W. Donnelly, A.
Molinari, and I. Sick, Nucl. Phys Proc. Suppl 155 (2006) 257




SCALING APPROACH

The properties of the experimental scaling function should be
accounted for by microscopic calculations

The asymmetric shape of f<F should be explained

The scaling properties of different models can be verified

The associated scaling functions are compared with the experimental
fQE



Experimental QE superscaling function - RFG

‘RFG — | Relativistic Fermi Gas
r—

€XP -




Experimental QE superscaling function:
RPWIA, rROP, RMF

08 — RPWIA
07| --- rROP
--—- RMF
06
----------- fi_l_
05t
f-|.._.I
03+
02}
01t
91_5_._.‘

J.A. Caballero J.E. Amaro, M.B. Barbaro, T.W. Donnelly, C.
Maieron, and J.M. Udias PRL 95 (2005) 252502




Experimental QE superscaling function:
RPWIA, rROP, RMF

only RMF gives an
asymmetric shape

J.A. Caballero J.E. Amaro, M.B. Barbaro, T.W. Donnelly, C.
Maieron, and J.M. Udias PRL 95 (2005) 252502




scaling function: comparison GFA - RMF ‘

fi (%)




scaling function: comparison GFA - RMF ‘

fi (%)

asymmetric shape ‘




CONCLUSIONS

1% v- nucleus cross sections calculated in the QE region

¥ nuclear effects treated extending to v- nucleus scattering
relativistic models developed for QE electron-nucleus scattering and
tested in comparison with electron-scattering data

1 consistent models for exclusive, semi-inclusive, inclusive processes
with CC and NC

¥ numerical predictions can be given for different nuclei and kinematics

1 comparison of the numerical results of different models helpful to
reduce theoretical uncertainties on nuclear effects






Relativistic DWIA

@ ¢, Dirac-Hartree solution of a relativistic Lagrangian containing
scalar and vector potentials, obtained in the context of the

relativistic MF theory and reproduce s.p. properties of several
nuclei

& y obtained following the Pauli reduction scheme
(-)

Xp, = 1 .  pU;
" M+E+S(E)—viE) Pt

D Darwin factor
S(E) - V(E)

M+ E

Ve, =4/DY(E) & D(E)=1+ S and V scalar and

vector potentials

& complex phenomenological optical potentials fitted to proton
scattering data on several nuclei in a wide energy range



FSI for the inclusive scattering :
Green's Function Approach

1 > 1
w,q) :Z [R #:“(Ef—én,Ef—En)—;p/M dgEf—S —SI

IR ¢

— Mlon | 7 (q) g (BN (B) 7*(q) | ¢n)

interference between
different channels




FSI for the inclusive scattering :
Green's Function Approach

1 > 1
WHH (w, q) :Z [R ;:“(Ef—sn,Ef—En)—;P/M dgEf—s —51

— Aalen | 71 (q)v/T— VI(E) L VI(E)j"(q) | o)

eigenfunctions of H
and H*




FSI for the inclusive scattering :
Green's Function Approach

1 > 1
WHH (w, q) :Z [R ;:“(Ef—sn,Ef—En)—;P/M dgEf—s —51

— An(on | 571 (@)/1 = V'(E) | | V1I=VI(E)* @) | en)

| gain of flux | | loss of flux

Flux redistributed and conserved

The imaginary part of the optical potential is responsible for the
redistribution of the flux among the different channels




FSI for the inclusive scattering :
Green's Function Approach

1 o0 1
WHHE = Re _— d Tm(]
o Zn:{ x M gEf—En_g

_ An(ﬁon l jM(Q) 1— Vf(E) ‘

| V1=VI(E)j*(q) | ¢n)

| gain of flux | | loss of flux

For a real optical potential H=H* the second term vanishes and the
nuclear response is given by the sum of all the integrated one-nucleon
knockout processes (without absorption)
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