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Overview

......................

o

"Neutrino scattering formalism

* Response functions
 Polarization observables

« Connection to electron scattering
 Scaling
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Overview

Neutrino scattering formalism A

ﬁ\luclear and reactlon mechanisms ingredi™
ents

e Electro-weak current matrix elements

Long-range nuclear correlations (RPA)
Final-state interactions

Finite-size effects

Coulomb corrections

Relativistic effects /

g
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Overview

Neutrino scattering formalism A

ﬁ\luclear and reactlon mechanisms ingredi™

('Resuls for different reaction channels )
« Charge-changing quasi-elastic scattering
« Neutral-current quasielastic scattering
 Delta excitation

e Coherent pion production

\

K' Relativistic effects /
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Overview

Neutrino scattering formalism A :
MUclear and reaction mechanisms ingredi™
fResuIs for different reaction channels ) .
" Kinematics A :

* Low energy

 Intermediate to high energy :
~ o Laorierert piort proauctuori j :
\_° Relativistic effects Y,
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Overview

Neutrino scattering formalism A
ﬁ\luclear and reactlon mechanisms ingredi™
('Resuls for different reaction channels )
" Kinematics A
“Observables )

e Inclusive cross sections
e Integrated cross sections
« Angular distributions

e Polarization observables
N Y,
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Overview

Neutrino scattering formalism A
ﬁ\luclear and reactlon mechanisms ingredi™
('Resuls for different reaction channels )
" Kinematics A
“Observables )
Nuclear models )

» Local fermi gas

 Relativistic Fermi Gas

e Shell Model (SM)

 Relativistic Mean Field (RMF)
e Super-Scaling Analysis (SUSA)
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Overview

Neutrino scattering formalism A :
MUclear and reaction mechanisms ingredi™\
/'Resuls for different reaction channels ) .
" Kinematics A :
Observables A
Nuclear models )

" Special Topics A :

e Theoretical uncertainties
« Strangeness content of the nucleon

» Flux-averaged coherent pion production

7 (

* SUPET-SCAINy ATdIySIS (QUSA)

L
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( Adimensional variables

QmN ZmN




Example: CC neutrino reaclion

v+A—I1"+B
Effective Hamiltonian
G cos 0, ”
J
V2

Couplig constant: G = 1.1664 x 107°GeV 2
Cabibbo angle: 8. = 0.974
Leptonic current (v — ):

Hepr = () Ju(2)

3 = (K )" (1 = v5)u, (k)

Hadronic current (single nucleon n — p) is of the form V — A

14
A

Ju = Up(P) Fl(QQ)’Yu + FZ(QQ)wW QTQnN ) GA(QQ)%% - GP(Q2) m

Momentum transfer
QM:KM_K/M:P’M_PM




Neutrino scattering with initial and final hadronic states |i) — |f)
Transition matrix element to first order in the interaction

G cos 0,

*J
V2 7

sz' — —'/d4 <l,f|7‘(€ff(x)|ul,i> — —27Ti(5(Ef — F; — w)

Lepton current matrix element

m' m1Y?
" = [Wﬂ] w (k)7 (1 = y5)un (k)

Hadronic current matrix element

T = (f1Tu(a)ld)

.QQQWWTNJ-Q :
l‘lgnﬂ JE Amaro - May 2009 —p. 6




Inclusive: only the final lepton is detected

_ 2ISHlP V VK

d
7 T v (21)

Performing the lepton traces

do G*cos* 0, k' , ,
dVde ~— Ar? € (S + ) W J

Hadronic tensor

W = S 6 (B — B - w)<f|J”(q)Ii>*<f|J”(q)i>J
fi

2 2
Q m

v | pu — KriK™
2

g" 5
Q= Kk — K"

1
Leptonic " = 2P"P" — ZQ"Q" +
tensors 5
a’ = e Qozpﬂ

09 —p. 7



(v1,17) formalism

Cross section:

Similar to oot

G =1.166 x 1071 MeV 2

cosf,. = 0.975

Fermi constant:

Cabibbo angle:

Generalized scat-
tering angle:
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Nuclear structure information:

Fi = VecRoe + 2VorRer + VipRop + Ve Ry + 2V Ry
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(v1,17) formalism (I1)

Nuclear structure information:

F2 =VocRee + 2Ver Rer + Vir Rop + Ve Ry + 2V Ry

kinematical factors Vi from the leptonic tensor
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(v1,17) formalism (1) /

Fi = VoeReo + 2VorRor + Vi Rer + Vi Ry + 2V Ry
Adimensional variables:

kinematical factors Vi from the leptonic tensor S m’

V@2
Q7

q

6

1 — 6% tan?

. 2
52 0
q p 2 T+

2
W_z 4+ (1 4 2_‘“/ 4 p52> 52 tan? The only dependence on the
q qp muon mass m’ is in o

0 p 2 (w 1
t 2 _ o7 = o /52
an 5 + 2 ( + 20,0
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......................................

Weak response
functions




Weak response
functions

Weak CC hadronic tensor:




functions

Weak response}

Weak CC hadronic tensor:
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- Nuclear Weak responses

Expand into vector and axial-vector contributions

RCC—R —|—R RCL—R —I—R
Rir = RYV + R4
Rr=RYY + R  Rp =R

w
R — __RVV RVV _ RVV Conserved vec-
CL ccC LL

cC tor current

q q’
traditional longi-
VCC’RCC + QVCLRCL + VLLRLL — VLRVV = Xl‘;/vtudinal contribu-

tion
VccRéé + QVCLRéé + VLLRff = XC/L
‘7T [ R%V 4 R% ] Transverse

XTcomponents

2‘7T/ R;/ — XT,V/Alnterference

term

Full response: 72 = X}V + XC/L + X7 + x X7



Nuclear response functions for (v, ;=) reactions
Rx = NANUxk frrc(¥), K =CC,CL,LL,T,T,

N iIs the neutron number,

A(): SF , nF:kF/mN, fF:\/l—FU%—l.

3
MmN pR

Scaling function frrg(v) = 2(1 —p2)0(1 — ?)

Scaling variable

single-nucleon responses Uy

eliam |\ay 2009 — p. 12



Ubc + (Uée), + (Uéc),.

/{2

(2G%)* + 7(2GY,)?

T 1+ 7

= |echr +

A= Tt ) s/t S

The axial-vector response Is the sum of
conserved (c.) plus non conserved (n.c.) parts,

A B K 2 A \°
(Ucc)c.—7GAA : (UCC)H.C.— —GYy°

JE Amaro - May 2009 — p. 13



= UgL + (Uéll)c + (Uéll)n.c.
= Uy, + (UflL)c. + (Utr)

n.c. ’

The vector and conserved axial-vector parts
are determined by current conservation

A A
——(Uéc)..
A )‘2 A
(ULL)C. ) (UCC)C. !

2




Uy + UA

(2GE)” + 1(2GY,)°
1+7

= 2(1+7)G% + G5 A
2G 4(2GY )/ T(1+ 7)1 + A]

A: T fF(1_¢2)
: 1+ 7 2K '




Easy model to include many nuclear effects
Local Density Approximation (LDA): use a local Fermi

momentum kr(r) = (37%p(r))'/? and average the
responses over the nuclear interior weigthed by p(r)
(integrating over r)

RPA nuclear correlations
Correct energy balance and Coulomb distortion effects
FSI effects

°

°

°

°

°

°

°

° WW?N“J a o : oooooooooooooooooooooooooooooooooooooo
\ JE Amaro - May 2009 — p. 16



ph-ph interaction of Landau-Migdal

V = co[folp) + fo(p)Ti - T2 + go(p)d1 - 02 + go(p)T1 - 201 - 53]

Parameters fitted to electromagnetic nuclear properties
and transitions Speth et al.

Includes A excitations in the medium, and ph-Ah, A-hAh
effective interactions

renormalization of the hadronic tensor (axial and vector) in
the medium

JE Amaro - May 2009 —p. 17



Coulomb corrections

Correct the energy balance by the minumum nuclear
excitation energy gap Q = M (X;) — M(X;) instead of the

LFG value Qrra(r) = E%(r) — ER(r) Replacing

w—w—|Q — Qrra(r)]
Self-energy (Coulomb potential) of the final lepton
ZC = ZE/VC(T)

(Vo(r) is the nuclear Coulomb potential) Modification of the
charged lepton propagator

1
k2 — ml2 — QkQVC(’F) + 1€

— new local energy-momentum relation for the final lepton
(Modified effective momentum approximation)

JE Amaro - May 2009 —p. 18



NIEVES, AMARO, AND VALVET

180

RPA""'— T yﬁ l,zc -:-. e_X
80y nrpp= — ~ B
I RPA — -
PoulitQ - 60 npe/ 10— = 7
A v, UC o p X T Panli+Q -~y
5

FIG. 7. Predictions for the
LSND measurement of the '°C
[w#.,p'}X reaction (left panels)
and the '*C (v..e7)X reaction near
) . | ] threshold (right panels). Results
150 1% 210 240 27 300 35 ; have been obtained by using non-
E, [MeV] relativistic kinematics for the

’ nucleons and without FSI. Top: v,

E, = 46.2 MeV and v, cross sections multiplied

o(EW(E,) N [107* frd|
o(E, )W (BN {107 [

" _ by the neutrino fluxes, as a func-
e "0 —e”X tion of the neutrino energy. In ad-
dition to the RPA calculation
(solid line), we show results with-

BPA out RPA correlations and Cou-
\ Paudirf) — - lomb corrections (dotted line), and
also (dashed line) the low-density
limit of Eq. (31). Middle: Differ-
ential muon and electron neutrino

RPA ~mnn
Paufi+(} — —
\ Y N cross sections at £, =179.5 MeV

o H
20 3 40 (left) and E, =46.2 MeV (right),
E, — Ef = @ [MeV] as a function of the energy trans-

fer. Bottom: Neutrino spectra

' n ' from Ref. [S0] (left) and Eq. (65)
uy BC - = X : %, (right).

do fdE] (1079 em?/MeV]

%
=
T
o
=
=t
=
T
(=]
=
&)
-
T
EY
)
=1

-

120 li’l)l} 1;30 21 240 2719 300
E, {MeV] £, [MeV]
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. RPA predictions for LSND

o o I........

Experimental and theoretical Flux averaged cross section

TABLE II. Experimental and theoretical flux averaged '*C( v,,u )X and '2C(w,,e7)X cross sections in 107 cm? units. We label our

predictions as in Fig. 7. We also quote results from other calculations (see text for details).

LDT RPA

; CRPA [18] xp.

Pauli+Q SM [I5] SM [27]

LSND’95 [50]
83+0.7+1.6
KARMEN [53]

F(v,,u7) 661 20.7 11.9 13.2

0.19 0.14 0.12 0.15+£0.01+0.01

Exp

LSND'97 [51]
11.240.3+1.8
LSND [54]

LSND’02 [52]
10.6+0.3+1.8
LAMPF [55]

0.15+0.01+£0.01 0.141+£0.023

v,.e”) 597 .16 15

JE Amaro - May 2009 — p. 20



-1 Final State Interaction (FSI) | /

Use a renormalized nucleon
propagator in the medium

FIG. 4. W* self-energy diagram obtained from the first diagram

p’ — E(p) — X(p)
picted in Fig. 2 by dressing up the nucleon propagator of the

irticle state in the ph excitation. E(p): NUCI@On Self—energy In the
medium

Grsi(p) =

Aproximation: Im?>}; ~ 0 for hole
states

Nucleon self energy taken from
P. Fernadez de Cordoba

and E. Oset,

PRC 46 (1992)

FIG. 5. Insertion of the nucleon self-energy on the nucleon line
‘the particle state. JE Amaro - May 2009 — p. 21



w0 s e X —
3 1) gt X weemm
] = 310 MeV

E, = 400 MeY

do fdid| 7] [10-Punl/Mev?)

q a0 ]EIIO ; 164
B, —E—Q or B, —£f - T [MeV

B
__g 0.003 Without REA 3 NS NOREL o -
= otk
:é 0.6 By = 400 MeV 1
j:': ooos b 7 |F] = 450 MeV
T oooaf 0 e X
i‘f 0.003
£ nane
=
0.001
O

' ) 100 150 200 250
E, — E - ) [MeV]

FIG. 13. v, and 7, differential cross sections in '°0 as a function
of the excitation energy, for fixed values of the momentum transfer
and £, ;=400 MeV. Top: Results obtained from the full relativistic
model without FSI, with (RPA) and without RPA and Coulomb

corrections (Pauli+Q(é)). Bottom: Results obtained by using rela-
tivistic (long dashed line, REL) and nonrelativistic nucleon kine-
matics. In this latter case, we present results with (solid line, FSI)
and without (short dashed line, NOREL) FSI effects. For the three
cases, we also show the effect of taking into account RPA and
Coulomb corrections (lower lines at the peak). The areas (in units of
10749 cm?/MeV) below the curves are 1.02 (REL), 1.13 (NOREL),
and 1.01 (FSI) when RPA and Coulomb corrections are not consid-
ered, and 0.79 (REL), 0.90 (NOREL), and 0.85 (FSI) when these
nuclear effects are taken into account.

The FSI is implemented on
the non relativistic model

The RPA correction is less
Important in presence of FSI
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Central values and errors of the model Input parameters
Form Factors Nucleon Interaction
0.843 + 0.042Gev £ = 0.33 + 0.03
56 + 0.6 fU) = 045 + 0.05

+
1.05 £+ 0.14 GeV f = 1.00 0.10
+

1.26 0.01 fr = 213 0.21
A, = 1200 120 MeV
c, = 20 0.2
= 2500 250 MeV

= 0.63 0.06

We have also included 10% uncertainties in both the real part of |
the nucleon selfenergy and densities

JE Amaro - May 2009 — p. 23



S A

The Montecarlo simulation

Generate 2000 sets of input parameters
Gaussian distributions

Compute the different observables

Obtain the distribution of the observable values

Theoretical errors are obtained discarding the highest and
lowest 16% of the obtained values

Keep a 68% confidence level (CL) interval

M. Valverde, Amaro, J. Nieves, Phys. Lett. B 638 (2006)
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Uncertainty bands

Integrated inclusive

QE cross section
uncertainties

for the full model,
compared to the

LFG without

nuclear corrections

M. Valverde et al. / Physics Letters B 638 (2006) 325-332

T T T T T T 100 T T T T ;
- ; " - 350 |- } -
- A0 —e + X T " 300 = — 2
- < g 20 ' rE ]
i - = 200 AT 1l
- 4 ‘t.l -~ . -. 3
B .' = 4 = 150 i .
z e e NJ,«'-“C' — -+ X
LU . 100 == ]
o L I I I 1 L 50 £ I L I L I
150 200 250 300 350 400 250 300 350 400 450 500
E,MeV] E, [MeV]
150 = T T T T T 250 T T T T T
100 - . ) . i 500 - _— -
| v +%0 — ¢ - X n 150 ““v“_(.) S+ X . il
5 300 - ’ o & 100 [ ; . - N
g . g 350} ; P il
s 250 + - e . " ;S =
e 3 300 s g
= = 250 Pt - g
5 150 - 5 onol T e |
100 S - o T 68 % C.L. - |
P et 120 — il P”'i'!}
L = = |~ “ull mode )
¥ = 100 = Nuclear =----
o | L | 1 | 50 L | ! | i |
150 200 250 300 350 100 250 300 350 400 450 500
E, [MeV] E, [MeV]
1400 — : : . . 1600 — r r . . .
1200 " 1400 -
3 ) F J._IH’_ — _\'
1000w YA — e+ X — _ pm| WA ; A
5 so0fF ' P i £ 1000 [ : o g
S 600} = " S s} ' e 4
B = ® SN
400 B - 600 - e -
200+ =" : 00| " -
oLt 1 1 1 1 | apn L i L 1 | | |
150 200 250 300 350 100 250 300 350 100 150 500

E, MeV] E, [MeV]

Fig. 1. (Color online.) Electron and muon neutrino inclusive QE integrated cross sections from carbon, oxygen and argon, as a function of the neutrino energy. In all
cases non-relativistic nucleon kinematics has been employed. Results denoted as “Full model” are obtained from the full model developed in Ref. [14], while those
denoted as “‘Pauli” have been obtained without including RPA, Coulomb and nucleon self-energy effects. We also give the 68% CL band (red or solid lines). For
oxygen, the error bars (denoted as “Nuclear”) account for the uncertainties due to the imprecise knowledge of the nucleon densities and of the parameters entering
in the model used (Ref. [14]) to compute nuclear effects (RPA and nucleon self-energy).




Uncertainties cancellations on ratios

of interest for
experiments on
atmospheric
neutrinos

Theoretical errors
partially cancel out
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e e Voo
. | Polarization observables

Polarization in (v, T) reactions
Of interest for v, — v oscillation experiments.

T decay particle distribution depend on the 7 spin direction
Theoretical information on the 7 polarization will be valuable

Also needed in v, — v, oscillation experiments to disentangle
(ve, €) events from background electron productions following
the v, — v oscillation

JE Amaro - May 2009 — p. 27



......................................

Polarized differgntial Cross section
in (17, 1) reactions

Final lepton polarization meassured in

the direction s

d*c 1
= % (1 + 5, P*
dVdE!|_ 2 o (1+ 5, P")

2(5)

0. unpolarized cross section

Lepton polarization vector
components B (longitudinal), P,
(transverse)

They can be obtained as
asymmetries

S TE S
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** 1 Polarization results

Dotted: LFG
Dashed: RPA
Solid: FSI

g .........
\
Ng -
S} -
x ;
L 8K :
=, 6 : ;
: il
% 4 r’/ \\x\‘ _:"’/I -
SE 2 P SN !/
'UQ;) i \A\__\__ ';/
8 O IIIIIIIIII
=
1l 7 [T TrTTTT

e 6 o6 o o o o o o o o o o o

w— Q [MeV]

1 1 1 1
0 50 100 150 200 O

100 200 300 0O 100200300400500

w—Q [MeV]

w—Q [MeV]




Polarization results
Total polarization and angle

(}%?_+_ 3)1/2

el

arctan(P;/ F)) [degrees]

0 50 100 150 200 O 100 200 300 0O 100200300400500
w— Q [MeV] w— Q [MeV] w— Q [MeV]

Co s e - :
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: ...................................... I. e e 0o 0 0 0 o E
. 4 Super-Scaling Analysis (SUSA) :
Scaling in the RFG (Relativistic Fermi gas) :

Rk = Gr frrc(Y)

Functions G g from the RFG for electrons (KX = L,T) and
neutrinos K = CC,CL,LL,T,T".
Scaling function in the RFG

Frrc(®) = S(1 — ¢D)8(1 — v?)

4

Scaling variable:

po—_ ATT
%3 (1+ X7+ r/T(1+7)




do
d{Yde' ), ”

orott(vrGr + vrGr)

1 AN — 7

shifted — 1/ —
VEE (L N1 4 /T T

N =(w—E)/2my, 7 =kr"—N\?
kry E, are fitted to the data

RL . : RT
= —| Longitudinal = ——| Transverse
e W 'LWN ﬂ ) }




Superscaling

 Plot the experimental f(v') versus ¢’ for
different kinematics and nuclel

* Fit £, and kr to get scaling (one universal
scaling function)

no q 1st kind
dependence scaling
no A 2nd kind
dependence scaling

N S perscaling




§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)

WO DONNELLY AND INGO SICK PHYSICAL REVIEW C 60 065502

e o o Wlfﬂm a o : oooooooooooooooooooooooooooooooooooooo
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)
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Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)

T. W, DONNELLY AND INGO SICK PHYSICAL REVIEW C 60 065502

AN
i
S P T+t

> ol

FIG. 6. iColor) Sealing function for nuelei 4
=4-197 at g= 1650 MeVic. The 4405 GeV
data have been taken at 23° scattering angle. the
*He data at 25° and 8=,

e o o WWIN a o : oooooooooooooooooooooooooooooooooooooo
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)

e o o WWIN a o : oooooooooooooooooooooooooooooooooooooo
l‘!ﬂ JE Amaro - May 2009 — p. 34



§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)

SUPERSCALING OF INCLUSIVE ELECTRON . .. PHYSICAL REVIEW C 60 065502

I. E -r-r rHrHHm»rr-—-_mtT. ™
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)

SUPERSCALING OF INCLUSIVE ELECTRON . . PHYSICAL REVIEW C 60 065502
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§ Scaling in the QE peak /

Summary of past work by Donnelly & Sick PRC 60 (1999)
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......................................

* Good 1st-kind scaling below the QE peak (scaling
region)




......................................

* Good 1st-kind scaling below the QE peak (scaling
region)

* Above the peak the scaling is broken (A region)
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......................................

* Good 1st-kind scaling below the QE peak (scaling
region)

* Above the peak the scaling is broken (A region)

e Scaling of the 2nd-kind works well in the scaling region
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......................................

* Good 1st-kind scaling below the QE peak (scaling
region)

* Above the peak the scaling is broken (A region)
e Scaling of the 2nd-kind works well in the scaling region

* The longitudinal response appears to superscale
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......................................

* Good 1st-kind scaling below the QE peak (scaling
region)

* Above the peak the scaling is broken (A region)
e Scaling of the 2nd-kind works well in the scaling region
* The longitudinal response appears to superscale

e Scaling violations reside in the transverse response,

JE Amaro - May 2009 — p. 35






Fit in the Qua:
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...............................................

SUSA (Super Scaling Analysis)

 Using the experimental (e, ') scaling function
to predict neutrino cross sections




...............................................

SUSA (Super Scaling Analysis)

 Using the experimental (e, ') scaling function
to predict neutrino cross sections

« Use the RFG equations to compute the
(1, 17) response functions with the

substitution frrg (1) — feup(¥)

L4 °
L °
[ ] [ ]
L4 °
L4 °
L4 °
[ ] [ ]
° o o T = 06/ N o 06 06 06 ¢ ¢ ¢ 06 6 06 06 06 06 06 06 06 0 0 06 06 0 06 06 0 0 0 0 0 0 0 0 0 0 0 0 0 o°
Y & | ;"‘):‘)I
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...............................................

SUSA (Super Scaling Analysis)

 Using the experimental (e, ') scaling function
to predict neutrino cross sections

« Use the RFG equations to compute the
(1, 17) response functions with the

substitution frrg (1) — feup(¥)

* Needed to justify theoretically the validity of
SUSA

® [ )
° [ ]
o [ )
® [ ]
® [}
® [}
® [ )
° o o EARET °/4 2 W ° ° ° ° e e 0 0 0 0000000000000 0000000000000 e
NN
A ! A JE Amaro - May 2009 — p. 37




The semirelativistic shell model

« Study the scaling properties in realistic
models




The semirelativistic shell model

« Study the scaling properties in realistic
models

« Estimate the validity range of SUSA




The semirelativistic shell model

« Study the scaling properties in realistic
models

« Estimate the validity range of SUSA

* Include relativistic effects in the model




The semirelativistic shell model

« Study the scaling properties in realistic
models

« Estimate the validity range of SUSA
e Include relativistic effects in the model

« Compare with the experimental scaling
function

® [ )
° [ ]
o [ )
® [ ]
® [}
® [}
® [ )
° o o EARET °/4 2 W ° ° ° ° e e 0 0 0 0000000000000 0000000000000 e
NN
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The continuum shell-m@del
(CSM)

Closed-shell nuclei 2C, 10 and #°Ca,

Initial state |¢): Slater determinant with all shells
occupied.

Impulse approximation: final states are particle-hole
excitations coupled to total angular momentum

) =1(ph™)J)

Single hole wave function |h) = |enlnjn)

Single particle wave function |p) = |e,yl,j,)

Obtained by solving the Schrddinger equation

JE Amaro - May 2009 — p. 39



WS df(ra R07 a’O)

2
m=r dr

Vi(r) —Vof(r, Ry, ap) +
1

f(r,R,a) Lo /a

Ve (r): Coulomb potential.

W Vs W Vis ro
2C 62.0 3.20 60.00 3.15 1.25 0.57

10 525 7.00 5250 6.54 1.27 0.53
Ca 575 11.11 55.00 8.50 1.20 0.53
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The SR approach /

J*(p',p) = u(p)I"(Q)u(p)

©in powers of to first order O(n)

Not expand in p’/m..

— ¢, w can be large




Relativistic kinematics

E USE RELATIVISTIC KINEMATICS.

The energy transfer is the difference between the
(non-relativistic) single-particle energies of particle and
: hole w = ¢, — €.

The relativistic kinematics are taken into account by
the substitution

€, — €,(1 +€,/2mpy)

as the eigenvalue of the Schrodinger equation for the
particle

e o o WW}N“J a o : oooooooooooooooooooooooooooooooooooooo
l‘lgnﬂ JE Amaro - May 2009 — p. 42




= {+i(kxn) o
= & +ifo X K,

(¢, w)-dependent factors:

2GY. — GV,
G = 222Gy | &= A=t

T V=
g =20,V | =20y

M~
K Y

provide the required relativistic behavior.

The longitudinal component is given from vector current con- | .
. servation, J{ = 2.J9. :
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Jh = ot =TT Gy .

Neglect the terms of order O(n)

Time component

Longitudinal component |

°
° Wwim a o/ = N e o 0 06 0o 0 0 0 06 06 © 0 0 06 06 © © 06 06 06 © © © 06 © © © 06 06 0 © 0 0 0 0 o o
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Jh = ot =TT Gy .

Neglect the terms of order O(n)

Time component

Longitudinal component |

)\2
K2+ k\/T(T+ 1)

K

G- G,

Gy

K4+ /T(T+1)

G’y = G4 — 7Gp small due to cancellations
The O( ) term, proportional to 77 - & is dominant |

"
VLA
1 JE Amaro - May 2009 — p. 44
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Iq = 1 deV/c
.':/—.““\

g=15GeV/c ]
N

v

... T~

100 200 3
w [MeV]

00

U

600

800 1000 1200
w [MeV]
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g —1aCv /L
7N

Total responses

e = no
R SO N OIS NS NC R JURSG S

AR . N A |

100 200 300 400 600 800 1000 1200
w [MeV]
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Scaling of the first kind
Scaling of the first Kk

Curves for
g=0.5,0.7,1,1.3,1.5 GeV
collapse into one
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Scaling of the second kind

Curves for
12C, 160 and *°Ca

collapse into one

qg=0.5GeV/c

2009 — p. 50



Superscaling /

Scaling of the first kind

+ Scaling of the second kind

= Superscaling
In the CSM




DEB+D POTENTIAL (DIRAC-EQUATION-BASED PLUS DARWIN TERM) IN THE B
FINAL STATE: :

Rewrite Dirac eqution as a second-order equation for the

up component ¢, ()
Darwin term: v,,,(7) = K (r, E)o(7)
The function ¢(r) verifies the Schrodinger equation

1 5 . E? — m%v .
- E _
2va + Upgp(r, E) | ¢(T) S, o(T)

Both the DEB potential Upgp(r, E) and Darwin term
K (r, F/) are energy-dependent
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: 0.6} 0.6} ]
i Scaling 0.5 f 0.5} ]
: _ o 04f & 04f ]
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CC neutrino reactions

« SUSA reconstruction of the (v, 1) cross section from
the (e, €e’) one

e Test of the SUSA In the CSM

 The CSM electromagnetic scaling function is used to
compute neutrino cross sections.

e Compare with the exact CSM result

JE Amaro - May 2009 — p. 55
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Scaling violation for low q

v

JE Amaro - May 2009 — p. 57
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eeslll = Scaling violation for low ¢

IZC

50 100 150 200 250 300 350 400 450

400 MeV /c
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JE Amaro - May 2009 — p. 57




S The Relativistic Mean Field (RMF)

« Solve the exact relativistic Dirac equation for
the initial and final nucleons

e Use the exact relativistic V and A current
operators

* Describe the bound nucleon states as
self-consistent Dirac-Hartree solutions using
a lagrangian containing o, w and p mesons

e Use the same relativistic Diract-Hartree
potential for the final states (FSI)
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(v,, u~) results with the RMF

(@]
-]
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70 F
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o0
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| ' -
J A ) .
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v Wt -
E AT
o :
e ' H
L \
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» 4 : H -
. : H
. : H
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. : ]
Phe °
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Quasi-elastic differential cross section do/dE,/dS, for (v, 1™)

Ot
O

w
-

(10739em?/GeV [/ sr)
5

DO
-

do
dE,d,
—

Incident neutrino energy ¢, = 1 GeV.
Muon scattering angle 6,, = 45°.
RPWIA (solid), rROP (dashed) and RMF (dot-dashed), RFG (dotted).

§ From Caballero, Amaro, Barbaro, Donnelly, Maieron, and Udias, PRL 95 (2005)
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......................................

Neutrino scaling function
Compared to the experi-
mental scaling function

RPWIA (solid),
rROP (dashed)

RMF (dot-dashed)

Parameterization of
data (dotted)

fr)

0.8

0.7¢

0.6 |

0.9

0.4}

0.3

0.2}

0.1}

From Caballero, Amaro, Barbaro, Donnelly, Maieron, and Udias, PRL 95 (2005)
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Total integrated (v, 1) QE
cross section for 12C

as a function of the incident
neutrino energy.

X 5 5 % 1
|\ ?E O<

=——=={

X X ¥
O 0 ©)

RMF (squares),
RFG (solid line)
SuSA (dashed line),

RPWIA (dot-dashed
line)

SRWS (circles)
SRWS-tot (crosses).

RMF =

RPWIA |
RFG —
SuSA

3% SRWS © ]

SRWS-tot  *

06 08 1 12 14 16 18 2
e, (GeV)

From Amaro, Barbaro, Caballero, Donnelly Phys. Rev. Lett. 98 (2007)
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! 6 Neutrino excitation of thex peakl

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly, A. Molinari, Nucl.
Phys. A 657 (1999) 161.

New scaling variable for the A peak :
1/2 0
5 +1 A> )M
@bAzlgF(\/pA 1/7‘—)\pA—1>] X{l A< AL

1
)\ :5[\/#A—|—4/{2—1] Ua = ma/my

pa =1+ Ba/T ﬁAEi(MQA_l)

¥ Vanishes at the A peak = w = W) = \/m4 + ¢ — my

Include a small energy shift w — ' = w — Eg,p. Yielding a shifted
scaling variable ;.




RFG responses Iin the peak

ignoring terms of order 7z

RE(s. N0 = oA’ [(14+ ) wi(r) — w(r)] % fara(va)
R (K, A)g = %Ao 2w ()] X frra(¥a),
N
AO ~ 2/~€]€F

One should add the contributions:
N = Z and the p — AT structure functions
N = N and the n — A responses.




Experimental\ scaling function

Substract from the total (e, ') experimental cross
section the QE cross section recalculated using

¥ (Yor)
Divide by S2 = oy, [ULG% + UTG%]

Gy = QTkF N{ (14 7p4) we' (1) —wi (1) }] + O(n7)
G% — [N{wl H +O( )

likF




Scaling function in the\ peak




Scaling function in the\ peak




Scaling function in the\ peak




(e,e’) SUSA results (1)

Cross section computed with scaling functions

=6, A=12

€=1500 MeV, 6=13.5°

do/dQdw (mb/sr,MeV)

®®®®®®®®®®

04}4}.}
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(e,e’) SUSA results (1)

Cross section computed with scaling functions

do/dQdw (mb/sr,MeV)

®®®®®®®®®000
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(e,e’) SUSA results (I1)

P2l
7=6, A=12 + 4> " 4}%

4>
€=1299 MeV 4> j %

0=37.5°

/dQdw (mb/sr,MeV)

do
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° 15106 | € = 1299 MeV °
° /:;\ °
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° 2.\ 86 — 3750

O °
° (05} °
5 5 .
[} \E/ Y
. 3 :

3 °
° (& °

o
[ ] \ °
° B °
° o °
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e, e

MeV

do/dQdw (mb/sr

results (Il

=8, A=16

€e=880 MeV, 6=32.°
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e = 880 MeV
0, = 32°

)

=
v
=

160

do/dQdw (mb/sr
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N(v,, = )A model

Elementary reactions

vp — AT (1)
v,n — M_AJF (2)
vup — pA (3)
v — ptAT. (4)

Associated currents [Alvarez-Ruso et al. (1998)]:
J*(q) = Tal)(p', 8" )T u(p, s), (5)

isospin factor: 7 = /3 for AT+ and A~ production and = 1 for A+ and A% production,

uéA) (p’, s’): Rarita-Schwinger spinor




N(v,, = )A model

Vertex tensor [Alvarez-Ruso (1998)]

ros —

CV CV CV

= | @™+ — (9% P —a®pM) + —5- (9™ P —a"PM) |

2

_mN mN N
C’A C’A cA

+ | =2 (g% — ) + == (9™Fq P — q®p'*) + Cilg*H + S qaq“]
| my mN .

CVC implies CY = 0 and PCAC yields
Cg = Cg(uz +47) 71, With i = my/my
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SUSA(v,, 1v) predictionsA peak

Neutrino energy: € = 1 GeV

10®do/dQdk’ (fm?/MeV/c)

k=1000 MeV/c, = 45°

0 = 45°

[ ] e 6 o6 o o o o o o o o o o ©o o ©o oo ©o oo ©o oo o oo o ©°o o °o o ©°o °o o o o o o o o
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SUSA(v,, 1v) predictionsA peak

Neutrino energy: € = 1 GeV

10®do/dQdk’ (fm?/MeV/c)

k=1000 MeV/c, = 45°
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SUSA(v,, 1v) predictionsA peak

Neutrino energy: € = 1 GeV

10®do/dQdk’ (fm?/MeV/c) 10'%do/d0dk’ (fm?/MeV /c)

k=1000 MeV/c, = 45° k=1000 MeV/c, 6= 90°
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SUSA(v,, 1v) predictionsA peak

Neutrino energy: € = 1 GeV

10'®do/dQdk’ (fm?/MeV/c)

k=1000 MeV/c, 6=135°

0 = 135°

F — [ [ [ ) [ ] [ ] [ ] [ ] [ ) [ ) [ ] [ ] [ ] [ [ ) [ ] [ ] [ ] [ ] [ ) [ ] [ ] [ ] [ ] [ ] [ ) [ ] [ ] [ ] [ [ ) [ ] [ ] [ ] [ ] [ ) [ ) [ ] [ ]
]
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SUSA(v,, 1v) predictionsA peak

Neutrino energy: € = 1 GeV

10'®do/dQdk’ (fm?/MeV/c) 10'®do/d0dk’ (fm?/MeV /c)

k=1000 MeV/c, 6=135° k=1000 MeV/c, 6=180°
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SUSA(v,, u™) predictionsA peak

Neutrino energy: € = 1 GeV

10 do/d0dk’ (fm?/MeV/c)

k=1000 MeV/c, 6= 45°

0 = 45°
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SUSA(v,, u™) predictionsA peak

Neutrino energy: € = 1 GeV

10 do/d0dk’ (fm?/MeV/c) 10"do/d0dk’ (fm?/MeV /c)

k=1000 MeV/c, 6= 45° k=1000 MeV/c, 6= 90°
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(v, u) predictions (I1)

Neutrino energy: € = 1 GeV

10'%do/dQdk’ (fm?/MeV/c)

k=1000 MeV/c, 6=135°

k' (MeV/c)

[ ] e 6 o6 o o o o o o o o o o ©o o ©o oo ©o oo ©o oo o oo o ©°o o °o o ©°o °o o o o o o o o
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(v, u) predictions (I1)

Neutrino energy: € = 1 GeV

10'%do/dQdk’ (fm?/MeV/c) 10'®%do/d0dk’ (fm?/MeV /c)

k=1000 MeV/c, 6=135° ’ k=1000 MeV/c, 8=180°
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- Angular distribution 4 ;

At the tops of the QE and A peaks -




- Angular distribution 4 ;

At the tops of the QE and A peaks -




Angular distribution
At the tops of the QE and A peaks -
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10*°do/dQdk’ (fm®/MeV/c)

k=1000 MeV/c, 6= 45°




10*°do/dQdk’ (fm®/MeV/c)

k=1000 MeV/c, 6= 45°




R I A R R R I A I R RE NI l. e o o 0 0 0 o :
. | 7 Neutral current neutrino reactions

t - Channel inclusive scattering

N undetected




R I A R R R I A I R RE NI l. e o o 0 0 0 o :
. | 7 Neutral current neutrino reactions

u - Channel inclusive scattering

v, undetected




SuSA approach to NC neutrino scatter

t-channel (v, (™)
do
dQ dk’

Valid exactly for the RFG
u-channel (v;, N)

do

— dQ~d ~ &) ) (o))

do do
— A dk ~ 7 ) () (w)
dQndpy / vk e o = Ot W)

Good approximation in the RFG
Extend the SUSA model to the neutral current u-channel
Assume that F(") (1)) = F)(q))

Use the phenomenological scaling function extracted from
(e, ¢’) data to predict NC v-nucleus cross sections.
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Proton knock-out from¥ C

50 100 150 200 250 300 350 400

17, HN — 600

 Green. Phenomenological , o
SUSA model : 50 100 150 200 250 300 350 400

Ty MeV]
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v, 0, = 200

No strange

Strange
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- Nucleon strangeness effecl! 5
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8 Coherent pion productio

(k) +X — I7(K)+ X+ 7" (k,)
k) + X — v (K)+ X + (k)

Coherent pion production is sensitive to the nuclear form
factor F'(¢— k)
Maximum when 7 and k&, are parallel

The vector contribution is purely transverse and vanishes
— small for electromagnetic pion production

The axial contribution does not vanishes for neutrino-
iInduced reactions
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» Microscopic model for coherent CC and NC
pion production

* The model includes A production plus
background terms

e Good description of neutrino-induced pion
production off the nucleon
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The model provides accurate coherent pion production
Cross sections

Takes Iinto account the relevant nuclear effects
A self-energy in the medium and Pauli-blocking effects

In the width. &
——

Local density aproximation assuming initial and final

nucleon momenta g = (kx — q)/2 p' = —(kx — q)/2 T

Pion distortion effects solving the Klein-Gordon
equation for the pion with optical potential

JE Amaro - May 2009 — p. 82
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1.6 T

| | T 3 | A3 - | l
Fiull Maodel = '

0.5 & in medinm
PWIA «==---

U4 F Nucleons at rest 5. 180 — u+ 109G =

'I'.IE uHi{} - “"(J."’
X e E, — 600 MaV

1.2 | L, =600 MeV

de fdk, (10-¥em? /GeV)

005 01 015 0.2 025 0.3 ¥ 01 015 0.2 025 03 035 04 0.45
kx(GeV}) ey (GeV)

045
04}
035 | .
0.3 B 2O 2O o0

V)

1
x

} poRO L Wl
25 F

02t ¥ 1 E, = 850 MeV

0,15

(25

02t : ; E, = 850 MeV
0.15
0.1 / e 0.1

der felle, (10~ em? (G

0.05 | f g 0.05 |

04 05 06 T B ; [ : 03 04 05 06 07 08 0.9
ey (V) ke (GEV)

FIG. 2 (color online).  Pion momentum differential cross section in the LAB frame for different coherent pion production reactions.
Short-dashed line (in blue) has been calculated using planes waves for the outgoing pion and without including any in-medium
correction for the A. Results with A nuclear medium effects are shown in the upper-left panel by the long-dashed line {in green). Our
full model calculation, including medium effects on the A and the distortion of the outgoing pion wave function, is shown by the solid
line {in red}). Finally, the effect of putting the nucleons at rest is shown in the upper-left panel by the dotted lire {in magenta)
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Coherent 7 predictions [ =" =

THEOQRETICAL 5TUDY OF NEUTRINO-INDUCED . .. PHYSICAL REEVIEW D 79, 013002 (2009

TABLE 1. NC/OC muon neutrino and antineutrino coherent pron production total cross sections for K2K, MmiBooNE and T2K
experiments. In the case of CU K2K. the experimental threshold tor the muon momentm Iﬁ."l = 450 MeV 15 taken into account. 1o
convert the cross sectiion ratio given in |11 ] into a coherent cross section (k2K ), we use the value of 1077 X 10 ¥ em® /nucleon for the
total CC cross section, as quoted 1n [ 11]. For the MimBooNE NC* entry, we present our results when an optical pion-nucleus potential
with an imaginary part due to absorption and nelastic channels alone 15 used to compute the distortion of the outgoing pion {see text
for more details). The absolute NC 7" coherent cross section quoted in the PhDy thesis of Ret. | 77| should be taken with extreme
cauntion, since in the published paper (Kef. [15]) 1t 15 not given. There, it 15 quoted the ratio of the sum ot the NC coherent and
diffractive modes over all exclusive NC " production at MiniBooNE. Some details on the flux convolution are compiled in the last
three columns.

Reaction Experiment o [10 - L'I:'I:I Foxp | 1U - -..'|n:| s [GeV] _Ir:: dEd (E)ar(E) [107 -..'|1]:| _,I'-I “dEg'(E)
. 1 |I

CC v, + 120 K2K 468 <77 [11] 1. (.82
CC v, +12C  MiniBooNE 2.90 |4 (.03
CCwp, +12C T2K 2.57 1.4 0.91
CCwy, + ' T2K 303 |4 091
NC v, + 2C  MiniBooNE 97 7.7+ 1 (L8
NC* », + 2C MiniBooNE 7.7 =1 2.12 (.89
NC v, + 2C T2K 82 .64 0.90
NC », + ! T2K 0.9
L+ 1 T2K 12 1.4 .42 (.67
T2K (.64

The analysis of MiniBooNE overstimates our

B NwINT
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Coherent 7 predictions | *°

12, -
v, C—u

12 12 i
v C=v Cx

| ! |
= oi(E) [10 I“II.'1'I'I:]
& (E,) [GeV ]

— G(E)$(E) [10 e’ Gev ]

L]

N

« o(E) (107 em’]

G(E) [GeV ]
— o (E)$(E) [10 "em GeV )

MiniBoone

i

L "

FlCs. 9 {color online).

0.8
E, (GeV)

0.6 I}?E
E, (GeV)

1.0

CC (lett) and MNC {right) coherent pion production cross sections in carbon. We also show predictions

multplied by the T2k (left) and MimiBooNE {right) ¢, neutrino energy spectra. In the region of neutring enargies around (1.6 GeV, the

lower curves stand tor the T2K and MimBooNE v, Huxes normalized to one.

JE Amaro - May 2009 — p. 85



Conclusions

Neutrino interactions importance for nuclear physics:

« We have illustrated with examples a selection of
neutrino reactions on nuclei and their interplay with
nuclear reaction models and structure

« Neutrino cross sections incorporate a richer
Information on nuclear structure and interactions than
electrons.

e The availability of neutrino cross sections of different
kinds will be valuable for the developement of more
precise nuclear models and nuclear interaction
theories

{ “.- TE" [ ] e 6 o o o o o o o o o o o o o o o ©o o o ©o ©o oo o oo ©o ©°o o©o o oo ©o °o o°o o o o o
TRYN LT N L":',‘-;_
N JE Amaro - May 2009 — p. 86




	Overview
	Overview
	Overview
	Overview
	Overview
	Overview
	Overview

	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 1} General formalism}
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 1} General formalism}

	Kinematics
	Example: CC neutrino reaction
	Example: $S$-matrix element
	Example: cross Section
	$(
u _l,l^-)$ formalism
	$(
u _l,l^-)$ formalism (II)
	$(
u _l,l^-)$ formalism (II)
	$(
u _l,l^-)$ formalism (II)

	$(
u _l,l^-)$ formalism (III)
	$(
u _l,l^-)$ formalism (III)
	$(
u _l,l^-)$ formalism (III)

	Nuclear Weak responses
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 2} The relativistic Fermi gas (RFG) }
	scalebox {0.9}{Single-nucleon responses, $K=CC$}
	scalebox {0.9}{Single-nucleon responses, $K=CL,LL$}
	scalebox {0.9}{Single-nucleon responses, $K=T,T'$}
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 3} {Local Fermi gas (LFG)} }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{The RPA series} }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{Coulomb corrections} }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{RPA predictions for LSND} }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{Theoretical uncertainties}} 
	The Montecarlo simulation
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{Polarization observables}} 
	 scalebox {0.8}{Polarization vector and asymmetries}
	 scalebox {0.8}{Polarization results}
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 4} Super-Scaling Analysis (SuSA) }
	scalebox {0.8}{Experimental scaling function from $(e,e')$}
	Superscaling
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak
	Scaling in the QE peak

	Scaling properties of data
	Scaling properties of data
	Scaling properties of data
	Scaling properties of data
	Scaling properties of data

	Fit in the Quasi-elastic peak
	Fit in the Quasi-elastic peak
	Fit in the Quasi-elastic peak

	SuSA (Super Scaling Analysis)
	SuSA (Super Scaling Analysis)
	SuSA (Super Scaling Analysis)

	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ The semirelativistic shell model }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ The semirelativistic shell model }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ The semirelativistic shell model }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ The semirelativistic shell model }

	The continuum shell-model (CSM)
	scalebox {0.9}{Woods-Saxon potential}
	The SR approach
	scalebox {0.9}{Relativistic kinematics}
	scalebox {0.9}{The SR vector current}
	scalebox {0.9}{The SR axial-vector current}
	scalebox {0.9}{The SR axial-vector current}

	scalebox {0.8}{Test of the SR approach: psshadowbox [fillcolor=lightgray,linecolor=red,framearc=0.0]{ 
ed V responses } }
	scalebox {0.8}{Test of the SR approach }
	scalebox {0.8}{Test of the SR approach: }
	scalebox {0.8}{Test of the SR approach: psshadowbox [fillcolor=lightgray,linecolor=red,framearc=0.0]{ 
ed Cross section } }
	scalebox {0.8}{Scaling of the first kind }
	Superscaling 
	scalebox {0.9}{Improvement of the FSI}
	scalebox {0.8}{E }
	scalebox {0.8}{E }
	scalebox {0.8}{CC neutrino reactions }
	scalebox {0.8}{E }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 5} scalebox {0.8}{The Relativistic Mean Field (RMF)} }
	scalebox {0.8}{$(
u _mu ,mu ^-)$ results with the RMF }
	scalebox {0.8}{$(
u _mu ,mu ^-)$ results with the RMF }
	scalebox {0.8}{$(
u _mu ,mu ^-)$ results with the RMF }
	 psshadowbox [framearc=.2,fillcolor=Gold,linecolor=red]{ scalebox {1.2}{�lue 6} scalebox {0.8}{�lack Neutrino excitation of the $Delta $ peak} }
	�lack RFG responses in the $Delta $ peak
	�lack Experimental $Delta $ scaling function
	�lack Scaling function in the $Delta $ peak
	�lack Scaling function in the $Delta $ peak
	�lack Scaling function in the $Delta $ peak

	$(e,e')$ SuSA results (I)
	$(e,e')$ SuSA results (I)

	$(e,e')$ SuSA results (II)
	$(e,e')$ SuSA results (II)

	$(e,e')$ results (III)
	$(e,e')$ results (III)

	�lack $N(
u _mu ,mu ^-)Delta $ model
	�lack $N(
u _mu ,mu ^-)Delta $ model
	 scalebox {0.8}{SuSA $(
u _mu ,mu )$ predictions $Delta $ peak} 
	 scalebox {0.8}{SuSA $(
u _mu ,mu )$ predictions $Delta $ peak} 
	 scalebox {0.8}{SuSA $(
u _mu ,mu )$ predictions $Delta $ peak} 

	 scalebox {0.8}{SuSA $(
u _mu ,mu )$ predictions $Delta $ peak} 
	 scalebox {0.8}{SuSA $(
u _mu ,mu )$ predictions $Delta $ peak} 

	 scalebox {0.8}{SuSA $(overline {
u }_mu ,mu ^+)$ predictions $Delta $ peak} 
	 scalebox {0.8}{SuSA $(overline {
u }_mu ,mu ^+)$ predictions $Delta $ peak} 

	$(overline {
u }_mu ,mu ^+)$ predictions (II)
	$(overline {
u }_mu ,mu ^+)$ predictions (II)

	Angular distribution
	Angular distribution
	Angular distribution

	Comparison with the RFG
	Comparison with the RFG

	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {0.9}{yellow 7} Neutral current neutrino reactions} 
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {0.9}{yellow 7} Neutral current neutrino reactions} 

	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {0.9}{SuSA approach to NC neutrino scattering} }
	Proton knock-out from $^{12}$C
	Nucleon strangeness effects
	Nucleon strangeness effects
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 8} Coherent pion production }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 8} Coherent pion production }
	 psshadowbox [framearc=.2,fillcolor=black,linecolor=red]{ scalebox {1.2}{yellow 8} Coherent pion production }

	$pi $ momentum distribution
	Coherent $pi $ predictions
	Coherent $pi $ predictions
	Conclusions

