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(e; &) formalism
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X
W (g;!) = (Er Ei D)3 (Q)ii R jJ (Q)jii :
fi

' J (Q): Charge operator |

Electromagnetic current for (e; €)
Weak charged current for ( ;1 )



Electromagnetic current

i (pSp)=u(p) 2F

Weak CC current] = |,

jy(P%p) = w(pd 2F)

ia(P%p) = TP Ga




2 Scaling

RFG (Relativistic Fermi gas)
Rk = Gkfrrc( )

Functions Gk from the RFG for electrons (K = L;T) and
neutrinos K = CC;CL;LL;T;T?
Scaling function in the RFG

frec( ) = Z(l 2) (1 2)

Scaling variable:

1
p—

aro 2009 — p. 10
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(e; &) experimental scaling functior/

shifted !

O°= (!  Eg)=2my;
ke Y Eg are tted to the data

R, — Rt
f, = —‘ Lon |tud|naI| f+ = —|Transverse




Superscaling
Plot the experimental f ( 9 versus Cfor
different kinematics and nuclel

Fit Es and kg to get scaling (one universal
scaling function)

O q 1st kind

dependence scaling

BN Superscaling
no A 2nd kind

dependence scaling
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Good 1st-kind scaling below the QE peak (scaling
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Above the peak the scaling is broken (  region)
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Good 1st-kind scaling below the QE peak (scaling
region)

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

Scaling violations reside in the transverse response,
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SUuSA (Super Scaling Analysis)

Using the experimental (e; €) scaling function
to predict neutrino cross sections

Use the RFG equations to compute the
( 1,1 ) response functions with the
substitution freg( ) ! fexp( )

Needed to justify theoretically the validity of
SUSA
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R LR RRTTRRLTERRLSERRRRERRTREN 3
3 The semirelativistic shell model g

Study the scaling properties in realistic
models

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

Compare with the experimental scaling
function



The continuum shell- m del
(CSM)

Closed-shell nuclei 2C, 190 and #°Ca,

Initial state jii: Slater determinant with all shells
occupied.

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

ifi = j(ph 1)Ji

Single hole wave function jhi = j plyjnl

Single particle wave function jpi = | ply]pl

Obtained by solving the Schrddinger equation

JE Amaro 2009 — p. 18



V(r)
f(rR;a) =

Vc(r): Coulomb potential.

Vop V|_pS VOn VLnS Mo o
2C 620 320 60.00 3.15 1.25 057

150 525 7.00 5250 6.54 1.27 0.53
0Ca 57.5 11.11 55.00 8.50 1.20 0.53

JE Amaro 2009 — p. 19



R LR RRTTRRLTERRLSERRRRERRTREN 3/
. The SR approach ;

- EXPAND THE RELATIVISTIC SINGLE-NUCLEON CURRENT

j (%P =1uPE) (Qu(p

*in powers of to rstorder O( )

Not expand in p=my.
=) (q;! 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! = , .

The relativistic kinematics are taken into account by
the substitution

as the eigenvalue of the Schrodinger equation for the
particle

JE Amaro 2009 — p. 21



provide the required relativistic behavior.

The longitudinal component is given from vector current con- |-
. servation, Jo = -J9.
_ JE Amaro 2009 — p. 22
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00—
- b Gy, —Pp— G
n #

P¥=p—- Gpn —p—G
+

(+1 °

G2 = Ga  Gp small due to cancellations .
The O( ) term, proportional to ~° ~is dominant ||
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Multipole components of the current operator: Coulomb
(C), longitudinal (L), transverse electric (E) and transverse
magnetic (M ) operators

Z

Cio(Q) = d®rj 5(qr) Yao(r)Jo(r)

Coo(@ =~ drr fis@nYso®)] I(r)

E3m (0 drr [a(anNY am ()] I(r)
I\ﬂ\]m(Q) dger(qr)YJJm(r\) J(r);

j3(qgr): spherical Bessel Function
3 Y ;5n(f): vector spherical harmonic

JE Amaro 2009 — p. 24



Index to label the quantum numbers = (h;ly;)p; )

C, L, E and M multipole matrix elements of vector and
axial-vector currents:

cV+iCchA = HkEC;(qkii

LY +iLA = HKkC;(q)kii
EV+iEA = H KE;(qkii
iMY  MA = HkM;(gkii

These are computed in terms of the radial wave
functions using Racah algebra

JE Amaro 2009 — p. 25
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Test of the SR approac AR SeREEX
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Scaling of the rst kind

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, 150 and 4°Ca

collapse into one
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ettt i i e eeee e Sy -
- Superscaling 4 §

Scaling of the rst kind
+ Scaling of the second kind

= Superscaling
In the CSM




DEB+D POTENTIAL (DIRAC-EQUATION-BASED PLUS DARWIN TERM) EN EL |§
ESTADO FINAL: g

Rewrite Dirac eqution as a second-order equation for the

up component ,(t)
Darwin term: () = K(E) (¥)
The function (+) veri es the Schrodinger equation

1, EZ mj
r <+ U rE ¥) = ¥
ST pes (RE) (¥ > (t)

my

Both the DEB potential Upeg (I; E') and Darwin term
K (r; E) are energy-dependent
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Scaling
of 1st kind

DEB+D
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Energy dependence of DEB potential
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CC neutrino reactions

SuSA reconstruction of the ( ; ) cross section from
the (e; &) one

Test of the SUSA in the CSM

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

Compare with the exact CSM result
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MEC Semi-relativistic ex
sion

I 2 Gy fn f 1 kK, ~©)

1+ 92my m2 m My mcz) K 2

A (Z)R [~(1) ~(2)]Z~(1) Ko 8

[~(1) ~(2)]Z~(1) +(1$ 2)




. Test of the SR
1 MEC

i RFG vs SRFG
: (static

: propagator)
°C(e; &)

Transverse response
-OB interference

50 100 150 200

q=0:7 GeVic
3 -0.3 =1
0 50 100 150 200 250 300 350 400 500 600 700 800 900 1000 11(

Fig.1. Interference T response of OB and current. Solid lires:
RFG. Dashed lines: SRFG with static propagator and static pion
propagator.
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dynamical propagator

effect From Amaro et al.,
PRC 68, 014604 (2003)

JE Amaro 2009 — p. 48



DEB+MEC
DEB

The MEC bump S
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results
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q=0:4 GeV/c g=1GeV/c
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Fig.5. T response with MEC (solid) and without MEC (dashed).
Thick lines: DEB potential. Thin lines: WS potential.
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MEC+DEB
scaling breaking
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. MEC effect - Static pion propagato/

- - WS L
DEB-Static g=1:5 GeV/c

WS-Static

WS and DEB
Static and dynamical

ROB MEC [Gey 1]

pion propagator
Transverse response
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MEC+DEB, static
and dynamical \ ,
pion propagator  JEERNEZEENNEG—
results vs RFG 0 20 0 w0 o0 o0e

and SRFG |
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Fig.3. Interference T response of OB and current. Thick sad
lines: DEB with dynamic pion propagator. Thick dashed lines
DEB with static pion propagator. Thin Dashed lines: SRFG wih
static propagator and static pion propagator. Thin solid lines:
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Fig.4. Interference T response of OB and current. Thick sad

lines: WS with dynamic pion propagator. Thick dashed linesws

with static pion propagator. Thin Dashed lines: SRFG with satic
propagator and static pion propagator. Thin solid lines: RFG
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Fig.6. Interference T response of OB and current. Thick sad
lines: WS with dynamic pion propagator. Thick dashed linesws
with static pion propagator. Thin lines: WS with forward diagrams
contribution only (there is no di erence between dynamic oistatic




DEB static and
dynamical pion

propagator vs 2} q=1 Gevi
forward diagram | o
contribution only

12C(e; é)

OB' interference ' q=0:5GeV/c q=1:3 GeV/c

Transverse response 50 100 150 200 250 300350400450 400 600 800 1000 120
0.25

0.15
0.1
0.05
0
-0.05
-0.1

q=0:7 GeV/ic 1 -0.15 g=1:5GeVic

600 800 1000 1200 1400
I [MeV]

100 200 300 400 500 600 700

Fig.7. Interference T response of OB and current. Thick sad
lines: DEB with dynamic pion propagator. Thick dashed lines
DEB with static pion propagator. Thin lines: DEB with forward
diagrams contribution only (there is no di erence between yhamic
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. Conclusions: / ;
. Semi-relativistic shell model '

Incorporate relativistic effects in existing models
Applications to intermediate energies

Study of the scaling properties of electromagnetic
responses. The model veri es superscaling.

The DEB+D model of FSI reproduces the experimental
scaling function

It is possible to reconstruct via SuSAthe ( ; ) cross
section from the (e; &) one for g > 500MeV/c

The SR shell model can be used to evaluate the MEC
contribution for high energy (hard to compute in exact
relativistic models)
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. Conclusions: / ;
: MEC '

The MEC give an important contribution in the high
energy tall of the 1p-1h transverse response

The MEC bump is de to a change of sign of the MEC
contribution for energy transfer ! > 1 GeV

The change of sign is produced by the dynamical pion
propagator

The MEC bump is only predicted when the FSI
produce a dynamical enhancement of the high-energy
tail (DEB potential)
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