Analysis of electron scattering within the
SuSAv2-MEC approach and extension to CC
neutrino reactions

G. D. Megiasl, J. E. Amaro?, M. B. Barbaro3,
J. A. Caballero!, T. W. Donne||y4, |. Ruiz Simo?

IDpto. de FAMN, Universidad de Sevilla, Sevilla, Spain.
2Dpto. de FAMN and Instituto Carlos I, Universidad de Granada, Granada, Spain.
3Dpto. di FT, Universita di Torino and INFN, Torino, Italy
4Center for Theoretical Physics, M.I.T., Cambridge, Massachusetts, USA.

5th December 2016, INT-16-63W, Seattle

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app!



Contents

© Introduction
@ Theoretical framework
@ Theoretical Models and Description

e Results

@ Comparison with (e,e’) experimental data
e Comparison with CCQE v,-12C experimental data
@ Analysis of inclusive CC cross sections

© Conclusions
@ Conclusions and Further Work

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app



Introduction Theoretical framework

Theoretical Models and Description

Contents

© Introduction
@ Theoretical framework

Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app



Introduction Theoretical framework

Theoretical Models and Description

Electroweak Interactions with nucleons and nuclei

(a) Electromagnetic scattering (b) Charged-current scattering (c) Neutral-current scattering

l=e u, 7

Lepton-nucleus interactions

@ Electron-nucleus interaction, mediated by v (EM) and Z (weak)

@ Neutrino-nucleus interaction, mediated by W= (Charged-Current) and Z
(Neutral-Current)

@ QED description
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Quasielastic Regime

(e, €’) QE scattering

e+tA—e+p+(A-1)

CCQE scattering

vu(Pp) +A = p= (uh) +p(n) +(A-1)

Impulse Approximation (IA)

The lepton only interacts with a single
bound nucleon.
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2p-2h MEC contributions

m A weak boson from the leptonic current is exchanged by a MEC
. N 3 . e e
pair of nucleons (2-body current) = 2-nucleon emission from
the primary vertex. N,
m 2p-2h effect dominated by the meson exchange current \TT N
2

(MEC). A —

Over 100,000 terms are involved in the calculation, with seven-dimensional integrations
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Experimental status

2p-2h effects on the experimental side

» Recent v-CCQE measurements (MiniBooNE) have reported a
large M4 value #- standard estimations = Explanation: events
interpreted as CCQE-like events are also due to 2p-2h MEC,
correlations, etc.

» 2p-2h effect is essential to understand current and future neu-
trino oscillation experiments.

» The importance of MEC is well known from electron scattering
data = 'dip’ region between the QE and the A peak.
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Theoretical description: QE (e, €') cross section

Double differential cross section

a? cos? 0/2

_ VR + VrRYY) = 1E o9/
UMatt( (Rav TRT ) s 4E;sin*6/2

do
dk,, dQ2
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Theoretical description: CCQE v-nucleus cross section

Double differential cross section

2 2
do (G,%cos@c) 0 B
[dkudﬂ} =ooFy i o= [ kucesg | x =) = vl

X
Nuclear structure information Rosenbluth-like decomposition

R.= RV + R/

Rr = RYY + RA

]:)2( = VLRL aF \A/TRT +X |:2VT’RT’:|
ViLRL = VccRee + VerRer + Ve R

L — (uv) = (00, 03, 30, 33);

T — (11,22); T — (12,21)

gy =a(P) [FVy* + 5 FY o Q.| u(P)
Iy = (P') [Gav" + == Gp Q"] u(P)

Leptonic (j*) & hadronic currents (J*)

F L (S A L (R

Nuclear responses

Composed of VV (vector-vector), AA (axial-axial) and VA (vector-axial) components

arising from the V and A weak nuclear currents.
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Theoretical description: Nuclear model dependence

w For this purpose we need to employ a nuclear model which can be
applied up to very high energies.

w Two basic requirements: it has to be relativistic and it must describe
QE electron scattering data from intermediate up to high energies.
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Theoretical description: Nuclear model dependence

First approach: Relativistic Fermi Gas (RFG)

@ Relativistic description of the nucleus as a system of non-interacting
on-shell nucleons.

@ Explanation of the nucleon dynamics in the ground state (Fermi
movement) and consistency with the description of a many-body sys-
tem.

@ The RFG is too simple to take into account all the physics involved in
an accurate way. It should be taken as a guide for more sophisticated
models.
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Theoretical description: Nuclear model dependence

m For this purpose we need to employ a nuclear model which can be
applied up to very high energies.

w Two basic requirements: it has to be relativistic and it must describe
QE electron scattering data from intermediate up to high energies.

SuperScaling Approach (SuSA)

@ Based on the superscaling function extracted from QE electron scat-
tering data.

@ Scaling: The response of a many-body system scales when it can
be described in terms of a particular combination of two variables,
called scaling variable 1)(w, q).

@ In lepton-nucleus scattering, nuclear effects can be analyzed through
a Scaling Function 7 (7)) constructed from the ratio between the QE
cross section and the proper single-nucleon one.

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app



Introduction

Theoretical framework
Theoretical Models and Description

Theoretical description: Scaling phenomenon

oqe(nuclear effects)

F(W) = f(g,w) ~

1-scaling variable

Tsingle nucleon (no nuclear effects)

In inclusive QE scattering we can observe:

% Scaling of 1% kind (independence on q)

—>  SuperScaling
Z¢ Scaling of 2" kind (independence on Z)
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Theoretical description: Scaling phenomenon

oqe(nuclear effects)

F(W) = f(g,w) ~

; -scaling variable

Tsingle nucleon (no nuclear effects)

In inclusive QE scattering we can observe:

% Scaling of 1% kind (independence on q)

—>  SuperScaling
Z¢ Scaling of 2" kind (independence on Z)
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Theoretical description: Scaling phenomenon

O Fit of the (e, €’) longitudinal -
scaling data :
& Assumption f (¢) = fr(v) /

SuSAv2 PRC90, 035501, 2014 i

@ An improved SuperScaling
model based on RMF calcula-

tions (FSI). 08

@ Decomposition into isoscalar 0.7

and isovector components which 061

is of interest for CC neutrino re- 0.5

actions. 0.4¢

O RMF & RPWIA models are 03¢

employed to get a set of scal- 02

ing functions valid for all lepton- 0.1¢

nucleus scattering processes OF . , "

2 i o, 2 3
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Theoretical description: Scaling phenomenon

RMF/RPWIA transitio

PRD 94, 013012 (2

@ RMF = FSI between the outgoing nucleon
and the residual nucleus = low-intermediate g
@ RPWIA = outgoing nucleon as a relativistic
plane wave = higher g values

= SuperScaling Approach as a combination of
RMF and RPWIA scaling functions:

T=0,1
Fi

T

2 =0,1 .2 “RPWIA
cos” x(g, q0)f, +sin® x(q, qo)f;

2 Z .2 +RPWIA
cos” x(g, qo)fr + sin® x(q, qo)fr

17
L

> qo(g): RMF/RPWIA transition parameter,
determined by performing a x? analysis of the
(e, €’) data in a wide kinematical region.
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Inelastic Nuclear Responses within the SuSAv2 Approach

O Inelastic model that includes the complete inelastic spectrum = resonant (A), non-
resonant, and deep inelastic scattering (DIS). Based on PRC69, 035502, 2004 and
extended to the SuSAv2 formalism with a q(")”e’“t"c RMF/RRPWIA transition parameter
[PRD 94, 013012 (2016)].

N.
LT _ & LT LT (qOQE’w/)

QE — 'r]?_-lim/\/ QE "model

where fSLuSAv2 #* fS-ZSsz and U(L\)’ET are the single nucleon responses.

LT _ Nér LT AT | inel s
Rinel - 773’{ /d#X#XU[ne/ fmodel(q(l)ne 7wX)
F

X

Wy - . . . . LT
where px = -2 is the dimensionless invariant mass, U’

ey depends on the inelastic

structure functions Wi, W,, obtained by using:

- Fits of the inelastic structure functions (Bodek, Bosted-Christy, ...)

- PDFs

2 In computing the inelastic hadronic tensor, we employ phenomenological fits of the
single-nucleon inelastic structure functions [Bosted-Christy parametrization
PRC81,055213(2010), PRC77,065206,(2008)]
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Inelastic Nuclear Responses

Following the prescription given in Bodek and Ritchie, PRD23, 1070 (1981) , vW> =

2myxW1, xuWs = vWs — 2Q where Q is the antiquark distribution.
Preliminary Wy, W5, W3 results.

Q=05 GeV’ic’, E= 2.0 GeV, g=1.0 GeV/c, w=0.71 GeV/ Q=10 GeV’ic’, E= 2.0 GeV, g=1.41 GeV/c, w=1.0 GeV
T T T T T T T T T
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O
Inelastic structure functions for CC neutrino reactions

7 weak _ 18 \n/EM
VWQWEQ — ? W2
Next step: To develop the CC neutrino formalism for DIS and introduce Wy, Wh, W3
into the SuSAv2 description.
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2p-2h MEC for (e,e') and CC v reactions PrDo1, 073004, 2015

Over 100,000 terms are involved in the calculation, with seven-dimensional integrations

P; Ph P} psop; P i 2]
q q
P S SO DI VR S
q "3 q l‘l
P PP Py Py )2 P, P,
(@ ) © (@
14 Py P P P P;
k, k, k,  k
V702 Gaiikaiin SN ol ~<--- q —<—§—>—
q
P, Py Py P P, P>

& Dekker and De Pace: first attempts for a relativistic description of EM 2p-2h MEC
= Extension to the weak sector [PRD 90, 033012 (2014); PRD 90, 053010 (2014)].

@ The calculation is performed in the RFG model in which Lorentz covariance can be
maintained.

@& A fully relativistic calculation implies to integrate over the neutrino flux = High
increase of the computing time of the nuclear response, involving 7D integrals of thou-
sands of terms = Parametrization
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2p-2h MEC parametrization PRDY1, 073004, 2015
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2p-2h hadronic tensor in the RFG model

vk Simplest approach that treats exactly relativity, gauge invariance and translational
invariance. The nucleons are described by plane wave spinors.

Y Parameter: Fermi momentum kg. (also separation energy Es)

2 Final states: two particles p; and p/, above the Fermi momentum, p/ > kr, and two
holes h; and hy below the Fermi momentum, h; < kf.

Spin (isospin) indices: s/ (t/) and s; (t;).

2p-2h hadronic tensor in the RFG model

%

M4
W = —— [ &d®pidPhd*h————O(p,, ph, 1, h
2p—2h (271_)9/ P1 1 2E1E2E{E2’ (p1; P2 b1, h2)

r,uu(p/h p/2,h1,h2)5(E{ —+ E2/ —E1 — E — w)

where by momentum conservation, pj = hy + hy +q — pj].

E; and EI.’ are the on-shell energies of the holes and particles,
The volume of the system is V = 372Z/k2, for symmetric matter, Z = N = A/2.
Pauli blocking step functions:

O(p1, Py, 1, h2) = 0(py — ke)O(p] — ke )O(ke — h1)0(ke — h2).
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2p-2h hadronic tensor in the RFG model

2p-2h hadronic tensor in the RFG model

1% M
whH = dpid3hid*hy —————O(pl, ph, 1, h
2p—2h (27r)9/ P1 1 2E1E2E1’E2’ (p1, P2, h1, h2)

r*(p1, py, h1, h2)8(E{ + Ej — E1 — B> — w)

Elementary 2p-2h hadronic tensor
P (ph, ph, hy hy) = Z 372,125 (1,2,1,2)a

51525 s; titat] th

@ Two-body MEC antisymmetrized matrix element j*#(1’,2/,1,2)4
@ The sum over isospin combines all the possible charge channels in the final state,
corresponding to emission of PP, NN, and PN pairs.

@ In our formalism we separate the contributions of these charge states. This will
allow us to apply the formalism to asymmetric nuclei N # Z. This will be of
interest for neutrino experiments based on 40Ar, 59Fe or 208Pp detectors.
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Meson exchange currents

@ The 2p-2h calculations implies 7D integrals. @ ) ©
The numerical integration method is
described in: |. Ruiz Simo, C. Albertus, J.E. 2 ” P
Amaro, M.B. Barbaro, J.A. Caballero, T. W. I el
Donnelly, PRD 90, 033012 (2014) (phase o 5@
space in Lab system); PRD 90, 053010 S " o
(2014) (phase space in CM system) @

@ The MEC operator is written as the sum of
four contributions, seagull (a,b), pion-in-flight
(c), pion-pole (d,e), and A pole (f—i).

jl‘LVLIEC :J':;ea +J7'Lrl +jgole +JZ ® ®
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Isospin dependence of the MEC

CC neutrino scattering can induce two possible 2p-2h transitions: NP — PP and
NN — NP.

The total CC MEC for neutrino scattering can be written as

e = m(Q)I2512)+7(2) (1 2512)
+ (), (@' 2512), (1)
where
go= Uk &)
N/ 3
B = JheatIn 00+ Jas (4)

@ This expression can be applied to antineutrinos by taking the (—) component of
the isospin operators.

@ For electron scattering, one should take the z component of the isospin
operators and keep only the V part of the current.
@ The resulting electromagnetic MEC is in agreement with previous expressions

@ Expression (1) will be useful to obtain the response functions for the separate
charge channels PP, PN, NN
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Validation

@ The validation of the MEC contribution requires to compute the total (e, e’)
cross section including also both the quasi-elastic and inelastic

@ s possible to reproduce globally the experimental world-data for 12C in the
super-scaling approach using these 2p-2h MEC calculations?

@ YES = G.D. Megias, J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W.
Donnelly, Phys. Rev. D 94, 013012 (2016)

E=680 MeV, 6=60°, Goe=610 Mev/c E=961 MeV, 8=37.5", Goe=585.8 MeVic
T T T T T T T T T

T
2500 107
2000
oz
1500+ ]
10001 Ho.65
500
os
%
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Non relativistic limit

Electromagnetic transverse response function for 2p-2h for low momentum g and kg =
q/2. We take A = 56.

Fe, kp = q/2
0.25 T T T
rel 20
non rel j T j T rel —
0.2} 1 ) . non rel
B L 9= 300 MeV/c
| -
= 0.15 + 1 =
o e 10 | 4
01t {1 e
= ¢ =100 MeV/c <
-
L ] 5k 4
0.05 -
0 . . . . 0 L=". . . . )
0 20 40 60 80 100 0 50 100 150 200 250 300
2 T T T 50 T T T T T T
rel rel
non rel non rel
15} { o
0 T ) .
= 30 | g =400 MeV/c
o I 1 2
- ~ 20|
= 0.5 59
2T q=200MeV/e ] 10 f
0 L L L 0 = L L L . .
0 50 100 150 200 0 50 100 150 200 250 300 350 400
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Relevant kinematic regions in the 2p-2h MEC cross section

4 T
— MEC w>1 GeV
=== 0.5-1.0 GeV
3 === 0.2-0.5 GeV
== 0.1-0.2 GeV
mmm 0<0.1 GeV,

T
—3 MEC g>2 GeV/c
=== 1.0-2.0 GeV/c
3t 0.5-1.0 GeVic
== 0.3-0.5 GeV/c,

a, (10‘3gcm2)
5

10 . 1 10 100
E, (GeV) E, (GeV)

Although very similar to the QE case, the relevance of 2p-2h MEC contributions
extends slightly to higher kinematics.

Megias (University of Seville)
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Comparison of models

Electromagnetic transverse response function for 2p-2h from %6Fe for two values of gq.
Comparison with the model of ref. De Pace et al.

De Pace rel — ' ' 30 ] . .
rel De Pace rel
70 - 1 rel o
q = 550 MeV/c 5L 4
60 | / ] BT = 1140 MeV /e
~ 50 1 1 . 20 +
S L
© | 1 =
o 40 15}
% 30 &
= 10 +
20 +
10 ] 5t
0 — ) 1 . 0 . 1 | .
0 100 200 300 400 500 250 500 750 1000
w [MeV] w [MeV]
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2p-2h response functions

Separate 2p-2h response functions of 12C for four values of the mo-
mentum transfer. We show the L, T electromagnetic responses and
the five weak responses for CC neutrino scattering.

60 20
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50 ¢ 15 R
_w) §F ’ ’ 10
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=g T 5 e
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Summary

@ We have extended the MEC model of De Pace to the weak
sector by adding the axial MEC operators

@ This model of MEC has been validated within the SuSA-v2
approach by fitting the (e, €') data
@ Our model can be applied to compute neutrino cross sections

@ We can compute the separate 2p-2h charge channels,
asymmetric matter and angular distributions

@ We are preparing and will publish a fortran library of routines
(NuMEC) to compute the elementary 2p-2h response
functions

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app!
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kr dependence of the 2p-2h MEC responses (see M. Barbaro's talk)

¢ Extension of the EM 2p-2h MEC analysis to other nuclei.

7% A-scaling: independence on the nuclear species = Scaling of 2nd kind

% ng = kp/my ; ke(Li)= 165 MeV/c; ke(C)= 228 MeV/c; kg(Ca)= 241 MeV/c;
kr(Pb)= 248 MeV/c

Y% A parametrization of this behavior in terms of kg (work in progress) could be valuable
to extend our calculation to other nuclei without further theoretical calculations reducing
significantly the computational time.

g=1000 MeV/c, k_=200,228,250,300 MeV/c
T T T

0.007, : : T 0.007 = i
r s /& — 1000,165
0.006 7+ S 0.006F / +1000,200|
b 1o i ---- 1000,228
-~ 0.005F 4 B 0.005- [ --- 1000,250| |
% oo S8 =
2 s — = | - - -
S 0004 - £ 0004 600,200
%) [ S ---- 600,228
£ 0.003- <, 0,003+ - 600,250 |
= L = --- 600,300
@ 0.002- 3 0.002+ e
0.001- o 0001+ _
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033 033571 23 4
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Inclusive 2C(e, €’) cross sections  PRD 94, 013012 (2016)

Theoretical description beyond the QE peak

O Good agreement of SuSAv2 model with (e,e’) data

O Inelastic model that includes the complete inelastic spectrum = resonant (A),
nonresonant, and deep inelastic scattering (DIS). Based on PRC69, 035502, 2004

2 In computing the inelastic hadronic tensor, we employ phenomenological fits of the
single-nucleon inelastic structure functions
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Theoretical description beyond the QE peak

O Good agreement of SuSAv2 model with (e,e’) data

O Inelastic model that includes the complete inelastic spectrum = resonant (A),
nonresonant, and deep inelastic scattering (DIS). Based on PRC69, 035502, 2004

2 In computing the inelastic hadronic tensor, we employ phenomenological fits of the
single-nucleon inelastic structure functions
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Inclusive >C(e, €’) cross sections  PRD 94, 013012 (2016)
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Inclusive >C(e, €’) cross sections  PRD 94, 013012 (2016
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RMF vs. RPWIA contributions in the QE regime PRD 94, 013012 (2016)
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v,-1?C CCQE scattering PRD 94, 093004 (2016)
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v,-1?C CCQE scattering PRD 94, 093004 (2016)
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Relevant kinematic regions in the QE cross section
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The main contribution to the total QE CS comes from g < 1 GeV/c and w < 0.5 GeV,
even at high neutrino energies. J
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Relevant kinematic regions in the 2p-2h MEC cross section

4 T
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Although very similar to the QE case, the relevance of 2p-2h MEC contributions
extends slightly to higher kinematics.
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Relevant kinematic regions in the 2p-2h MEC cross section
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Although very similar to the QE case, the relevance of 2p-2h MEC contributions
extends slightly to higher kinematics. J
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Analysis of 2p-2h MEC vector and axial responses
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MINERVA v,—12C cross sections

05¢ | | | 25
fg [ * MINERVA =
g 04F —QE 4 § 2H 4
g f —. QE+MEC 2
8 r ol 3
5 03 1 & 1sf E
2 L/ N + o - N
e I S 5 <
Sl . R Sy :
g f 2 S
& oir i y ty,
S 0.1 4 205+ et b
s TS 3 Esfo
ok L L L L L L 0 L L L L L L i It ~
0 5 10 15 20 25 30 35 1 2 3 4 5 6 7 8 9 10
8, (deg) E, (GeV)
12 T T

2, 2
=
)]

[}
=i R

cmZ/(Gev /c”)/nucleon)
©

o

(00" 4R (do"dQD)

I

do/dQ” (10
N

05 B
L I

o




Comparison with (e,e’) experimental data
Results Comparison with CCQE r'“—l C experimental data
Analysis of inclusive CC cross sections

Contents

e Results

@ Analysis of inclusive CC cross sections

Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app



Comparison with (e,e’) exp ental data
1
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Analysis of inclusive CC cross sections

Inclusive total cross section = A-scaling model

Extension of the SuSA approach into the non-QE region (arXiv:1506.00801 [nucl-th]),
obtained by substracting the QE + 2p-2h MEC contributions from the total cross
section = assuming that it is dominated by the A-resonance.
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Inclusive total cross section = A-scaling model

the QE and A regions.
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Inclusive total cross section = A-scaling model

Extension of the SuSA into the non-QE region assuming A-resonance dominance [JPG43,
045101 (2016)]. Substraction of the QE + 2p-2h MEC contributions from the total CS.

———
x  SciBooNE,

20+ ' (NUANCE) ,
[+ SCBOONEy, 1
r EEE QE+MEC+1m

== T I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1

E, (Gev)

QE+MECHA contributions are not enough to describe inclusive cross section at
E, > 1 GeV = Work in progress to include DIS in the v interaction model. J
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QE+MEC+A contributions in v,—?C scattering

Analysis of T2K v, data (< E,,, >~ 0.8 GeV) JPG43, 045101 (2016)

= Deep Inelastic Scattering contributions are not relevant at T2K kinematics.
=\Work in progress to include the DIS description = analysis of higher-energy data.
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2C cross sections
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= Agreement with data is slightly worse as for
E, > 1 GeV DIS starts to be relevant.
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2 The SuSAv2+MEC model has been widely tested against (e,e’) data, showing a good
agreement with v-nucleus data from low to high-energy data.

O First 2p-2h MEC fully relativistic calculation including direct-exchange interferences
in both axial and vector currents.

2 Extension of the theoretical description of neutrino-nucleus scattering to include
DIS contributions = Complete analysis of all present and future experiments (T2K,
MINERvA, ArgoNeuT, SciBooNE, etc.)

2 Analysis of the nuclear dependence of the 2p-2h MEC in terms of the Fermi momen-
tum (kg). Work in progress.

2 The possibility of describing the QE and the MEC contributions through a straight-
forward parametrization might be of interest to Monte Carlo neutrino event simulations

used in the analysis of experiments.
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T2K v,—12C cross sections
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MiniBooNE v, —'2C double differential cross sections
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MiniBooNE v, —'2C double differential cross sections
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MiniBooNE v/, — 2C double differential cross sections
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MiniBooNE v, —'C single differential cross sections
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MINERvA v,—'C & ,—CH cross sections (NEW FLUX)
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New MINERvA flux calculation. Data unpublished.
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Separated Contributions in the SuSAv2 Model
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Experimental status

Target
Booster . m
an ... =
Deca gu—E i
Horn Regio);m Earth  Detector

primary beam secondary beam tertiary beam

Lot L

(protons) (mesons) (neutrinos)

Experimental difficulties:

@ Determination of the incident neutrino flux, affected by uncertainties of the nu-
clear model as well as by background processes.

@ Extremely reduced cross sections due to weak interactions (~ 10~ EM) = High
experimental accuracy is essential.

@ Most of experiments only detects the charged lepton in the final state, not the
outgoing nucleon.
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Theoretical description: CCQE v-nucleus cross section

Differential cross section & Scattering matrix amplitude (Sy)

|55 _ o T e 1% [ v (N)
do = T o dNy ; Sﬁ:—lfd X-Hw (X)=—i m Ju (X)D;VLV (X-Y)L,'(Y)
Weak leptonic current: j,, = j¥ + xji Weak hadronic current: J+ = Jij + Jif
= (k) yuu (k) g = (P') [F] w+2 Yo’ Q] u(P)
Ju = ﬂ( ") Yuysu (k) H=a(P)[Gav" + 5 GPQ“] u(P)

Double differential cross section

2 ~\ 2
do G2 cos O 0
[ :| = 0'()]:)2( ;00 = M k,, cos > o x=+(-) =vu@n)
pe

272

Nuclear structure information

F2 = ViR + VrRr +x [2\77/ RT,] L — (uv) = (00,03,30,33); T — (11,22); T/ — (12,21)

Rosenbluth-like decomposition: R, = RLVV + Rf\A i R = R¥f‘ o Ry = RVV + RAA

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app
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Theoretical Description of the SuSAv2 model rrcoo, 035501, 2014

RMF+RPWIA; valid for all lepton-nucleus scattering processes

T T T T T T T T T T
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Nuclear response in terms of the energy transfered

Elastic

Nuclear response

2p-2h MEC

~ MeV ~ GeV "
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Nuclear response in terms of the energy transfered
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Nuclear response in terms of the energy transfered
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Nuclear response
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Nuclear response in terms of the energy transfered

Nuclear response

2p-2h MEC

~ MeV ~ GeV "
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Theoretical Description of the SuSAv2 model rrcoo, 035501, 2014

Present SuSA SuSAv2

Based on the superscaling function ex- ce The Relativistic Mean Field model
tracted from QE electron-nucleus scat- (RMF) is employed to improve the data
tering data. analysis, where RMF accounts for FSI.

Longitudinal Longitudinal + Transversal

Description of nuclear responses built Differences between transverse and lon-
only on the longitudinal scaling func- c e gitudinal scaling functions are intro-
tion. Assumption of f;(¢) =~ fr(y), duced in order to describe properly the
scaling of 0t kind. nuclear responses.

Isoscalar + Isovector Structure Isovector structure

The scaling function based on QE elec- We separate the scaling function into
tron scattering data takes into account e isovector and isoscalar structure so as
isovector and isoscalar currents to des- to employ a purely isovector scaling
cribe the interaction between the elec- function for CCQE neutrino-nucleus
tron and the nucleus. processes where isospin changes.
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Separated QE Contributions in the SuSAv2 Model
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Theoretical description: Scaling phenomenon

& Whereas the RPWIA describes the outgoing
nucleon as a relativistic plane wave, the RMF
takes into account FSI between the outgoing
nucleon and the residual nucleus using the same
mean field as considered for the bound nucleon.
the large kinetic energy of the outgoing nucleon
at very high q should make the FSI effects neg-
ligible. new SuperScaling Approach as a com-
bination of RMF and RPWIA scaling functions
where the first dominates at low to intermediate
q and the latter at high q

T=0,1 _ 2 %T=0,1 .2 *RPWIA
F = cos” x(q, q0)f, +sin® x(q, q0)f]
2 Z .2 “RPWIA
Fr = cos” x(q, q0)fr + sin® x(q, qo0)ft

go(q): RMF/RPWIA transition parameter, de-
termined by performing a x? analysis of the

(e, €’) data in a wide kinematical region
ot

3200+ <4
2800 - 1
2400 i b
2000+ 7 b
& 16001 e B
1200 7 1
8001 - q
400

Gy o (Mev/c)
\

4(50 8(50 12‘00 1éOO 2600 24‘00 ZéOO 32‘00
q(MeV/c)
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Relevant kinematic regions in the QE cross section

12 T T
> 1 GeV m—m Vy
10+ 0.5-1.0 GeV 1
100-500 MeV  mmm—m
2< 100 MoV
& 8|
!
S 4
2
0 0
0.01 0.1 1 10 100 0.01 0.1 1 10 100
E, (GeV) E, (GeV)

The main contribution to the total QE CS comes from g < 1 GeV/c and w < 0.5 GeV,
even at high neutrino energies. J

iversity of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC app
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Relevant kinematic regions in the 2p-2h MEC cross section

4 T 4 T

— MEC w>1 GeV —3 MEC g>2 GeV/c
=== 0.5-1.0 GeV === 1.0-2.0GeV/c
3} == 0.2-0.5GeV 3t 0.5-1.0 GeVic
== 0.1-0.2 GeV == 0.3-0.5GeV/c,
mmm 0<0.1 GeV,

a, (10‘3gcm2)
5

10 ) 1
E, (GeV) E, (GeV)

Although very similar to the QE case, the relevance of 2p-2h MEC contributions
extends slightly to higher kinematics.
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Analysis of 2p-2h MEC vector and axial responses

: 200-2000 MeV/c (steps: 200 MeV/c)
T T T

@: 200-2000 MeV/c (steps: 200 MeV/c)
o T T T
—=== T 0.02 .
T\/\/
o~
'S, 0.015] B
1 3
2
; 0.014 B
1 &
T 0.005)
/] o
[ J oL L = 4/—4——;——//
1500 2000 0 500

1500 2000

> T(,A of the same order as Tyy and Taa

> A|th0ugh Tan > Tyy at g < 600 MeV/c = O’(TAA) ~ O’(TV\/)
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Inclusive total cross section = A-scaling model

Extension of the SuSA approach into the non-QE region [JPG43, 045101 (2016)],
obtained by substracting the QE + 2p-2h MEC contributions from the total cross
section = assuming that it is dominated by the A-resonance.

non—QE ex E,SuSAv2 MEC
o W20\ (20| _ (Lo
dQdw -\ dQdw dQdw dQdw
1plh 2p2h

(d2(7 )non—QE
f‘noanE(wA) — kF dQdw

aM(vLGLA+VTG$) 07

680 MeV, 36.0° ———
480 MeV, 60.0°
0.6 [ 730 MeV, 37.1°
500 MeV, 60.0° —&—

. 519 MeV, 60.0° —=—
Scaling works well up to the center of 05 | S60mev, 600° ——
2020 MeV, 15.0° ——
620 MeV, 60.0°

the A peak, 1A = 0, while it breaks at o 04| seimev.arse e
= 680 MeV, 6002 — /15 I
higher energies where other inelastic T 03 pRMen. 200, Aﬁf
pat ey
5 LI

processes appear = Error band
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Inclusive total cross section = A-scaling model

the QE and A regions.

non—QE exp QE,SuSAv2 MEC
d’c _ d’c _ d’c _ d’c
dQdw -\ dQdw dQdw dQdw

This procedure yields a good representation of the electromagnetic response in both J

1plh 2p2h
( dzg ) non—QE
dQdew
fnon—QE =k

(wA) FCTM(VLGLA+VTG$)
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e e e e e 'QE.
P TR 35000 : : T T T
5000
30000 = QE+MEC+1m 1

do/dwdQ (nb/GeV/sr)
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