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Q Is the SuSAv2-MEC a good model to analyze 1plh and 2p2h
channels in CC inclusive neutrino interactions?
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Q Is the SuSAv2-MEC a good model to analyze 1plh and 2p2h
channels in CC inclusive neutrino interactions?

@ Can we extend SuSAv2-MEC to semi-inclusive reactions?

@ Can this model reproduce also inclusive €9 data
and semi-inclusiveef €%) processes?

Q Is it possible to introduce sophisticated microscopic misda
generators in a fully consistent way?

© What is the physics behind SuSAv2-MEC?
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Neutrino-nucleus reactions for neutrino oscillation expe riments
Connection between -A and e-A reactions

Connection between-A ande-A reactions

(a) Electromagnetic scattering (b) Charged-current scattering (c) Neutral-current scattering
I=e,

@ Experimental conditions are di erent:
a (e;eY: Ee is well determined and di erent channels can be clearly ideti ed by knowing
the energy and momentum transfer
a CC( |;1): E is broadly distributed in the neutrino beam and di erent channels and
nuclear e ects can contribute to the same kinematics of the outgoing lepton

@ From a theoretical framework, neutrino- and electron-nucleus scattering are obviously con-
nected (CVC) to each other and areliable model must be able to describe both processes

@ Neutrinos can probe both the vector and axial nuclear responses, unlike electrons whicl
are only sensitive to the vector response.

=) Although not su cient to fully constrain neutrino cross sec tions, electron scattering consti-
tutes a necessary test and a solid benchmark for nuclear models

v
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Neutrino-nucleus reactions for neutrino oscillation expe riments
Theoretical description and Results Connection between -A and e-A reactions
Conclt 5 and Further k

Theoretical description: -nucleus cross section

Double di erential cross section
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Theoretical models and Description of 2p2h channels
Theoretical description and Results Inclusive (e; e) data within the SuS.
Comparison with CC -nucleus

SuperScaling Approach (SuSA) (see for details)

a The analysis of the large amount of existing (; e data at dierent kinematics is a solid
benchmark to test the validity of theoretical models for neutrino reactions as well as to study
the nuclear dynamics. The SuperScaling Approach exploits universal features of lepton-nucleus
scattering to connect the two processes.

v fL=KkeRL=GL ; fr = keR7 =Gt

In inclusive QE scattering we can observe:

P Scaling of 15 kind (independence onq)
P Scaling of 2" kind (independence onZ)

=) SuperScaling
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Separate L/T scaling functions
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SuSA model: a semiphenomenological approach

J Extracted from the (e; €9 longitudinal scaling data
J Assumption f () = fr( ) (as in most IA models)

J It is experimentally observedfT H— fl_egxp (15-20%) J
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Theoretical models and Description of 2p2h channels
Theoretical description and Results Inclusive (e; €% data within the SuSAv2-MEC model

Comparison with CC -nucleus experimental data

The SuSAv2 model PRC90, 035501 (2014)  PRD94, 013012 (2016)

J SuSAv2 model: lepton-nucleus reactions adressed within theSuperScaling Approachand
the sophisticated Relativistic Mean Field (RMF) theory (FSI) to determine theoretical scaling
functions that reproduce nuclear dynamics. Complete set ofscaling functions for all lepton-
nucleus reaction channels (EM, weak, L/T, isovector/isoscalar, V/A).

J RMF: Good description of the QE (e; €°) data and superscaling properties(f ec’

L;exp:
RMF predicts fr > f ( 20%) as a pure relativistic e ect (distortion of the lower co mponents
of the outgoing \ by the FSI with the residual nucleus).

v

3
0.6 E
_. 05
g £
o 0.4~ E
: st
Los q (e
24
0.2k
——— @=550 MeV/c
- ——- q=650 MeVic
0.1 =800 MeV/c
- qugg mgw RMF-FSI: Scattered nucleon w.f. is solution of Dirac eq.
o 7, qf ) ) ) in presence of the same potentials used to describe the
-1 0 1 2 3 bound nucleon w.f.
y'

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data



Theoretical models and Description of 2p2h channels
Theoretical description and Results Inclusive (e; e” 1in the Su EC model
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2p-2h MEC for ¢; €9 and CC reactions prooz, 073004 (2015)

J The 2p-2h model is based on the calculation performed by De Pee et al., (2003) for (e; €9
scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (2Q.6)].
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scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
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J The numerical evaluation of the hadronic tensorszZh(Rith) is performed in the RFG model
in a fully relativistic way without any approximation.
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2p-2h MEC for ¢; €9 and CC reactions prooz, 073004 (2015)
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J The 2p-2h model is based on the calculation performed by De Pee et al., (2003) for (e; €%

scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (2Q.6)].

J The numerical evaluation of the hadronic tensorszZh(Rith) is performed in the RFG model

in a fully relativistic way without any approximation.

J It is computationally non-trivial and involves 7D integrals of thousands of terms (+1 for
-ux) ) High increase of the computing time of Ripz'“ ) Parametrization/Implementation
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J The 2p-2h model is based on the calculation performed by De Peae et al., (2003) for (e; €%
scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (20L6)].

J The numerical evaluation of the hadronic tensorWZPZh(Rith) is performed in the RFG model
in a fully relativistic way without any approximation.

J It is computationally non-trivial and involves 7D integrals of thousands of terms (+1 for
-ux) ) High increase of the computing time of Réth ) Parametrization/Implementation

J Separation into pp, nn and np pairs in the FS) also valid for N 6 Z (“CAr, 6Fe, 208pp)
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Theoretical description and Results Inclusive (e; e” 1in the Su EC model
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2p-2h MEC for ¢; €9 and CC reactions prooz, 073004 (2015)

Other 2p2h models neglect direct/exchange interference tems ) strongly a ects np/pp ratio
by a factor 2 (see PRC94, 054610 (2016)).

J The 2p-2h model is based on the calculation performed by De Pee et al., (2003) for (e; €9
scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (2Q.6)].

J The numerical evaluation of the hadronic tensorWZPZh(REPZh) is performed in the RFG model
in a fully relativistic way without any approximation.

J It is computationally non-trivial and involves 7D integrals of thousands of terms (+1 for
-ux) ) High increase of the computing time of Réth ) Parametrization/Implementation

J Separation into pp, nn and np pairs in the FS) also valid for N 6 Z (%0Ar, 56Fe, 208pp)
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Theoretical description and Results
-nucleus e ;wmwnta\xmm
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Theoretical description and Results

Inclusive'®O(e; €9 and “°Cafe; €9 cross section arXiv:1711.00771 [nuckih] (2018)
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Theoretical description and Results
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Theoretical models and Description o 1 channels
Inclusive (e; e) data within the SuS/ VIEC model
Comparison with CC -nucleus experimental data
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Theoretical models and Description o 2h channels
Theoretical description and Results Inclusive (e; e’) data within the SuS/ VIEC model

Comparison with CC -nucleus experimental data

See PRD 94, 093004 (2016); arXiv:1711.00771 (2017) for more data comparison.
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MINER A -CH reactions atE 3 GeV arXiv:1807.10532 [nucl-th]
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2p-2h implementation in MC event generat@igLiminary)

Monte Carlo (MC) generators serve as abridge between theoretical models and exper-
imental measurements

Sophisticated models in MC simulations ) Accurate reconstruction of event topology
(FS particles and kinematics ID) and inference ofE .
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0 Validation against ( e; €% data is a solid benchmark for nuclear models in  experiments.
Superscaling is a valuable tool to connect electron and neutno scattering.

o Satisfactory comparison of SuSAv2-MEC with (e; €% and ( ; |) data for 12C, 10 and #°Ca
and in semi-semi-inclusive reactions (more sensitive to nuclear model e ects). Next step:
Transverse variables (T2K, MINER A). NEED FOR FULL SEMI-INCLUSIVE MODELS.

0 The SuSAv2-MEC modelcan be easily described for di erent nuclei, translating sghisticated
and computationally demanding microscopic calculations into a straightforward formalism, eas-
ing its implementation in MC event generators (GENIE: 2p2h implemented, 1plh in progress).

0 Works in progress: Inclusive neutrino scattering including all inelasticities (DIS).

0 Extension to Z 6 N nuclei (*°Ar, 56Fe) )
RMF n and p scaling functions and separate
2p-2h pn, pp and nn channels. First steps:
arXiv:1806.08594 (2018); PLB762, 124 (2016)
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0 The SuSAv2-MEC modelcan be easily described for di erent nuclei, translating sghisticated
and computationally demanding microscopic calculations into a straightforward formalism, eas-
ing its implementation in MC event generators (GENIE: 2p2h implemented, 1plh in progress).

0 Works in progress: Inclusive neutrino scattering including all inelasticities (DIS).

0 Extension to Z 6 N nuclei (*°Ar, 56Fe) )
RMF n and p scaling functions and separate
2p-2h pn, pp and nn channels. First steps:
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Systematic errors due to  cross section and
ux uncertainties are dominant ( 3%) ...
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0 Validation against ( e; €% data is a solid benchmark for nuclear models in  experiments.
Superscaling is a valuable tool to connect electron and neutno scattering.

o Satisfactory comparison of SuSAv2-MEC with (e; €% and ( ; |) data for 12C, 10 and #°Ca
and in semi-semi-inclusive reactions (more sensitive to nuclear model e ects). Next step:
Transverse variables (T2K, MINER A). NEED FOR FULL SEMI-INCLUSIVE MODELS.

0 The SuSAv2-MEC modelcan be easily described for di erent nuclei, translating sghisticated
and computationally demanding microscopic calculations into a straightforward formalism, eas-
ing its implementation in MC event generators (GENIE: 2p2h implemented, 1plh in progress).

0 Works in progress: Inclusive neutrino scattering including all inelasticities (DIS).

0 Extension to Z 6 N nuclei (*°Ar, 56Fe) )
RMF n and p scaling functions and separate
2p-2h pn, pp and nn channels. First steps:
arXiv:1806.08594 (2018); PLB762, 124 (2016)

Systematic errors due to  cross section and
ux uncertainties are dominant ( 3%) ...
It is faster and cheaper to pay a
theoretician to reduce 26 your
systematics than building huge
detectors!
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SuSAv2 model: Scaling phenomenon and RMF theor

SuSAv2: Neutrino-nucleus reactions adressed within the SuperScaitg Approach and the RMF
theory in order to reproduce nuclear dynamics.

SuperScaling Approach A) [Amaro et al., PRC71 (2005)]
a Many high-quality e A data exist, which must be used to test models as well as aninput
for predicting A observables. The SuperScaling Approach exploits universal features of

lepton-nucleus scattering to connect the two processes.
a In most IA models (RFG, RMF, RPWIA) the inclusive lepton-nucleus cross section factorizes
into a single-nucleon cross section times a speci ¢ functim of (q;! ) which embodies the nuclear

dynamics.

fC) flat)

nuclear e ects . .
Qe ( ) ; -scaling variable

single nucleor(NO nuclear e ects)

a In some situations this function scalesf (!; q), becoming dependent on a singlescaling variable
= (5 g)) f( ). (ex: Bjorken scaling)

a This scaling function f () can be related to the momentum distribution of the nucleons in the

nucleus under some approaches.

In inclusive QE scattering we can observe two kinds of scalig [Donnelly and Sick, PRL82 & PRC60 (1999)]:

P Scaling of 1 kind (independence onq)

- - ) =) SuperScaling
P Scaling of 2" kind (independence onZ) e
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Theoretical description: RMF and SuSAv2 models

The SuSAv2 model PRC90, 035501 (2014)  PRD94, 013012 (2016)

J In the SuSAv2, the scaling functions arecalculated within the Relativistic Mean Field
model (FSI), which predicts, for instance, dierent scaling functions in the L and T
channels and for the di erent isospin channels (CC reactions are purely isovector).

i . . . 0
J RMF: Good description of the QE (e,e') data and superscaling propertles(fL‘f‘;Xp

J RMF predicts fr > f_ ( 20%) as a pure relativistic e ect (distortion of the lower
components of the outgoing y by the FSI with the residual nucleus)

35
0 1 1ol .
ee' — T=1;ee T=1
0.6 E RET = o R By
3 F
_. 05 T=0;ee”, 0,,T=0
g £ + fL;T ( )GL:T
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Theoretical description: RMF and SuSAv2 models

The SuSAv2 model PRC90, 035501 (2014)  PRD94, 013012 (2016)

J SuSAv2 model: lepton-nucleus reactions adressed within theSuperScaling Approachand
the sophisticated Relativistic Mean Field (RMF) theory (FSI) to determine theoretical scaling
functions that reproduce nuclear dynamics. Complete set ofscaling functions for all lepton-
nucleus reaction channels (EM, weak, L/T, isovector/isoscalar, V/A).

. A . . . 0
J RMF: Good description of the QE (e; €% data and superscaling propertles(ffzxp

o
¢

o
5

| | |
600 700 800
q (MeVic)

f_ (RMF model)
o o o
R

o
T
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Extension of the SuSAv2-MEC model to other nuclei

SuSAv2 scaling functions for di erent nuclei
& 2-nd kind scaling within the RMF and RPWIA models.

o

a ke and Esnir are the only di erent parameters.

0.8 RMF scaling functions
O T T T T T T T T T T

0.7
0.6-
0.5
>04-
T o3
0.2
0.1
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Density dependence of the 2p-2h MEC responses

P Most existing calculations of 2p-2h MEC refer to 12C, but other nuclei are interesing for
oscillation experiments (60, 4CAr) ) Extension of the 2p-2h MEC analysis to other nuclei

P In the RFG and in the SuSAv2-MEC model, each nucleus is charderized by two parameters:
ke and Egpjit, tted to reproduce the width and position of the QEP in inclu sive electron

scattering.

P A-scaling (2" kind) on 2p-2h MEC responses?) A description of 2p-2h MEC responses in
terms of kg allow to extend easily our calculation to other nuclei redudng signi cantly the
computational time.
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Density dependence of 2p-2h MEERC95, 065502 (2017)]

2 RMEC (4. MEC (.
MEC mZ R (a;!) MEC ke R (a;1) 2p-2h responses scales asA k2
e ) XTI — ; q) —IT—— ) 2 0 F

k2 Gr() ' my  Gr() whereas the QE one scales asA=kg

m

RIEC ey

QE _ 1;QE
R~ = kaT Gr
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Density dependence of 2p-2h MEERC95, 065502 (2017)]
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Extension of the SuSAv2-MEC model to other nuclei

Determination of ke and Egir for 60

& Analysis of experimental scalingef €% data.
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Energy shift and Fermi momentum in RFG and SuSA
models

& Esin: small energy shift included to have the QE peak at® = 0 (! =
jQ?%j=2my). Itis a phenomenological way to introduce in the separation energy,
Es (binding energy), the di erence between the sum of the nuaba plus ground-

state daughter masses and the target ground state-mass. Tlis actually implies
a small shift.

a ke and Esn for RFG and SuSA models are obtained from global ts to
(e; €% data for dierent nuclei. In the SuSAv2 model, we introduce asoft g-

dependence inEshizr due to the strong potentials at higher kinematics coming
from RMF theory.
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12C cross sections
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CsHg versus  H,O cross sections
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T2K H,O cross sections arxiv:1711.00771 [nucl-th] (2017
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Sensitivity of the SuSAv2-MEC model
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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 ! < 0:5 GeV,
even at high neutrino energies. J
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Relevant kinematic regions in the QE cross
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even at high neutrino energies. J
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Relevant kinematic regions in the 2p-2h MEC cross se
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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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2p-2h MEC parametrizati®irpoi, 073004 (2015) PRD94, 093004 (2016
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MINER A ( ) CH cross sections ero 94, 093004 (2016)

T2K, MiniBooNE: < E > 0:8GeV =) MINER A:< E > 3:0GeV
More prominent 2p-2h MEC e ects J
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MINER A e 12C Cross sections PRD 94, 093004 (201
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MiniBooNE 12C double di erential cross sections

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data



Conclusions and Further Work
Conclusions and Further Work

MiniBooNE 12C double di erential cross sections
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12C single di erential cross sections
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QE+MEC+ contributions in 12C scattering

Analysis of T2K  data(< E > 0.8 GeV) JPG 43, 045101 (2016)

4 Deep Inelastic Scattering contributions are not relevant & T2K kinematics.
a&Work in progress to include the DIS description) analysis of higher-energy data.
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12C cross sections
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J.Phys.G 43, 045101 (2016)
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a Agreement with data is slightly worse as for
E & 1 GeV DIS starts to be relevant.
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Inclusive total cross sectign -scaling model

Extension of the SuSA into the non-QE region assuming -resonance dominance
[J.Phys.G 43, 045101 (2016). Substraction of the QE + 2p-2h MEC contributions from the

total CS.
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QE+MEC+ contributions are not enough to describe inclusiv e cross section at
E & 1 GeV) Work in progress to include DIS in the interaction model.
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a RFG as a natural starting point to examinate the scaling conge

d2
aar - oF2= o VIRV + VccREA + 2V RAA + VI R + VTR + VroRro
d? 0 0
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Scaling functions can be extracted from experimental data o di erent nuclear models.J

1
Kr

1

ROE =
K kF

N .
fmodel ( O)ﬁu}%n' Fmodel ( O)GK; K= CC;CL;LL;T;TO

@ Scaling functions obtained from the cross section:

a2
fQE(e;eO) = ke d ed!
mott (VLGE® + vr GE¥)

_d?
fQE( ) = kF d d!
o(VLGYY + VccGAR +2 Ve GEM + VLGN + v Gy + VoG o)

@ Speci ¢ scaling functions for the individual channels:
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2p-2h MEC channels at MiniBooNE kinematics
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Relevant kinematic regions &t = 3 GeV

QE 2p-2h MEC

Although very similar to the QE case, the relevance of 2p-2h MEC contributions
extends slightly to higher kinematics. J
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Theoretical description: CCQEnucleus cross section

Double di erential cross section

2
d iR G2 G2 cos - 2
_— = Q—Fe W = oF? 0= - k cos—
dk d iR ,j4 2 2

Nuclear structure information

F2= VR + VrRr + [2V1oRro]
VLRL = VeeRee +2VelRer + VicRu
L! ( )=(00;03;30; 33);

T (11;22; 791 (12521

R = RW + RM ;Rr = RYY + RA ; Rro= RYA

Nuclear responses

Composed of VV (vector-vector), AA (axial-axial) and VA (ve ctor-axial) components arising
from the V and A weak leptonic and hadronic currents: | = j,+j, ; J =J,+J, .
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Theoretical description: CCQEnucleus cross section

Double di erential cross section

F2= VLR + VTRr + [2V7oRrd]
VLR = VecRee + 2V Rer + VLR
L! ( )=(00;03;30; 33);

T (11;22; 7O (12521

R.=RY +RM Ry = RYV + R™ ; Rro= RY§

Elastic vs. QE responses
In general, each nuclear respons&x can be calculated in terms of the single nucleon contri-

bution Gk times the nuclear dependence of the mode) Rk  F(nuclear) Gk

SuSAv2-MEC analysis of T2K and MINER A data
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Theoretical description: CCQEnucleus cross section

Double di erential cross section

Nuclear structure information

F2= VLR + VTRr + [2V7oRr0]
VLRL = VecRee +2VerRer + ViR
L! ( )=(00;03; 30; 33);

T (11;22; 791 (12521

RL= RWY + RM ;Rr = RYY + RM ; Rro= RY%

Comparison with (e; €% reactions

2cos? =2
4E; sin* =2

d

_ w wW : _
K d = Mot VLR *+ VT Ry ; Mot =
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T2K systematics today and needs for HyperK and DU

a Global experimental systematics in T2K are around a 4% (7%) br ~ ( e) reactions
and are dominated by cross section uncertainties (3%)) It is essential to improve
description of neutrino interaction physics.

a Oscillation measurements in future experiments (HyperK, DUNE) aimto 1 3%
systematic uncertainty and determine mass hierarchy and cp violation phase.

It is faster and cheaper to pay a theoretician to reducéw
your systematics than building new huge detectors!
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0 The validation against electron scattering data is a solid b enchmark to assess the validity
of nuclear models for the analysis of neutrino experiments. Superscaling is a valuable tool
to connect electron and neutrino scattering.

0 Satisfactory comparison of the SuSAv2-MEC model with (e; e% and ( ; |) data for di erent
nuclei (12C, 10 and 4°Ca).

0 The SuSAv2-MEC modelcan be easily described for di erent nuclei, translating sghisticated
and computationally demanding microscopic calculations nto a straightforward formalism and,
hence, easing its implementation in MonteCarlo simulatiors used in oscillation experiments
(GENIE, in progresg. MC generators serve as a bridge between theoretical modsland exper-
imental measurements.

0 Works in progress: Inclusive neutrino scattering including all inelasticities (DIS).

0 Extension to asymmetric nuclei (Z 6 N), 4CAr or 56Fe, will be provided by supplying the
separate RMF n and p scaling functions and the 2p-2h charge channel contributims, pn, pp
and nn emission.

0 SuSAv2 model integrates over theFS hadronic kinematics but they can be analyzed from
the RMF theory ) Analysis of semi-inclusive reactions (more sensitive to ndear model details)
should help to analyze physics of theoretical models. Di eent models can give similar inclusive
CS but probably di erent exclusive ones. Work in progress on(e;e®N) RMF | (; 1 N)RMF.

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data
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Density dependence of 2p-2h MEERC95, 065502 (2017)]
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Conclusions and Further Work

Conclusions and Further Work

Inelastic Nuclear Responses & SuSAv2-inelastic mode
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SUuSAvVX... lowg ! improvements, DIS, etc

=3

=4
% 3 0.98 < cog < 1.00 0.850 < cog < 0.900
S o5 1 20 ]
220
5 150 ]
315 b
£ 10 ]
—F10 ]
%0 ] sf ]
T2K CCO 12¢C g
S QT 15435 = g1t 25
RMF: black Sl ' RE)) : ’ P, (GeV) '
SuSAv2: blue 0.975 < cog,, < 1.000 0.850 < cog,, < 0.900
RPWIA: red 1 T T T T T T T T

’
[

T2K CCO 180

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data



Conclusions and Further Work

Conclusions and Further Work

SUuSAvVX... lowg ! improvements, DIS, etc
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Characterization of nuclear e ects at T2K experimenbRELIMINARY)
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o o [ — RMF
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T2K CCO Np data on 12C with 0p above 500 MeV/c

0 Next step: Analysis oftransverse variables (T2K, MINER  A) within the SuSAv2-MEC model.

0 Transverse variables:more sensitive to di erent nuclear e ects and useful to disentangle initial
state (initial momentum distribution, in medium modi cati ons) from nal state (rescattering)

e ects.
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Characterization of nuclear e ects at T2K experimenbRELIMINARY)
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0 Next step: Analysis oftransverse variables (T2K, MINER  A) within the SuSAv2-MEC model.
0 Transverse variables:more sensitive to di erent nuclear e ects and useful to disentangle initial
state (initial momentum distribution, in medium modi cati ons) from nal state (rescattering)

e ects.
0 THE FUTURE IS SEMI-INCLUSIVE ) Less dependency on simulations and deeper anal-
ysis of model nuclear e ects. PROBLEM: Current lack of semi-inclusive models and proper

implementation in generators.
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Relativity is essential in 2p2h models g 44, 065105 (2017)
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Relativity is essential in 2p2h models rrospo,

J E ect of implementing relativistic kinematics in a non-rel ativistic calculation of the phase-
space function F(q;! ) can be delicate and misleading. Di erences at high kinemaics can be
even larger than the ones related to a non-relativistic appoach.

J All 2p-2h nuclear models should \agree" at the level of F(q;! ). Good starting point for
model comparison.

) in the RFG model

2p-2h MEC hadronic tensor (W2p 2h) and elementary hadronic tensor (r2p

2h

\ 30,3, .3 M* 0. 0 0. 0 0, 0
" d d“h;d“hy ——— i Po; hy; ho)r i Ps; hish E; + E E E; !
2p 2h B p1d~hy zElEzEng( p1; P; hash)r (pgi pyiha; h2) (Ep + E; 1 2 )
A
3 0.3 3 4 0. 0 0, 0
F(g;!) = d”p;d~hyd~h; ( piippihiihy) (Ef+E; E1 Ex 1)

E1EoEJED
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Comparison with other models implemented in GENIE
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Comparison with other models implemented in GENIE
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Neutrino-nucleus reactions foroscillation experiments

Challenges for theoretical nuclear models

a Modeling of nuclear structure giving the initial kinematic s and dynamics of bound nucleon
to provide nal leptons and hadrons kinematics (full semi-inclusive models) and accurate FSI.
a Expressing the nuclear model to be succesfully incorporate in neutrino event generators.

No clear ID of all
FS particles

) Relevance of 2p2h,
FSI eects, rescatter-
ing processes and -
production background.

Event topology:
CCQE
CCQE-like = CCQE+CC2p2h
CCO = CCQE-like with

absorption background
Ccc1

CCDIS

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data



Conclusions and Further Work

Conclusions and Further Work

SuperScaling Approach (SuSA) (see for details)

a The analysis of the large amount of existing (; e®) data at dierent kinematics is a solid
benchmark to test the validity of theoretical models for neutrino reactions as well as to study
the nuclear dynamics. The SuperScaling Approach exploits universal features of lepton-nucleus
scattering to connect the two processes.

In inclusive QE scattering we can observe:

P Scaling of 1% kind (independence onq)

= SuperScalin:
P Scaling of 29 kind (independence onZ) ) e
dZ
d ed!
f( 9= ke =

Mot (VLGE® + vr GE&)

Good superscaling behavior at 0< o0 (below QE
peak). At higher kinematics ( O) other contributions
beyond QE and IA (2p2h, , etc.) can play an impor-
tant role and scaling is broken.

G. D. Megias: megias@us.es SuSAv2-MEC analysis of T2K and MINER A data
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SuperScaling Approach (SuSA) (see for details)

a The analysis of the large amount of existing ;e data at dierent kinematics is a solid
benchmark to test the validity of theoretical models for neutrino reactions as well as to study
the nuclear dynamics. The SuperScaling Approach exploits universal features of lepton-nucleus
scattering to connect the two processes.

In inclusive QE scattering we can observe:

P Scaling of 15t kind (independence onq) 5 Superscaling
P Scaling of 2" kind (independence onZ) - e
d2
dedl
f( 9= ke >

Mott (VLGE® + vr GE)

Good superscaling behavior at 0< 0 (below QE
peak). At higher kinematics ( 0) other contributions
beyond QE and IA (2p2h, , etc.) can play an impor-

tant role and scaling is broken.
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Relevance of direct/exchange interference in np/pp rat

J E ect of implementing relativistic kinematics in a non-rel ativistic calculation of the phase-space
function F(q;! ) can be delicate and misleading. Di erences at high kinemaics can be even larger
than the ones related to a non-relativistic approach.

J All 2p-2h nuclear models should \agree" at the level of F(q;! ). Good starting point for model
comparison.

Other Fermi Gas based 2p2h models

Martini model : Based on a non-relativistic treatment of MEC and correlations with relativistic
corrections added and axial 2p2h estimated from vector one.

Nieves model: Relativistic with some approximations to compute the momentum-space integrals.

Both models neglect direct/exchange interference terms) strongly a ects np/pp ratio by a
factor 2 (see PRC94, 054610 (2016)).
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Density dependence of 2p-2h MEERC95, 065502 (2017)]

P Most existing calculations of 2p-2h MEC refer to 12C, but other nuclei are interesing for
oscillation experiments (60, 40Ar) ) Extension of the 2p-2h MEC analysis to other nuclei

P A-scaling (2" kind) on 2p-2h MEC responses? ) A description of 2p-2h MEC responses
in terms of kg allow to extend easily 2p2h calculation to other nuclei redwcing signi cantly the
computational time.

m3 RVEC(q;! ) ke RYEC(q;!)

BMEC(qi1) T ——% ; fMEC(gqr)  —
T k2 Gr() T my  Gr()
) 2p-2h responses scales asA ké whereas the QE one scales asA=kg:
RMEC  (2@MECG R?E _ éfTQEGT J
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2p-2h MEC for ¢; €9 and CC reactions prooz, 073004 (2015)

J The 2p-2h model is based on the calculation performed by De Pee et al., (2003) for (e; €9
scattering and extended to the weak sectorby Amaro, Ruiz Simo et al. [PRD 90, 033012 (2014);
PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (2Q.6)].

J The numerical evaluation of the hadronic tensorszZh is performed in the RFG modelin a
fully relativistic way without any approximation.
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