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Introduction

Uncertainties from neutrin@ nucleus interactions
became one of the largest source in the neutrino oscillation analy:

T2K systematic errors for # of events ~ PhysRev. D 96,011102(R)

Source of uncertainty

SK detector 3.9% 3.3%
SK final stat& secondary interactions 1.5% 2.1%
Flux &ninteractions constrained by ND2&8  2.8% 3.3%
Neutralcurrent interactions 0.8% 0.8%
Total 5.0% 5.2%

Total systematic error have to be smaller than a few % in few yea
Urgent task to reduce the systematic uncertainties

v

Need to improve the understandings of neutrtnacleus interactions



Introduction

Most of the neutrinog nucleus interaction simulation programs
( generators )
have been using rather simple and (sgmnalassical approach.

1) Impulse approximation for most of the interactions
( based on neutring nucleon interaction )

2) Rather simple nuclear structure

3) Semiclassical transportation of particles in nucleus

or particlenucleus scattering
*) GIBUU is different from the other generators




Introduction

Recent experimental results of neutr#muicleus scattering
have shown that the simple and sentassical pictures

. o are not sufficient.
1) Forward going lepton is highly suppressed.
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are much larger than simple model.
3) Numbers of large angle scattering events are larger.

4) Observed hadron energies do not agree.
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Introduction

There are many theoretical attempts to explain the data:

Spectral function, Local Fengas model, Super Scaling,
Random phase approximation, Muitucleon interactions,
ab-initio calculations etc...

New models are introduced in the course of the developments
of the neutrino¢ nucleus interaction simulation programs
( generators ).

GENIE Be universal and comprehensive
GIBUU CN}Y YSG2N] G2 SYO2RS &0
Neut Mainly for specific experiments ( SK, EXK)

NuWro Provide the latest model useful for the community



Recent measurements

MINERA Low g sample indicates that
the existence of low momentum protons.

Available energy = ( Visible ) hadron energy distribution
Patrick Stowell@ NuFact16Data from PRL116,071802 (20155
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Limitation of uniform nucleus modeb(Global Fermi gas mode)
IS clearly seen.

Necessary to usd_ocal Fermi Ga®r further sophisticated maodels.



Charged current guaslastic scattering
Recent models and implementations

A Local Fermi gas model
Use density dependent Fermi surface momentun) (P
Dense region has large prripheral region has small P

A RPA correction
To take into account theorrelations ofnucleons
In the medium. ( This correction depends on the treatmel
of the initial state ~ model dependent )

RPA Correction

CCQE w RPA/CCQE

GENIE, Neut and NuWro *
based on J. Nieves at al..s:
GIBUU :
local Fermigas model 2. .. . .
] ] 0 0.5 1 1.5 2 2.5 023
with density and momentum dependent
nuclear mean field correction.

J. Nieves et al.
Phys Rev, G 70:055503, 2004.
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Relativistic RPA correc tion




Charged current guaslastic scattering

Comparison between simple Fergas and

Local Fermi gas with RPA correction ( Neut)
( model by JNieves et a)] Implemented by BBourguilleand FSanchez )

Proton momentum ()efore FS)

arbitrary
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Small g region is highly suppressed and
nucleon momentum distribution below 500MeV/c is different.



Charged current guaslastic scattering

Recent models and implementations

Spectral function
GENIE, Neut and NuWro uses

the one by Benhar et al.
GIBUU uses momentuaependent
potential together the with local Fermi gas"

model. ( PRC92016),035502 )
Final state interaction
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Effects on the kinematics of the

| final state lepton from the interaction
| between the knocked out nucleon
| and the spectator system.



Charged current guaslastic scattering
Recent models and implementations

Spectral function with FSI correction ( in NuWro )
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Charged current guaslastic scattering

Alternative axial vector form factors

8
( ¥
However, vector form factors are known to be deviated
from dipole form.

) was used.

Historically, dipole formO(n )

Z-expansion form factor
o) twan)
a, : Fit the D data
G o )
Jo A VB0
Joo A o o
Meyer et al.Phys.RevD93 (20163113015 - e

Parameters are extracted from O o5 1 15 2
deuterium experiments to minimize 2p2h contributions.Q?GeV?

( Zexpansion form factor is available in GENIE and Neut )
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GENIE RFG z-expansion

—— GENIE RFG dipole

—4— MINERVA Data

GENIE predictions
J. Wolcott ( NuINT17)
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Charged current guaslastic scattering

Alternative axial vector form factors

2-component and £omponent modelg P.Stowellfor Neut )
2-component model : GAdamusciret al., PRC 78 035201(2008)

Fa (@) = Ea0) ([ (1 - @+ e iy )| + [00762-6¢)

(g =0 for 2 component model )
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Multi-nucleon scattering n B

Recent nuclear target experiments
have difficulties in distinguishing
g0 a
from
L 0 O9a 0 U

M. Martini et al. suggested this possibility.
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Model by Nieves at al. is implemented in GENIE, Neut and NuW



Multi-nucleon scattering

Model by Nieves at al. does not specify the nucleon kinematics.
Hadron ( nucleon ) kinematics prescription bﬁdbczyk ( PRC88012)015504 )
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Detail implementations are different for each generator.
NuWro uses distribution extracted from experlmental data
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C. Colle et al., Phys.Rev. C89 (2014) 0246(



Multi-nucleon scattering

Hadronic energy ( available energy ) is not so simple to reproduce

with the given models.
( These are from MINEBER but similar discrepancies are observetl{dnA. )



