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Motivation: Details on the axial structure of 
hadrons in the free space and inside of nuclei, 
and

Theoretical knowledge of 
QE and 1π cross sections is 
important to carry out a 
precise neutrino oscillation 
data analysis...

12C → Liquid scintillators
16O → Cerenkov detectors
40A → TPC’s (time projection            
chambers)   ….
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2.  Neutrino-nucleus inclusive QE scattering : MiniBooNE 𝑴𝑴𝑨𝑨 puzzle

F. Sanchez @ 
TMEX 14 

1p1h 
excitation
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MiniBooNE CCQE (PRD 81, 092005)

The largest background is from CC single 
pion production: CC1𝝅𝝅+

1 muon events ! 2 muon events
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ChPT O(𝑝𝑝3) + single pion electroproduction data: 𝑀𝑀𝐴𝐴 = 1.014±
0.016 GeV (V. Bernard, N. Kaiser, and U. G.Meissner, PRL69, 
1877 (1992))
• CCQE measurements on deuterium and, to lesser extent, 
hydrogen targets is MA = 1.016 ± 0.026 GeV (A. Bodek, S. 
Avvakumov, R. Bradford, and H. S. Budd, EPJC 53, 349 (2008))
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...but key observation (Martini et al., PRC 81, 045502): in most theoretical works QE is used for
processes where the gauge boson 𝑊𝑊± or 𝑍𝑍0 is absorbed by just one nucleon, which
together with a lepton is emitted.

However in the recent MiniBooNE measurements, QE is related to processes in which only a muon is
detected (ejected nucleons are not detected !) ≡ CCQE-like
It discards pions coming off the nucleus, since they will give rise to additional leptons after their decay.

It includes multinucleon processes and others like π production followed by 
absorption (MBooNE analysis Monte Carlo corrects for these latter events).
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Benhar, Coletti, Meloni,
PRL 105, 132301 (2010)

Spectral Function (SRC) do not populate 
the dip region
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Basic object: nucleon selfenergy in the medium: Σ (from realistic 𝑁𝑁𝑁𝑁
interactions in the medium). 
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Superscaling function does not 
take into account dip region
events
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Solution: 
Multinucleon mechanisms
and  Long range RPA correlations
(renormalization of the 
interactions inside of a nuclear 
medium...) 

+MEC
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It depends on the specific 
kinematics and observable !
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Dip region

2p2h: Inclusive electron-nucleus scattering

2p2h
𝜸𝜸∗

𝜸𝜸∗𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵
Ν Ν

ΝΝ

1p1h ∆h
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2p2h (two body absorption) contributions

RPA corrections to 
2p2h contributions

Two cuts:   𝜸𝜸∗𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵
𝜸𝜸∗𝑵𝑵 → 𝑵𝑵𝝅𝝅 (𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅)

+…..
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𝜸𝜸∗

𝜸𝜸∗

𝜸𝜸∗

2

Meson Exchange Contribution 

𝜸𝜸∗𝑵𝑵 → 𝝅𝝅𝑵𝑵

𝜋𝜋

𝜋𝜋
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• ∆ dominant component of 
the pion production 
contribution

• Missing strength both at 
the dip region and the ∆
peak

one of the terms generates the 
∆ contribution
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𝝂𝝂
+
𝑨𝑨
⟶

𝒍𝒍+
X

+ arXiv:1510.06266 
(Watson’s theorem)
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Neither 2p2h contributions nor RPA effects alone describe 
the MB 2D dataset, which is however  described by the 
combination of both nuclear mechanisms! 

2p2h

RPA
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QE noRPA

QE RPA

2p2h

QE RPA / QE noRPA

RPA (long range 
correlations) the weak 
probe interacts with the 
nucleus as a whole,

RPA effects → 𝟎𝟎,  when 
�𝟏𝟏 𝑸𝑸𝟐𝟐

≪ nuclear radius, since 

then the probe would see the 
individual nucleons or even the 
partons

Deplection at low 𝑸𝑸𝟐𝟐 values
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𝑴𝑴𝑨𝑨~ 𝟏𝟏.𝟎𝟎𝟎𝟎 GeV

• Antineutrino 
distributions are more 
forward peaked

• Relative importance of 
2p2h contributions in 𝝂𝝂
and �𝝂𝝂 are similar
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Martini et al. model does not 
account for the axial and axial-vector
interference contributions !

This 2p2h parametrization includes MEC 
effects driven by the vector current !
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Effective NN interaction 
in the medium. It is 
not just a pion and 
accounts for SRC and 
RPA correlations

𝟐𝟐
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number of hole lines (density) =   2 

number of hole lines (density) = 2 

MEC term

MEC/FSC 
term

MEC & FSC & ISC
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Effective NN interaction 
in the medium. It is 
not just a pion and 
accounts for SRC and 
RPA correlations

𝟐𝟐𝑾𝑾

𝑾𝑾

number of hole  lines (density) = 4   

MEC/ISC 
term
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𝑾𝑾

𝜋𝜋

Effective NN interaction 
in the medium. It is 
not just a pion and 
accounts for SRC and 
RPA correlations

𝜋𝜋

𝑾𝑾

FSC-MEC interference term

number of hole lines (density) = 2 
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𝜋𝜋

𝑾𝑾

MEC-ISC interference term
𝑾𝑾

𝜋𝜋

Effective NN interaction 
in the medium. It is 
not just a pion and 
accounts for SRC and 
RPA correlations

number of hole lines (density) = 3 

• IFIC 2p2h calculation 
does not incorporate 
these terms.

• Martini et al. 
predictions  are based 
on a 2p2h calculation 
for (𝒅𝒅,𝒅𝒅′𝑿𝑿)   [Alberico
et al.,] that accounts 
for such contributions 
(only vector current)

Important ? 
Benhar, Lovato, 
Rocco [PRC 92 
(2015) 024602]
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3.  Neutrino energy reconstruction 
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theory !
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Martini, Ericson, Chanfray [Phys.Rev. D87 (2013), 013009]
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Conclusions
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