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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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Intermediate energies: QE and 
∆(1232) peaks and the dip 
region

Dip region 2p2h
𝜸𝜸∗

𝜸𝜸∗𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵
Ν Ν

ΝΝ

1p1h
∆h

Benhar, Farina,
Nakamura, Sakuda and Seki [PRD
72 (2005) 053005]
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𝒆𝒆𝒆𝒆 → 𝒆𝒆′𝑿𝑿
Gil+Nieves+Oset NPA 627 (1997) 543 

Impulse approximation
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Many body approach
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QE nuclear corrections
• Spectral Functions: dressing the nucleon lines in the medium

Beyond the Hartree-Fock
approximation
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Effective NN interaction 
in the medium. It is 
not just a pion and 
should account for 
short-range-
correlations and RPA 
corrections

Imaginary part
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Basic object: nucleon selfenergy in the medium: Σ (from realistic 𝑁𝑁𝑁𝑁
interactions in the medium). 

Nuclear medium 
dispersion relation effects: 
Spectral Functions 
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Benhar, Coletti, Meloni,
PRL 105, 132301 (2010)

Spectral Function (SRC) do not populate 
the dip region
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Effective NN interaction in the medium 
constructed from the experimental NN 
cross section + some medium corrections

Imaginary part of the ph propagator 
(Lindhard function)

Free

Neglecting imaginary part
of the hole selfenergy

Full
QE contribution

JN and J.E. Sobzcyk
arXiv: 1701.03628
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QE: 1p1h

500 MeV

𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇− 𝑋𝑋 �𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇+ 𝑋𝑋

130 MeV

𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋 �𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒+ 𝑋𝑋

JN and J.E. Sobzcyk
arXiv: 1701.03628

SF:

Free:
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~ 𝑞⃗𝑞 𝐼𝐼𝐼𝐼𝐼𝐼 𝑞𝑞0, 𝑞⃗𝑞
scaling function

reasonable agreement !

𝜓𝜓𝑛𝑛𝑛𝑛 𝑞𝑞0, 𝑞⃗𝑞

𝑓𝑓(𝜓𝜓𝑛𝑛𝑛𝑛)
𝜎𝜎[10−40𝑐𝑐𝑐𝑐2]
12𝐶𝐶(𝜈𝜈𝜇𝜇, 𝜇𝜇)

𝑠𝑠𝑃𝑃 FREE
𝑠𝑠ℎ FULL

Free rel

Free non-rel 𝑠𝑠𝑃𝑃 FREE
𝑠𝑠ℎ FULL

𝑠𝑠𝑃𝑃 FULL
𝑠𝑠ℎ FULL
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QE nuclear corrections
• RPA: long range correlations
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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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QE: 1p1h

500 MeV

𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇− 𝑋𝑋 �𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇+ 𝑋𝑋

130 MeV

𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋 �𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒+ 𝑋𝑋

JN and J.E. Sobzcyk
arXiv: 1701.03628

SF+RPA

Free

Free+RPA
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𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋
300 MeV

𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋
500 MeV

Kolbe, Langanke, 
Martinez-Pinedo, 
Vogel, J. Phys. 
G29, 2569 (2003)

�𝒅𝒅𝝈𝝈
𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅(𝜃𝜃′)

M. Martini, M. Ericson, and G. Chanfray, Phys.Rev. C84, 
055502 (2011)

JN and J.E. Sobzcyk
arXiv: 1701.03628

reasonable agreement !



Juan Nieves, IFIC (CSIC & UV)[125]: Hayes & Towner, PRC61, 044603;
[44]: Volpe et al., PRC62, 015501; [45]: Kolbe et al., J. Phys. G29, 2569 

JN and J.E. Sobzcyk
arXiv: 1701.03628

10−40 𝑐𝑐𝑐𝑐2

Flux-
averaged 
cross 
sections
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40𝐴𝐴𝐴𝐴 �𝜎𝜎𝜇𝜇
𝜎𝜎𝑒𝑒

neutrino antineutrino

• Important deviations from 1 (150 𝑀𝑀𝑀𝑀𝑀𝑀 < 𝐸𝐸𝜈𝜈 < 400 𝑀𝑀𝑀𝑀𝑀𝑀)

• SFs & RPA effects strongly affect the ratio and become 
essential to perform a correct analysis of appearance neutrino 
oscillation events in LBE.
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Dip region

2p2h: Inclusive electron-nucleus scattering

2p2h
𝜸𝜸∗

𝜸𝜸∗𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵
Ν Ν

ΝΝ

1p1h ∆h

Benhar, Farina,
Nakamura, Sakuda and Seki [PRD
72 (2005) 053005]
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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 → 𝝅𝝅𝝅𝝅

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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pionless  ∆ decay modes: 
Oset+Salcedo, NPA 468 (1987) 631  

RPA corrections driven 
by an effective in 
medium ph-ph, ph-∆h 
and ∆h-∆h interaction 
that includes SRC



Juan N
ieves, IFIC (CSIC &

 U
V) 12𝐶𝐶 (𝑒𝑒, 𝑒𝑒′𝑋𝑋)Gil, Nieves, Oset, 

NPA 627 (1997) 543

Gil, Nieves, Oset, 
NPA 627 (1997) 599

12𝐶𝐶
(𝑒𝑒,𝑒𝑒

′𝑝𝑝)
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dip region ∆ peak

(broadening and shift)

12𝐶𝐶

16𝑂𝑂

208𝑃𝑃𝑃𝑃

𝑑𝑑2𝜎𝜎
𝑑𝑑Ω𝑑𝑑𝑑𝑑
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𝝂𝝂
+
𝑨𝑨
⟶

𝒍𝒍+
X

+ PRD 93 (2016) 014016 (Watson’s theorem)
+ PRD 95 (2017) 053007 (local terms in 𝚫𝚫
propagator) 
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Neutrino Resonance Production
Deficiencies of the Rein Sehgal model !   ⇒ Improved models

Electron data ⇒ Resonance vector form factors !
PCAC ⇒ Resonance axial form factors !
Background: chiral symmetry (when possible !)
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There exist 
some 
discrepancies 
between 
theoretical 
predictions 
and data!

New J.Phys. 16 (2014) 075015 
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O. Lalakulich, U. Mosel, PRC 87 (2013) E. Hernandez, J. Nieves M.J. Vicente-Vacas, PRD 87 (2013) 

Problems to describe pion production in nuclei (FSI, coherent 
production …)                    MINERνA and T2K will shed light ….
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U. Mosel and K. Gallmeister (GiBUU), 1702.04932: Comparison to 
MINERνA data with 𝑊𝑊𝜋𝜋𝑁𝑁 < 1.4 GeV 

MINERνA and MiniBooNE 
data compatible?
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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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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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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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T2K [PRD 93  112012 (2016)]: Results 
show sizable nuclear effects for all muon 
kinematics. Models including 2p2h+RPA 
contributions agree well with the data T2K: CCQE-like
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MINERνA: 
CCQE-likePRL 116, 071802 (2016)
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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
• We have presented a theoretical description of effects produced by the inclusion

of SFs, which account for the change of the dispersion relations of the interacting
nucleons embedded in a nuclear medium.

• SFs are responsible for the quenching of the QE peak, produce a spreading of
the strength of the response functions to higher energy transfers and shift the
peak position in the same direction. The overall result is a decrease of the
integrated cross sections and a considerable change of the differential shapes.

• RPA effects in integrated decay rates or cross sections become significantly
smaller when SF corrections are also taken into account, in sharp contrast to the
case of a free LFG where they lead to large reductions, even of around 40%.

• We have analyzed the MiniBooNE CCQE 2D cross section data using a
theoretical model that has proved to be quite successful in the analysis of nuclear
reactions with electron, photon and pion probes and contains no additional free
parameters.
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• RPA and multinucleon knockout have been found to be essential for the
description of the data.

• MiniBooNE 𝜈𝜈 and 𝜈̅𝜈 CCQE-like data are fully compatible with former
determinations of 𝑀𝑀𝐴𝐴 in contrast with several previous analyses. We find, 𝑀𝑀𝐴𝐴 =
1.08 ± 0.03 GeV.

• The MiniBooNE 𝜈𝜈𝜇𝜇 flux could have been underestimated (∼ 10%).

• Because of the multinucleon mechanism effects, the algorithm used to
reconstruct the neutrino energy is not adequate when dealing with QE-like
events.

• The inclusion of nucleon-nucleon correlation effects in the RPA series yields a
much larger shape distortion toward relatively more high-𝑞𝑞2 interactions, with the
2p2h component filling in the suppression at very low 𝑞𝑞2.
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Final remark:

Nuclear effects lead to sizable uncertainties on the neutrino
nucleus cross sections at low −𝑞𝑞2= 𝑄𝑄2 < 1 GeV2

It is important to incorporate these effects in event generators
(GENIE, etc..)
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Back up Slides
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PHYSICAL REVIEW D 88, 113007 (2013)
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Martini et al. model does not fully 
account for the axial and axial-vector
interference contributions !

This 2p2h parametrization includes MEC 
effects driven by the vector current !
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Superscaling function does not 
take into account dip region
events



𝑾𝑾

𝑾𝑾

𝟐𝟐
𝜋𝜋

𝜋𝜋

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

𝟐𝟐

Juan Nieves, IFIC (CSIC & UV)

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 (𝒆𝒆,𝒆𝒆′𝑿𝑿)   [Alberico
et al.,] that accounts 
for such contributions 
(only vector current)

Important ? 
Benhar, Lovato, 
Rocco [PRC 92 
(2015) 024602]
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