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

Theoretical knowledge of 
QE, 1π and DIS 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)   ….

Motivation: Neutrino oscillations, neutrino detectors 
and nuclear cross sections

Th: NUANCE (D. Casper, 2002) 
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Motivation: Details on the axial structure of 
hadrons in the free space and inside of nuclei, 
and

Theoretical knowledge of 
the neutrino-nucleus 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)

….

Neutrinos are detected through 
nuclear interactions

𝜈̅𝜈𝜇𝜇𝑁𝑁 → 𝜇𝜇+𝑋𝑋

Th: NUANCE (D. Casper, 2002) 
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SuperKamiokande
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Pion production → misidentification of 1 Cherenkov ring events that are assumed to be produced by Charged 
Current (CC) QE reactions   𝝂𝝂𝜶𝜶 𝑨𝑨 → 𝒍𝒍𝜶𝜶 A’  

Even distinguishing between µ- and e-like rings

• Appearance Probability 𝑷𝑷 𝝂𝝂𝝁𝝁 → 𝝂𝝂𝒆𝒆 : The CC QE signature 𝜈𝜈𝑒𝑒𝐴𝐴 → 𝑒𝑒 A′ used to identify  𝜈𝜈𝑒𝑒 can be 
confused with the NC 1π production 𝜈𝜈𝜇𝜇𝐴𝐴 → 𝜈𝜈𝜇𝜇𝐴𝐴′𝜋𝜋0

• Survival Probability  𝑷𝑷 𝝂𝝂𝝁𝝁 → 𝝂𝝂𝝁𝝁 : The CC QE signature 𝜈𝜈𝜇𝜇𝐴𝐴 → µ A′ used to identify  𝜈𝜈𝜇𝜇 can be confused 
with the CC or NC 𝜈𝜈𝜇𝜇,𝜏𝜏𝐴𝐴 → 𝜈𝜈𝜇𝜇,𝜏𝜏 𝑜𝑜𝑜𝑜 µ, 𝜏𝜏 𝐴𝐴′𝜋𝜋 when only one of the particles emits Cherenkov light. For 
instance, processes (𝜈𝜈𝜇𝜇 , µ,𝜋𝜋) might produce an incorrect reconstruction of the neutrino energy E → 
L/E analysis ?

Nuclear cross sections are crucial to reduce the systematic errors of oscillation analysis !

There exist dedicated experiments as MINERνA (FermiLab), which seeks to measure low 
energy neutrino interactions both in support of neutrino oscillation experiments and 
also to study the strong dynamics of the nucleon and nucleus that affect these 
interactions
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Neutrino Energy Reconstruction:
QE:   𝜈𝜈𝜇𝜇 + 𝑛𝑛 ⟶ 𝑝𝑝 𝜇𝜇− (bound in the nucleus) GENIE 𝐸𝐸𝜈𝜈 = 1 GeV

QE-like:   problem absorbed or not 
detected pions and…

exp: only 1µ (from the lepton  vertex). But, 
for instance if pions are produced:

• pion decays and the extra muon is 
detected (2 muons in the final state)

• pion is absorbed or not detected 
(MC corrected if the pion production cross 
section is well known…)  

Exp
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Neutrino Energy Reconstruction:
QE:   𝜈𝜈𝜇𝜇 + 𝑛𝑛 ⟶ 𝑝𝑝 𝜇𝜇− (bound in the nucleus)

QE-like:   problem absorbed or not 
detected pions and  2p2h (nucl. effect)

M. Martini, M. Ericson, PRD 87 (2013)

Exp

QE Energy Reconstruction will be wrong !!
2p2h:   𝜈𝜈𝜇𝜇 + 𝑁𝑁𝑁𝑁 ⟶ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝜇𝜇−

MC correct for this effect:              cross section 
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P. Coloma, P. Huber, PRL 111 (2013) 
Quantitative impact in the 
determination of the oscillation 
parameters

Effects of a simple 
model for QE-like 
events ….

Reconstructed from naive QE 
dynamics

true

α parametrizes the fraction of two-
nucleon absorption that is 
neglected in the fit   
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Systematic uncertainties in long-
baseline neutrino-oscillation 
experiments,

Artur M Ankowski and Camillo Mariani, 
arXiv: 1609.00258
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𝜈𝜈𝑙𝑙 k + 𝐴𝐴𝑧𝑧 → 𝑙𝑙 𝑘𝑘′ + 𝑋𝑋,        𝑙𝑙 = 𝑙𝑙−, 𝜈𝜈𝑙𝑙 𝜈̅𝜈𝑙𝑙 k + 𝐴𝐴𝑧𝑧 → 𝑙𝑙 𝑘𝑘′ + 𝑋𝑋,        𝑙𝑙 = 𝑙𝑙+, 𝜈̅𝜈𝑙𝑙

𝒅𝒅𝟐𝟐𝝈𝝈𝝂𝝂𝒍𝒍𝒍𝒍,�𝝂𝝂𝒍𝒍𝒍𝒍
𝒅𝒅𝜴𝜴 �𝒌𝒌′ 𝒅𝒅𝑬𝑬𝑬𝒍𝒍

= |𝒌𝒌′|
|𝒌𝒌|

𝑮𝑮𝑭𝑭
𝟐𝟐

𝟒𝟒𝝅𝝅𝟐𝟐𝜼𝜼 𝟏𝟏− �𝒒𝒒𝟐𝟐 𝑴𝑴𝑾𝑾,𝒁𝒁
𝟐𝟐 𝟐𝟐 𝑳𝑳𝝁𝝁𝝁𝝁

(𝝂𝝂,�𝝂𝝂)𝑾𝑾𝝁𝝁𝝁𝝁, 𝜼𝜼 = 𝟏𝟏 𝑪𝑪𝑪𝑪 ,𝟒𝟒 (𝑵𝑵𝑵𝑵)LAB frame

𝐿𝐿𝜇𝜇𝜇𝜇
(𝜈𝜈) = 𝐿𝐿𝜎𝜎𝜎𝜎

(�𝜈𝜈) = 𝐿𝐿𝜇𝜇𝜇𝜇𝑠𝑠 + 𝑖𝑖𝐿𝐿𝜇𝜇𝜇𝜇𝑎𝑎 = 𝑘𝑘𝑘𝜇𝜇𝑘𝑘𝜎𝜎 + 𝑘𝑘𝑘𝜎𝜎𝑘𝑘𝜇𝜇 − 𝑔𝑔𝜇𝜇𝜇𝜇𝑘𝑘 � 𝑘𝑘′ + 𝑖𝑖𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝑘𝑘𝑘𝛼𝛼𝑘𝑘𝛽𝛽

𝑊𝑊𝜇𝜇𝜇𝜇 =
1

2𝑀𝑀𝑖𝑖
�
𝑓𝑓

2𝜋𝜋 3𝛿𝛿4 𝑃𝑃𝑓𝑓′ − 𝑃𝑃 − 𝑞𝑞 𝑓𝑓 𝑗𝑗𝐶𝐶𝐶𝐶±,𝑁𝑁𝑁𝑁
𝜇𝜇 (0) 𝑖𝑖 𝑓𝑓 𝑗𝑗𝐶𝐶𝐶𝐶±,𝑁𝑁𝑁𝑁

𝜎𝜎 (0) 𝑖𝑖 ∗

𝑾𝑾𝒊𝒊 𝒒𝒒𝟐𝟐,𝒒𝒒 � 𝑷𝑷
structure functions

𝒒𝒒 = 𝒌𝒌 − 𝒌𝒌′,𝑷𝑷𝝁𝝁 = (𝑴𝑴𝒊𝒊,𝟎𝟎)
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I will focus on 𝜈𝜈𝜇𝜇𝑁𝑁 scattering; In the case of 𝐶𝐶𝐶𝐶 𝜈𝜈𝜏𝜏𝑁𝑁 the τ mass 
produces large differences  

Rev. Mod. Phys. 84 (2012) 1307

Formaggio & Zeller 
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2.  High energy cross sections 𝑬𝑬𝝂𝝂 ≫ 𝟏𝟏 − 𝟓𝟓 GeV, 𝑸𝑸𝟐𝟐 > 𝟏𝟏 𝐆𝐆𝐆𝐆𝐆𝐆𝟐𝟐

At low energies the neutrino interacts with composite entities such as nucleons or nuclei.
Given enough energy, the neutrino can actually begin to resolve the internal structure of
the target: the neutrino can scatter off an individual quark inside the nucleon: DIS (deep
inelastic scattering) and manifests in the creation of a hadronic shower

𝒙𝒙 = −
𝒒𝒒𝟐𝟐

𝟐𝟐𝑴𝑴𝑵𝑵𝒒𝒒𝟎𝟎
, 𝒚𝒚 =

𝒒𝒒𝟎𝟎

𝑬𝑬𝝂𝝂
=
𝑬𝑬𝒉𝒉𝒉𝒉𝒉𝒉
𝑬𝑬𝝂𝝂

The Bjorken scaling variable plays a
prominent role in DIS, where the quark
can carry a portion of the incoming
momentum of the struck target
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𝑑𝑑2𝜎𝜎𝜈𝜈𝑙𝑙𝑙𝑙,�𝜈𝜈𝑙𝑙𝑙𝑙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=
𝐺𝐺𝐹𝐹2𝑀𝑀𝑁𝑁𝐸𝐸𝜈𝜈

𝜂𝜂𝜂𝜂 1 − ⁄𝑞𝑞2 𝑀𝑀𝑊𝑊,𝑍𝑍
2 2 1 − 𝑦𝑦 −

𝑀𝑀𝑁𝑁𝑥𝑥𝑥𝑥
2𝐸𝐸𝜈𝜈

𝐹𝐹2
𝜈𝜈,�𝜈𝜈 + 𝑥𝑥𝑦𝑦2𝐹𝐹1

𝜈𝜈,�𝜈𝜈 ± 𝑦𝑦 1 −
𝑦𝑦
2
𝑥𝑥𝐹𝐹3

𝜈𝜈,�𝜈𝜈

𝒙𝒙 = −
𝒒𝒒𝟐𝟐

𝟐𝟐𝑴𝑴𝑵𝑵𝒒𝒒𝟎𝟎
, 𝒚𝒚 = �𝒒𝒒

𝟎𝟎

𝑬𝑬𝝂𝝂

𝑭𝑭𝟏𝟏 𝒙𝒙,𝒒𝒒𝟐𝟐 = 𝟐𝟐𝑴𝑴𝑵𝑵𝑴𝑴𝒊𝒊𝑾𝑾𝟏𝟏, 𝑭𝑭𝟐𝟐 𝒙𝒙,𝒒𝒒𝟐𝟐 = 𝟐𝟐 𝒒𝒒 ⋅ 𝑷𝑷 𝑾𝑾𝟐𝟐,
𝑭𝑭𝟑𝟑 𝒙𝒙,𝒒𝒒𝟐𝟐

𝑴𝑴𝑵𝑵
= −𝟐𝟐 𝒒𝒒 ⋅ 𝑷𝑷

𝑾𝑾𝟑𝟑

𝑴𝑴𝒊𝒊

Assuming the quark parton model, 𝐹𝐹𝑖𝑖 𝑥𝑥, 𝑞𝑞2 can be expressed in terms of the quark composition of the target. Thus 
for instance in the simple case of scattering off nucleons..

sum over all quark spices

PDFs

𝑥𝑥𝑥𝑥 𝑥𝑥�𝑞𝑞 is the probability of
finding a quark (antiquark)
with a given momentum
fraction
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and  𝑭𝑭𝟐𝟐(𝒙𝒙,𝑸𝑸𝟐𝟐) = 𝟏𝟏+𝑹𝑹𝑳𝑳 𝒙𝒙,𝑸𝑸𝟐𝟐

𝟏𝟏+
𝟒𝟒𝑴𝑴𝑵𝑵

𝟐𝟐 𝒙𝒙𝟐𝟐

𝑸𝑸𝟐𝟐

𝟐𝟐𝟐𝟐𝑭𝑭𝟏𝟏(𝒙𝒙,𝑸𝑸𝟐𝟐),  with 𝑅𝑅𝐿𝐿 𝑥𝑥,𝑄𝑄2 the ratio of cross sections for 

scattering off longitudinally and transversely polarized exchange bosons      
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Measurement of these
structure functions has been
the focus of many charged
lepton and neutrino DIS
experiments, which together
have probed 𝑭𝑭𝟐𝟐,𝑹𝑹𝑳𝑳 and 𝒙𝒙𝑭𝑭𝟑𝟑
over a wide range of 𝒙𝒙 and 𝑸𝑸𝟐𝟐

values both for neutrinos and
antineutrinos.
Additional effects must be
included in any realistic
description of DIS processes:
lepton masses, higher order
QCD processes, heavy quark
production, non perturbative
higher twist effects, nuclear and
radiative corrections. In general
these contributions are typically
well known and do not add
large uncertainties in the
predicted cross sections

Adv.High Energy Phys. 
2012 (2012) 934597

Some tension between charged-lepton 𝒍𝒍±𝑨𝑨 and the neutrino (𝝂𝝂𝝂𝝂) when comparing the 
same A
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3.  Intermediate energy cross sections (neutrino scatter off nucleons)

• Kaon production

• Multipion production: Baryonic resonances created in neutrino-nucleon reactions can 
potentially decay into multipion final states.   

• Resonance production
• QE & QE-like processes 

These reactions typically have small cross
sections because the kaon channels are not
enhanced by any dominant resonance

DIS can also produce mutipion and kaon final states
All of the existing measurements have been
performed strictly using deuterium-filled bubble
chambers
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Nuclear effects are relevant!

𝜟𝜟,𝑵𝑵∗ …

𝜟𝜟,𝑵𝑵∗ …
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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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3.d) 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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Solution: 
Multinucleon mechanisms
and  Long range RPA correlations
(renormalization of the 
interactions inside of a nuclear 
medium...) 

+MEC
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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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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). 

JN and J.E. Sobczyk, 1701.03628
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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)

+…..

[A
. G

il 
et

 a
l.,

N
PA

62
7 

(1
99

7)
 5

43
; N

PA
 

62
7 

(1
99

7)
 5

99
]

MEC  contribution
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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

PRD93 (2016) 014016 (Watson’s theorem) + 1612.02343 
[PRD in print] (1/2 dof in 𝚫𝚫 propagator)
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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);

see also talk by A. Bravar
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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

Nuclear effects lead to sizable uncertainties on the
neutrino nucleus cross sections at low 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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Conclusions II
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It depends on the specific 
kinematics and observable !
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Superscaling function does not 
take into account dip region
events
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Martini et al. model does not 
account for all  axial and axial-vector
interference contributions !

This 2p2h parametrization includes MEC 
effects driven by the vector current !
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𝜸𝜸∗

𝜸𝜸∗

𝜸𝜸∗

2

Meson Exchange Contribution 

𝜸𝜸∗𝑵𝑵 → 𝝅𝝅𝝅𝝅

𝜋𝜋

𝜋𝜋



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
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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 (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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PHYSICAL REVIEW D 88, 113007 (2013)
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