
Nuclear Effects in Pion Production/Resonance Region

J. Nieves
IFIC (CSIC & UV)



Outline

Juan Nieves, IFIC (CSIC & UV)

1. Oset-Salcedo model [NPA 468 (1987) 631] to account for  the 
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3. RPA effects on the real part of the ∆ selfenergy
4. 2p2h contributions
5. Conclusions



Juan Nieves, IFIC (CSIC & UV)

Many-body approach to the ∆(1232) self-energy in nuclear-matter

• Change of its dispersive properties in the medium
𝟏𝟏

𝒔𝒔 −𝑴𝑴𝚫𝚫 + 𝒊𝒊 ⁄𝚪𝚪𝚫𝚫(𝒔𝒔) 𝟐𝟐
⟹

𝟏𝟏
𝒔𝒔 −𝑴𝑴𝚫𝚫 + 𝒊𝒊 ⁄𝚪𝚪𝚫𝚫 𝒔𝒔 𝟐𝟐 − 𝚺𝚺𝚫𝚫(𝒔𝒔;𝝆𝝆)

depends on the 
medium density !
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• ΣΔ s; ρ is an optical potential that describes the interaction of the Δ with 
the nuclear medium.

• 𝐼𝐼𝐼𝐼 ΣΔ s; ρ accounts for both
o modifications of the free space decay mode,

Δ ⟶ 𝑁𝑁𝑁𝑁
1. Pauli blocking + medium corrections for the outgoing 

nucleon (SF)
2. Nuclear medium corrections for the outgoing pion: 

Π 𝑞𝑞0, 𝑞⃗𝑞; 𝜌𝜌 (π− selfenergy: pion-nucleus optical potential) 
𝑞𝑞02 − 𝑞⃗𝑞2 = 𝑚𝑚𝜋𝜋

2 + Π 𝑞𝑞0, 𝑞⃗𝑞; 𝜌𝜌

o new decays modes  induced by collisions 
Δ𝑁𝑁 ⟶ 𝑁𝑁𝑁𝑁,Δ𝑁𝑁 ⟶ 𝑁𝑁𝑁𝑁π, Δ𝑁𝑁𝑁𝑁 ⟶ 𝑁𝑁𝑁𝑁𝑁𝑁
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208𝑃𝑃𝑃𝑃

12𝐶𝐶 (Pions & Nuclei, T.E.0. Ericson and W. Weise)

(broadening 
and shift)

∆ peak

shift produced by pion-
nucleus absorption 

the γ-nucleus cross section 
still reflects the position and 
strength of the free ∆(1232) 
summed over the individual 
nucleons, although it is 
broadened by many-body 
mechanisms  



ΣΔ s; ρ : First ingredient: effective baryon-
baryon interaction in the medium

Juan Nieves, IFIC (CSIC & UV)
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�𝑽𝑽𝝅𝝅 𝐪𝐪 = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐𝑽𝑽𝒊𝒊𝒊𝒊𝝅𝝅 𝒒𝒒 , 𝑽𝑽𝒊𝒊𝒊𝒊𝝅𝝅 𝒒𝒒 = 𝒇𝒇

𝒎𝒎𝝅𝝅

𝟐𝟐
𝑭𝑭𝝅𝝅𝟐𝟐 𝒒𝒒 𝒒𝒒𝟐𝟐 𝑫𝑫𝝅𝝅 𝒒𝒒 �𝒒𝒒𝒊𝒊 �𝒒𝒒𝒋𝒋

longitudinal !!

�𝑽𝑽𝝆𝝆 𝐪𝐪 𝐪𝐪 = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐𝑽𝑽𝒊𝒊𝒊𝒊

𝝆𝝆 𝒒𝒒 , 𝑽𝑽𝒊𝒊𝒊𝒊
𝝆𝝆 𝒒𝒒 =

𝒇𝒇
𝒎𝒎𝝅𝝅

𝟐𝟐

𝑭𝑭𝝆𝝆𝟐𝟐 𝒒𝒒 𝒒𝒒𝟐𝟐 𝑫𝑫𝝆𝝆 𝒒𝒒 𝑪𝑪𝝆𝝆 𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊 �𝒒𝒒𝒋𝒋

transversal !!
𝑭𝑭𝝅𝝅,𝝆𝝆 𝒒𝒒 =

𝜦𝜦𝝅𝝅,𝝆𝝆
𝟐𝟐 −𝒎𝒎𝝅𝝅,𝝆𝝆

𝟐𝟐

𝜦𝜦𝝅𝝅,𝝆𝝆
𝟐𝟐 − 𝒒𝒒𝟐𝟐

, 𝒒𝒒𝟐𝟐 = 𝒒𝒒𝟎𝟎𝟐𝟐 − 𝒒𝒒𝟐𝟐, 𝜦𝜦𝝅𝝅 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌 = 𝜦𝜦𝝅𝝅∗ , 𝜦𝜦𝝆𝝆 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝐌𝐌𝐌𝐌𝐌𝐌 = 𝜦𝜦𝝆𝝆∗

(off-shell behavior) !!
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Because  𝐶𝐶𝜌𝜌 = 𝐶𝐶𝜌𝜌∗, Λ𝜋𝜋 = Λ𝜋𝜋∗ and Λ𝜌𝜌 = Λ𝜌𝜌∗ , the former potentials also describe the 

𝜟𝜟𝑵𝑵 → 𝑵𝑵𝑵𝑵, 𝑵𝑵𝑵𝑵 → 𝜟𝜟𝑵𝑵 and 𝜟𝜟𝜟𝜟 → 𝑵𝑵𝑵𝑵
interactions with the following replacements

𝒇𝒇
𝒎𝒎𝝅𝝅

𝝈𝝈𝝈𝝈 → 𝒇𝒇
𝒎𝒎𝝅𝝅

𝑺𝑺 𝑻𝑻 𝐨𝐨𝐨𝐨 𝒇𝒇
𝒎𝒎𝝅𝝅

𝑺𝑺†𝑻𝑻†

Note 𝑽𝑽𝒊𝒊𝒊𝒊𝝅𝝅 𝒒𝒒 ⊥ 𝑽𝑽𝒊𝒊𝒊𝒊
𝝆𝝆 𝒒𝒒

Short range correlations:  Attributed to the exchange of the ω meson
1
𝑚𝑚𝜔𝜔

defines the range of the correlations  

Correlated potential in coordinate space: �𝑉𝑉(𝑟𝑟) = 𝑉𝑉 𝑟𝑟 𝑔𝑔 𝑟𝑟 ; 𝑔𝑔 𝑟𝑟 = 1 − 𝑗𝑗0 𝑞𝑞𝑐𝑐𝑟𝑟 , 𝑞𝑞𝑐𝑐~𝑚𝑚𝜔𝜔~783 MeV

Correlated potential in momentum space: �𝑽𝑽(𝒒𝒒) = ∫ 𝒅𝒅𝟑𝟑𝒌𝒌
𝟐𝟐𝝅𝝅 𝟑𝟑 𝒈𝒈 𝒌𝒌 − 𝒒𝒒 𝑽𝑽(𝒌𝒌)

𝑔𝑔 𝑘𝑘 = 2𝜋𝜋 3 𝛿𝛿3 𝑘𝑘 − 2𝜋𝜋2
𝛿𝛿 𝑘𝑘 − 𝑞𝑞𝑐𝑐

𝑞𝑞𝑐𝑐2



Juan Nieves, IFIC (CSIC & UV)

NN potential V(q)= } +

zero range Landau force
J. Speth et al., Phys. Rep. 33 
(1977) 127

The N∆ and the ∆∆ potentials are 
obtained from 𝑽𝑽𝒍𝒍 and  𝑽𝑽𝒕𝒕 by 
replacing 

𝑓𝑓 → 𝑓𝑓∗

SRC

𝑉𝑉𝜋𝜋

𝑉𝑉𝜌𝜌

with �𝑞𝑞𝑖𝑖 = �𝑞𝑞𝑖𝑖 |𝑞𝑞|
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The spin-isospin part of the interaction, taking into account the 
propagation of the mesons through the medium 

𝑾𝑾𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐𝑽𝑽𝒊𝒊𝒊𝒊𝝈𝝈𝝈𝝈 𝒒𝒒 +

𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐 𝑽𝑽𝒊𝒊𝒌𝒌𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼(𝒒𝒒)𝑽𝑽𝒌𝒌𝒋𝒋𝝈𝝈𝝈𝝈 𝒒𝒒 +

𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐 𝑽𝑽𝒊𝒊𝒊𝒊𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼 𝒒𝒒 𝑽𝑽𝒌𝒌𝒎𝒎𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼 𝒒𝒒 𝑽𝑽𝒎𝒎𝒎𝒎𝝈𝝈𝝈𝝈 𝒒𝒒 +

… = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝉𝝉𝟏𝟏𝝉𝝉𝟐𝟐𝑾𝑾𝒊𝒊𝒊𝒊

𝝈𝝈𝝈𝝈 𝒒𝒒

𝑼𝑼 𝒒𝒒 = 𝑼𝑼𝑵𝑵 𝒒𝒒 + 𝑼𝑼∆(q) 
(direct + crossed terms)

𝑾𝑾𝒊𝒊𝒊𝒊
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒍𝒍(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒍𝒍(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒕𝒕(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒕𝒕(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 ⊥ 𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋
Induced spin-isospin NN interaction in a nuclear medium 
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N, ∆

U(q)=UN+U∆ can have both real and imaginary parts.
The imaginary part comes from situations in the
intermediate states integration, where the are placed
on shell [Cutkowsky’s rule (Itzykson & Zuber,
Quantum Field Theory, McGraw-Hill, New York, 194)].
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Diagrammatically, 

𝑾𝑾𝒊𝒊𝒊𝒊
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒍𝒍(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒍𝒍(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒕𝒕(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒕𝒕(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

𝑾𝑾𝝈𝝈𝝈𝝈

𝑽𝑽𝒍𝒍 𝒒𝒒 + 𝑽𝑽𝒕𝒕(𝒒𝒒)
From the spin-isospin
interaction, we construct 
the induced interaction by 
exciting ph and ∆h
components in a RPA sense
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𝜟𝜟
𝑵𝑵
𝑵𝑵
⟶

𝑵𝑵
𝑵𝑵
𝑵𝑵

Δ
⟶

𝑁𝑁
𝑁𝑁

Δ ⟶ 𝑁𝑁𝑁𝑁 (corrections 
due to pion dressing in 
the medium)

𝜟𝜟𝑵𝑵⟶ 𝑵𝑵𝑵𝑵

Δ𝑁𝑁 ⟶ 𝑁𝑁𝑁𝑁π

Pauli blocking A2

A3

Q
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Oset-Salcedo model
[NPA 468 (1987) 631]

Tensor contribution negligible 

separation of reaction channels !
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𝐼𝐼𝐼𝐼ΣΔ determines FSI effects on pions…

Probability per fm for π QE 
scattering  and absorption as a 
function of the nuclear radius 
[NPA484 (1988) 557] 

56𝐹𝐹𝐹𝐹
𝑇𝑇𝜋𝜋 = 165 MeV

𝜋𝜋± − nucleus reactions
• 𝜋𝜋± − nucleus reactions
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝜋𝜋± 𝐴𝐴𝑍𝑍 [elastic]
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝜋𝜋′ 𝑋𝑋 [quasielastic]
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝑋𝑋 (no pions) [absorption]

𝜫𝜫 𝒒𝒒𝟎𝟎,𝒒𝒒; 𝝆𝝆 ∝
𝟏𝟏

𝒔𝒔 −𝑴𝑴𝜟𝜟 + 𝒊𝒊 ⁄𝜞𝜞𝜟𝜟 𝒔𝒔 𝟐𝟐 − 𝜮𝜮𝜟𝜟(𝒔𝒔;𝝆𝝆)



Juan Nieves, IFIC (CSIC & UV)

Reaction cross section: Q+A

Absorption cross section
209𝐵𝐵𝐵𝐵

209𝐵𝐵𝐵𝐵

56𝐹𝐹𝐹𝐹

56𝐹𝐹𝐹𝐹

12𝐶𝐶
12𝐶𝐶

Absorption + Quasielastic= Reaction
Q= pions which have changed either charge, energy 
or momentum
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𝐴𝐴 𝜋𝜋+,𝜋𝜋+ 𝑋𝑋
209𝐵𝐵𝐵𝐵

12𝐶𝐶

56𝐹𝐹𝐹𝐹

𝐴𝐴 𝜋𝜋+,𝜋𝜋0 𝑋𝑋

209𝐵𝐵𝐵𝐵

12𝐶𝐶
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Absorption + 
Quasielastic= 
Reaction

Q= pions
which have 
changed 
either charge, 
energy or 
momentum

Q
A

Q+R = A[J. Nieves et al., NPA 554 (1993) 554]
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[J. Nieves et al., NPA 554 (1993) 554]



Juan Nieves, IFIC (CSIC & UV)

𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝜋𝜋± 𝐴𝐴𝑍𝑍 [elastic]

40𝐶𝐶𝐶𝐶,𝑇𝑇𝜋𝜋 = 180 MeV

𝜋𝜋+x100
𝜋𝜋+x100

𝜋𝜋−
𝜋𝜋−

208𝑃𝑃𝑃𝑃, 𝑇𝑇𝜋𝜋 = 162 MeV

[C. García-Recio et al., NPA 526 (1991) 685]
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dip region ∆ peak

(broadening and shift)

12𝐶𝐶

16𝑂𝑂

208𝑃𝑃𝑃𝑃

𝑑𝑑2𝜎𝜎
𝑑𝑑Ω𝑑𝑑𝑑𝑑



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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… but more important: RPA
re-summation changes also 
the position of the ∆ peak!

tensor contribution small 

𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟

𝑅𝑅𝑅𝑅ΣΔ ≈ −33 𝜌𝜌/𝜌𝜌0 MeV
(in the resonance region, though it has a 
mild energy dependence) 
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𝑾𝑾𝒊𝒊𝒊𝒊
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒍𝒍(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒍𝒍(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒕𝒕(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒕𝒕(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

Effective baryon-baryon interaction in the medium

external probe: π, γ, W,…

Taking into account these effects is 
far from being trivial for neutrinos!
PRC 83, 045501 (2011)
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𝑾𝑾𝒊𝒊𝒊𝒊
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒍𝒍(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒍𝒍(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒕𝒕(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒕𝒕(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

Effective baryon-baryon interaction in the medium

external probe
If the external probe is 
transversal, for instance 
a real photon γ  

γ

γ

γ
γ

γ

γ γ

the transverse part 𝑽𝑽𝒕𝒕
of the interaction is 
selected

𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 → 𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 +
𝟒𝟒
𝟗𝟗

𝒇𝒇∗

𝒎𝒎𝝅𝝅

𝟐𝟐

𝑽𝑽𝒕𝒕 𝝆𝝆

≈ 40 𝜌𝜌/𝜌𝜌0 MeV

𝑽𝑽𝒕𝒕

𝑅𝑅𝑅𝑅ΣΔ ≈ −33 𝜌𝜌/𝜌𝜌0 MeV
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𝑾𝑾𝒊𝒊𝒊𝒊
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒍𝒍(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒍𝒍(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒕𝒕(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒕𝒕(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒊𝒊 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

Effective baryon-baryon interaction in the medium

external probe
If the external probe is 
longitudinal, for 
instance the 
longitudinal part of the 
axial current, 𝑨𝑨𝒛𝒛 or a π

𝑨𝑨𝒛𝒛

𝑨𝑨𝒛𝒛

π
𝑨𝑨𝒛𝒛

𝑨𝑨𝒛𝒛

𝑨𝑨𝒛𝒛 𝑨𝑨𝒛𝒛

the transverse part 𝑽𝑽𝒍𝒍
of the interaction is 
selected

𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 → 𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 +
𝟒𝟒
𝟗𝟗

𝒇𝒇∗

𝒎𝒎𝝅𝝅

𝟐𝟐

𝑽𝑽𝒍𝒍 𝝆𝝆

≈ ±25 𝜌𝜌/𝜌𝜌0 MeV

𝑽𝑽𝒍𝒍

strong 𝒒𝒒𝟐𝟐 dependence, the 
overall sign is even not fixed!  

𝑅𝑅𝑅𝑅ΣΔ ≈ −33 𝜌𝜌/𝜌𝜌0 MeV
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NN potential V(q)= } +

zero range Landau force
J. Speth et al., Phys. Rep. 33 
(1977) 127

The N∆ and the ∆∆ potentials are 
obtained from 𝑽𝑽𝒍𝒍 and  𝑽𝑽𝒕𝒕 by 
replacing 

𝑓𝑓 → 𝑓𝑓∗

SRC

𝑉𝑉𝜋𝜋

𝑉𝑉𝜌𝜌

with �𝑞𝑞𝑖𝑖 = �𝑞𝑞𝑖𝑖 |𝑞𝑞|
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For neutrinos, external probe 𝑊𝑊±,𝑍𝑍, the RPA sum CAN NOT be accounted for by an 
overall change of the real part of the ∆ propagator. One needs to split the hadron 
tensor into components and depending of its nature (longitudinal or transverse) 
use the appropriate replacement:

𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 → 𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 +
𝟒𝟒
𝟗𝟗

𝒇𝒇∗

𝒎𝒎𝝅𝝅

𝟐𝟐

𝑽𝑽𝒕𝒕 𝝆𝝆

PRC 83, 045501 (2011)   

𝚷𝚷𝑾𝑾,𝒁𝒁 𝒒𝒒𝟎𝟎,𝒒𝒒; 𝝆𝝆 ∝ 𝟏𝟏
𝒔𝒔−𝑴𝑴𝜟𝜟+𝒊𝒊 ⁄𝜞𝜞𝜟𝜟 𝒔𝒔 𝟐𝟐−𝑹𝑹𝑹𝑹𝜮𝜮𝜟𝜟 𝒔𝒔;𝝆𝝆 −𝒊𝒊𝑰𝑰𝑰𝑰𝜮𝜮𝜟𝜟 𝒔𝒔;𝝆𝝆

+  RPA

0 0
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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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Watson’s theorem
deuterium effects
local terms in ∆ 
propagator
(see Hernandez’s 
talk)
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Watson’s theorem
deuterium effects
local terms in ∆ 
propagator
(see Hernandez’s 
talk)
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O. Lalakulich, U. Mosel, PRC 87 (2013) E. Hernandez, J. Nieves M.J. Vicente-Vacas, PRD 87 (2013) 

MiniBooNE: 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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open problem 
⟶discrepancy with: 
 data
 GiBUU (origin of the 

difference ?)
RPA effects on the real part of ∆−selfenergy ??
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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

2p2h
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𝝂𝝂
+
𝑨𝑨
⟶

𝒍𝒍+
X

+ PRD 93 (2016) 014016 (Watson’s theorem)
+ PRD 95 (2017) 053007 (local terms in 𝚫𝚫
propagator) 

2p2h
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CONCLUSIONS
• ΣΔ accounts for the important modifications of 

∆ properties inside of a nuclear medium

• It requires a realistic effective baryon-baryon 
interaction in the medium at intermediate 
energies

• There are problems to describe pion 
production in nuclei.  RPA effects??
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