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Outline:

• Introduction: Properties of the Coulomb interaction in an electron gas: 
screening of the interaction

• Particle and particle-hole propagators in a Fermi sea: occupation number 
and the Lindhard function

• Nuclear matter. Pion propagation in a nuclear medium:  πN interaction at 
intermediate energies

• Induced spin-isospin NN interaction in a nuclear medium 
• Examples:

• inclusive muon capture in nuclei 
• pion-nucleus interactions: pionic atoms, pion nucleus scattering, …
• inclusive electron-nucleus scattering
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One electron inside of an electron gas (metal) polarizes the medium in such a
way that, in a region around it, the negative charges are slightly displaced
away from the electron, leaving behind the background charge of positive
ions

SCREENING of the 
Coulomb Interaction

ρ is the electron density of the gas
and µ a certain function of it. The
effect of the polarizations has been
to convert the infinite range
interaction into one of finite
range. The positive charge around
one electron, coming from the
polarization of the medium,
cancels the electron negative
charge, and a at large distances we
see an effective charge zero.
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In  momentum space (static photon propagator, q0=0)

Photon acquires an effective
mass: interaction becomes
of shorter range !The physical mechanism for the polarization consists in a transfer

of some electrons from occupied states of a Fermi sea to some
unoccupied states: producing particle-hole excitations:

Pauli-Fermi statistics: only
one fermion per state
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Many Body diagram:

photon selfenergy corresponding to a single  ph excitation

gauge invariance

Juan Nieves, IFIC (CSIC & UV)



Solving the Dyson equation in the Landau gauge,

Modifies the propagation
of the photon inside of
the Fermi sea

Coordinate space (Coulomb static, q0=0)

Determined by  Π(q) ! 
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Dirac sea:

e+e- excitation: free photon  selfenergy
renormalize electron mass and charge 
and the γe+e- coupling 

Fermi 
level

particle-hole excitation: excite
occupied states to other
unoccupied states of the Fermi
sea. These transitions are
additional to those from the
negative energy states to the
positive energy ones.

all the states of negative 
energy are filled by 
electrons, a hole in the 
Dirac sea behaves like a 
positive charge particle e+

A particle-antiparticle 
excitation is represented 
by a transition of one 
electron from an occupied 
state of negative energy to 
an occupied state of 
positive energy 

Dirac 
level
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Fermi gas particle-hole propagator: Lindhard function

For the electromagnetic interaction
In the static limit…

1
n(k): occupation number for a free Fermi gas.

KF Fermi momentum
electron kinetic energy 

electron propagator in a Fermi sea (non relativistic)

0

spinvertex
non-relat.
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particle-hole propagator: Lindhard function
For the electromagnetic interaction
In the static limit…

1
n(k): occupation number for a free Fermi gas.

KF Fermi momentum

electron kinetic energy 

electron propagator in a Fermi sea (non-relativistic)

0

spinvertex
non-relat.
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The k0 integration can be done in the complex plane…

Direct and cross terms of the ph excitation

Juan Nieves, IFIC (CSIC & UV)



Ue(q) 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)].

For q0 > 0, only the direct term gives rise to an imaginary part   

The imaginary 
part can be 
obtained using

hole

particle

For q0 < 0, the crossed term gives rise to an imaginary part   
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Analytical structure: In the complex q0 plane, it has 
a continuous set of poles (cut) in the four quadrant 

𝒒𝒒𝟎𝟎 = 𝝐𝝐𝒑𝒑𝒑𝒑𝒑𝒑 − 𝝐𝝐𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 − 𝒊𝒊𝜼𝜼

and in the second quadrant

Analytical cuts in the second and
fourth quadrants, and it has an
imaginary part for real values of q0

situated in the analytical cuts.

𝒒𝒒𝟎𝟎 = 𝝐𝝐𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 − 𝝐𝝐𝒑𝒑𝒑𝒑𝒑𝒑 + 𝒊𝒊𝜼𝜼
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Analytical structure: In the complex q0 plane, it has 
a continuous set of poles (cut) in the four quadrant 
and in the second quadrant

Analytical cuts in the second and
fourth quadrants, and it has an
imaginary part for real values of q0

situated in the analytical cuts.

2𝑈𝑈𝑒𝑒

For complex values of 𝒒𝒒𝟎𝟎

2𝐼𝐼𝐼𝐼𝑈𝑈𝑒𝑒

2𝐼𝐼𝐼𝐼𝑈𝑈𝑒𝑒
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Fully relativistic expressions: 𝑆𝑆 𝑝𝑝 = 𝑝𝑝𝜇𝜇𝛾𝛾𝜇𝜇 + 𝐼𝐼
1

𝑝𝑝2 − 𝐼𝐼2 + 𝑖𝑖 𝜀𝜀
+ 𝑖𝑖

𝜋𝜋
𝐸𝐸(�⃗�𝑝 )

𝛿𝛿 𝑝𝑝0 − 𝐸𝐸 �⃗�𝑝 𝑛𝑛 �⃗�𝑝

𝑈𝑈𝑒𝑒 𝑞𝑞 = −2𝑖𝑖 �
𝑑𝑑4𝑝𝑝
2𝜋𝜋 4 𝐺𝐺 𝑝𝑝 𝐺𝐺 𝑝𝑝 + 𝑞𝑞 = 2 �

𝑑𝑑3𝑝𝑝
2𝜋𝜋 3

𝐼𝐼
𝐸𝐸 �⃗�𝑝

𝐼𝐼
𝐸𝐸 �⃗�𝑝 + �⃗�𝑞

𝑛𝑛 �⃗�𝑝 1 − 𝑛𝑛 �⃗�𝑝 + �⃗�𝑞
𝑞𝑞0 + 𝐸𝐸 �⃗�𝑝 − 𝐸𝐸 �⃗�𝑝 + �⃗�𝑞 + 𝑖𝑖𝜀𝜀

+ 𝑞𝑞 ↔ −𝑞𝑞

𝐺𝐺 𝑝𝑝 =
1

𝑝𝑝2 − 𝐼𝐼2 + 𝑖𝑖 𝜀𝜀
+ 𝑖𝑖

𝜋𝜋
𝐸𝐸(𝑝𝑝 )

𝛿𝛿 𝑝𝑝0 − 𝐸𝐸 𝑝𝑝 𝑛𝑛 𝑝𝑝
𝐸𝐸 �⃗�𝑝 = �⃗�𝑝2 + 𝐼𝐼2

𝐼𝐼𝐼𝐼𝑈𝑈𝑒𝑒 𝑞𝑞 = −𝐼𝐼2 Θ 𝑞𝑞0 Θ −𝑞𝑞2

2𝜋𝜋 𝑞𝑞
Θ 𝐸𝐸𝐹𝐹 − 𝜀𝜀𝑅𝑅 𝐸𝐸𝐹𝐹 − 𝜖𝜖𝑅𝑅 ≈ −𝜋𝜋𝜋𝜋 𝑚𝑚

𝐸𝐸 𝑞𝑞
𝛿𝛿 𝑞𝑞0 + 𝑀𝑀 − 𝐸𝐸 �⃗�𝑞

𝐸𝐸𝐹𝐹 �⃗�𝑝 = 𝑘𝑘𝐹𝐹2 + 𝐼𝐼2,  𝜀𝜀𝑅𝑅= 𝑀𝑀𝑀𝑀𝑀𝑀 𝐼𝐼,𝐸𝐸𝐹𝐹 − 𝑞𝑞0, −𝑞𝑞
0+ 𝑞𝑞 1−4𝑚𝑚2/𝑞𝑞2

2

low density limit
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Dictionary:
• Propagation of photons through 

an electron gas (metal)
• Electric charge of the electron

and screening
• Photon carrier of the 

electromagnetic interaction

• Propagation of γ, W, Z0 or pions
(mesons in general) through a 
nuclear medium

• Axial charge of the nucleon and 
axial polarization

• π,ρ,… carriers of the NN 
interaction

Juan Nieves, IFIC (CSIC & UV)



For inclusive 
processes , with 
large excitation 
energies (> 50 MeV) 
and spherical 
nuclei… 

Local density approximation (LDA)

Juan Nieves, IFIC (CSIC & UV)
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Nuclear medium:  Nuclear matter (approximation)

• Infinite system homogeneous and isotropic  
• Infinite volume with an infinite number of nucleons, but with a constant density

ρ=𝑨𝑨
𝑽𝑽

= cte
• Momentum and energy are conserved
• Symmetric Z=N=A/2 (no necessary)
• Pauli’s exclusion principle
• Finite nuclei: LDA (local density appx)

ρNM (cte) →ρ(𝒑𝒑)   (s-wave)

𝒒𝒒2 ρNM → ρ(𝒑𝒑)  (p-wave)

Fermi sea

non occupied states 

occupied states 

1

0
kF

spin+isospin
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propagation of photons in the electron gas → propagation of pions in the nuclear medium
(carriers of the interaction)

Dyson equation

Full pion 
propagator

Free pion 
propagator

pion selfenergy: contains only 
irreducible  diagrams

𝑞𝑞

𝑖𝑖𝑖𝑖 = 𝑖𝑖𝑖𝑖0 + 𝑖𝑖𝑖𝑖0 𝑖𝑖 𝑖𝑖𝑖𝑖𝑫𝑫(𝒒𝒒) =
𝑫𝑫𝟎𝟎

𝟏𝟏 − 𝑫𝑫𝟎𝟎
=

𝟏𝟏
𝒒𝒒𝟐𝟐 −𝒎𝒎𝟐𝟐 − (𝒒𝒒)

𝑫𝑫(𝒒𝒒)

𝑫𝑫𝟎𝟎(𝒒𝒒)

(𝒒𝒒)

𝑫𝑫(𝒒𝒒) 𝑫𝑫𝟎𝟎(𝒒𝒒)

𝑫𝑫𝟎𝟎(𝒒𝒒)

𝑫𝑫(𝒒𝒒)
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Pion selfenergy: first approximation πNN vertex

P-wave           S-wave (Weinberg-Tomozawa)

Chiral symmetry

Π 𝑞𝑞 = 𝑓𝑓2

𝑚𝑚𝜋𝜋
2 �⃗�𝑞2 UN(q)

q
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S-wave selfenergy: small  for isoscalar nuclei ! 

The pion cannot only excite nucleons above the Fermi sea, but it
can also excite the internal degrees of freedom of the nucleon
since it is a composite particle made out of quarks. Hence a
nucleon can be converted into a ∆, 𝑵𝑵∗,𝜟𝜟∗,𝒉𝒉𝒆𝒆𝒆𝒆. .

∆(1232) [spin 3/2 and isospin 3/2] plays an important
role at intermediate energies because of its lower mass
and strong coupling → contribution to �

no ∆ Fermi sea !

∆h  excitation

Juan Nieves, IFIC (CSIC & UV)



Some technical aspects about the ∆h excitation

• 3
2
𝑀𝑀𝑇𝑇 𝑇𝑇𝜈𝜈

† 1
2
𝐼𝐼𝑇𝑇 = 1

2
, 1, 3

2
𝐼𝐼𝑇𝑇 , 𝜈𝜈,𝑀𝑀𝑇𝑇

3
2

𝑇𝑇𝜈𝜈
† 1

2

• ∆ propagator  (unstable particle)

1

,

𝑃𝑃𝜇𝜇𝜈𝜈 : spin 3/2 projector

𝝀𝝀 𝒙𝒙,𝒚𝒚, 𝒛𝒛 = 𝒙𝒙𝟐𝟐 + 𝒚𝒚𝟐𝟐 + 𝒛𝒛𝟐𝟐 − 𝟐𝟐𝒙𝒙𝒚𝒚 − 𝟐𝟐𝒙𝒙𝒛𝒛 − 𝟐𝟐𝒚𝒚𝒛𝒛
𝜋𝜋𝑁𝑁 𝐶𝐶𝑀𝑀 𝐼𝐼𝑚𝑚𝐼𝐼𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝐼𝐼 3

(Wigner-Eckart)
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Some technical aspects about the ∆h excitation: non-relativistic 
expressions 

• πN∆ transition:

• ∆ propagator spin transition operator.

The pion selfenergy reads: 𝜫𝜫 𝒒𝒒 = 𝒇𝒇𝟐𝟐

𝒎𝒎𝝅𝝅
𝟐𝟐 𝒒𝒒2 U(q)    with 𝑼𝑼 𝒒𝒒 = 𝑼𝑼𝑵𝑵 𝒒𝒒 + 𝑼𝑼∆(q)

Juan Nieves, IFIC (CSIC & UV)



Remarks:
• External γ can also excite ∆h components

π

π

π

π

π

π

π

π

ph
∆h

Dip regionJuan Nieves, IFIC (CSIC & UV)



Remarks:
• V is an effective ph-ph, ph-∆h and ∆h-∆h

interaction in the nuclear medium
• V=𝝅𝝅 + 𝝆𝝆+ other mesons (Short Range 

Correlations). Starting point 𝝅𝝅𝑵𝑵 →
𝝅𝝅𝑵𝑵 in free space (πNN and πN∆
couplings) [Ericson+Weise, Pions in 
nuclei] and NN → NN Bonn potentialπ

π

π

π

π

π

π

π
Juan Nieves, IFIC (CSIC & UV)
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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 𝑽𝑽𝒉𝒉 and  𝑽𝑽𝒆𝒆 by 
replacing 

𝑓𝑓 → 𝑓𝑓∗

SRC

𝑉𝑉𝜋𝜋

𝑉𝑉𝜌𝜌

with �𝑞𝑞𝑖𝑖 = �𝑞𝑞𝑖𝑖 |𝑞𝑞|

Juan Nieves, IFIC (CSIC & UV)



The spin-isospin part of the interaction, taking into account the 
propagation of the mesons through the medium 

𝑾𝑾𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝈𝝈𝟏𝟏𝝈𝝈𝟐𝟐𝑽𝑽𝒊𝒊𝒋𝒋𝝈𝝈𝝈𝝈 𝒒𝒒 +

𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝈𝝈𝟏𝟏𝝈𝝈𝟐𝟐 𝑽𝑽𝒊𝒊𝒌𝒌𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼(𝒒𝒒)𝑽𝑽𝒌𝒌𝒋𝒋𝝈𝝈𝝈𝝈 𝒒𝒒 +

𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝈𝝈𝟏𝟏𝝈𝝈𝟐𝟐 𝑽𝑽𝒊𝒊𝒌𝒌𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼 𝒒𝒒 𝑽𝑽𝒌𝒌𝒎𝒎𝝈𝝈𝝈𝝈 𝒒𝒒 𝑼𝑼 𝒒𝒒 𝑽𝑽𝒎𝒎𝒋𝒋𝝈𝝈𝝈𝝈 𝒒𝒒 +

… = 𝝈𝝈𝟏𝟏𝒊𝒊 𝝈𝝈𝟐𝟐
𝒋𝒋 𝝈𝝈𝟏𝟏𝝈𝝈𝟐𝟐𝑾𝑾𝒊𝒊𝒋𝒋

𝝈𝝈𝝈𝝈 𝒒𝒒

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

𝑾𝑾𝒊𝒊𝒋𝒋
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒉𝒉(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒉𝒉(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒆𝒆(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒆𝒆(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒋𝒋 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 ⊥ 𝜹𝜹𝒊𝒊𝒋𝒋 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋
Induced spin-isospin NN interaction in a nuclear medium 

Juan Nieves, IFIC (CSIC & UV)



Diagrammatically, 

𝑾𝑾𝒊𝒊𝒋𝒋
𝝈𝝈𝝈𝝈 𝒒𝒒 = 𝑽𝑽𝒉𝒉(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒉𝒉(𝒒𝒒)
�𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋 + 𝑽𝑽𝒆𝒆(𝒒𝒒)

𝟏𝟏−𝑼𝑼(𝒒𝒒)𝑽𝑽𝒆𝒆(𝒒𝒒)
𝜹𝜹𝒊𝒊𝒋𝒋 − �𝒒𝒒𝒊𝒊�𝒒𝒒𝒋𝒋

𝑾𝑾𝝈𝝈𝝈𝝈

𝑽𝑽𝒉𝒉 𝒒𝒒 + 𝑽𝑽𝒆𝒆(𝒒𝒒)
From the spin-isospin
interaction, we 
construct the induced 
interaction by exciting 
ph and ∆h 
components in a RPA 
sense

Juan Nieves, IFIC (CSIC & UV)



Remarks:
• To compute the pion selfenergy, only

irreducible diagrams should be
considered: V → ρ + SRC (g’) [the initial
pion selects the longitudinal channel]

π

π

π

π

π

π

π

π

Also for 
photons !

cannot be γ, it 
should be V: 
ph-ph, ph-∆h 
interaction

Juan Nieves, IFIC (CSIC & UV)



Remarks:

Also for 
photons, W, Z !

cannot be γ, 
W, Z, it should 
be V: ph-ph, 
ph-∆h 
interaction

RPA corrections should disappear (ratio goes to 1.0) at very
large 𝑸𝑸𝟐𝟐 values, because this is a collective effect which
strength decreases when sizes larger than one nucleon are no
longer being probed. Hence in any realistic model, one should
expect a qualitative 𝑄𝑄2 behavior similar to that exhibited by the
QERPA/QEnoRPA ratio line depicted in the figure.: low 𝑸𝑸𝟐𝟐suppression,
followed by an enhancement that could even give rise to a net
increase of the cross section, and finally all RPA effects should
disappear for sufficiently high 𝑸𝑸𝟐𝟐values

QERPA/QEnoRPA

Juan Nieves, IFIC (CSIC & UV)



Inclusive muon
capture in nuclei

[E. Oset et al., NPA 510 (1990) 591; J. 
Nieves et al., PRC 70 (2004) 055503; 
J.E. Amaro et al., EJPA 24 (2005) 343]

• Hydrogen-like atom, but 𝑅𝑅𝜇𝜇− ≪ 𝑅𝑅𝑒𝑒− , since 
𝐼𝐼𝜇𝜇 ≫ 𝐼𝐼𝑒𝑒

• There are screening and relativistic effects (solve 
Dirac equation)

• 𝜇𝜇− can be absorbed by the nucleus
𝜇𝜇− 𝐴𝐴𝑍𝑍 bound → 𝜈𝜈𝜇𝜇 𝑋𝑋 [𝜇𝜇−𝑝𝑝 → 𝑛𝑛 𝜈𝜈𝜇𝜇]

Γ = −2 𝐼𝐼𝐼𝐼 Π𝜇𝜇− Leptonic current

Hadron current
Juan Nieves, IFIC (CSIC & UV)



Lowest order contribution: imaginary part of 
the Lindhard function 

• Finite nuclei: LDA (local density appx)

Strong renormalization effects:

An example:

𝑽𝑽𝒉𝒉 𝒒𝒒 + 𝑽𝑽𝒆𝒆(𝒒𝒒)

Juan Nieves, IFIC (CSIC & UV)



Shell model 

Juan Nieves, IFIC (CSIC & UV)



Pionic Atoms

[J. Nieves et al., NPA 554 
(1993) 509]

• Precise experimental measurements (spectroscopy techniques): 
shifts 𝜺𝜺 = 𝑩𝑩𝒉𝒉𝒙𝒙𝒑𝒑 − 𝑩𝑩𝒉𝒉𝒎𝒎 and widths Γ → information on the pion-
nucleus interaction

• Π 𝑞𝑞0, �⃗�𝑞,𝜋𝜋(𝑟𝑟) = 2𝑞𝑞0 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜(r) , we solve the Klein-Gordon equation
• Impulse approximation

• Widths come from absorption by two nucleons: 𝜋𝜋− 𝑁𝑁𝑁𝑁 → 𝑁𝑁𝑁𝑁
that give rise to complex terms, proportional to ρ2 in  
Π 𝑞𝑞0, �⃗�𝑞,𝜋𝜋(𝑟𝑟) .

• There exists experimental information on 1S and 2P levels in light 
nuclei and 3D and 4F in heavy nuclei. Phenomenological potentials 
fail to describe these data: problem of the anomalies in pionic
atoms.

Juan Nieves, IFIC (CSIC & UV)



Precisions of the 
order of 5% 
through the 
whole periodic 
table.

Range: eV to 20-
30 KeV

Juan Nieves, IFIC (CSIC & UV)



one of the 
contributions

∆ selfenergy: Σ∆

Vστ

Vστ

P-wave
S-wave

π

π

π

π

Many body (density) 
expansion in the 
number of hole 
lines!

Juan Nieves, IFIC (CSIC & UV)



π

Ν Ν

ΝΝ
Wστ

π𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵 2p2h 

Juan Nieves, IFIC (CSIC & UV)



low 
densities

Theoretical potential

Juan Nieves, IFIC (CSIC & UV)



medium 
densities

Theoretical potential

Juan Nieves, IFIC (CSIC & UV)



medium 
densities

Theoretical potential

Theoretical 
solution to the 
problem of the 
anomalies in 
pionic atoms !

Juan Nieves, IFIC (CSIC & UV)



𝜋𝜋± − nucleus reactions
• 𝜋𝜋± − nucleus reactions [J. Nieves et al., NPA 554 (1993) 554]
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝜋𝜋± 𝐴𝐴𝑍𝑍 [elastic]
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝜋𝜋′ 𝑋𝑋 [quasielastic]
 𝜋𝜋± 𝐴𝐴𝑍𝑍 → 𝑋𝑋 (no pions) [absorption]

• Determination of neutron distributions from pionic atom data [C. García-
Recio et al., NPA 547 (1992) 473]

•
• Radiative pion capture [H.C. Chiang et al., NPA 510 (1990) 573]

𝜋𝜋− 𝐴𝐴𝑍𝑍 bound → 𝛾𝛾 𝑋𝑋

• Chiral symmetry restoration [C. García-Recio et al., PLB 541 (2002) 64]

Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Absorption + 
Quasielastic= 
Reaction

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

Q
A

Q+R = A

Juan Nieves, IFIC (CSIC & UV)



1p1h ∆h

Dip region

Inclusive electron-nucleus scattering

2p2h[A
. G

il 
et

 a
l.,

N
PA

62
7 

(1
99

7)
 5

43
; N

PA
 

62
7 

(1
99

7)
 5

99
]

Juan Nieves, IFIC (CSIC & UV)



𝑚𝑚 + 𝐴𝐴𝑧𝑧 → 𝑚𝑚′𝑋𝑋

virtual photon selfenergy in the nuclear medium 

𝑚𝑚 𝑚𝑚𝑚𝑚
𝜸𝜸∗

𝜸𝜸∗

Π𝜇𝜇𝜈𝜈

Juan Nieves, IFIC (CSIC & UV)



Technically Cutkowsky’s rules are 
used to obtain the imaginary part 
of the many body Feynman 
diagrams

Juan Nieves, IFIC (CSIC & UV)



Quasielastic peak

(lowest oder: imaginary part of the Lindhard function)

𝒑𝒑𝟐𝟐 = 𝒑𝒑 + 𝒒𝒒 𝟐𝟐 = 𝑴𝑴𝟐𝟐 → 𝒒𝒒𝟐𝟐 = −𝟐𝟐𝒑𝒑𝒒𝒒 → 𝒒𝒒𝟎𝟎 = − �𝒒𝒒𝟐𝟐
𝟐𝟐𝑴𝑴

neglecting Fermi motion

spectral function ?

Cutkowsky’s rules 

Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Polarization effects (RPA) at QE peak 

Juan Nieves, IFIC (CSIC & UV)



It depends on the specific 
kinematics and observable !

Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Pion production

one of the terms generates the 
∆ contribution

Juan Nieves, IFIC (CSIC & UV)



+

RPA corrections to the dominant ∆h term

Juan Nieves, IFIC (CSIC & UV)



• ∆ dominant component of 
the pion production 
contribution

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

Juan Nieves, IFIC (CSIC & UV)



2p2h (two body absorption) contributions

RPA corrections to 
2p2h contributions

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

+…..
Juan Nieves, IFIC (CSIC & UV)



Dip region 

Juan Nieves, IFIC (CSIC & UV)



Additional contributions generated from the 
channel 

𝜸𝜸∗𝑵𝑵 → 𝑵𝑵𝝅𝝅𝝅𝝅

Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Important difference:

is forbidden !

𝒑𝒑𝟐𝟐 = 𝒑𝒑 + 𝒒𝒒 𝟐𝟐

does not have solution when all
particles are in the mass shell, i.e.
𝒑𝒑𝟐𝟐 = (𝒑𝒑 + 𝒒𝒒)𝟐𝟐 = 𝑴𝑴𝟐𝟐and 𝒒𝒒𝟐𝟐 = 𝟎𝟎.

Juan Nieves, IFIC (CSIC & UV)



∆ peak!dip region
(broadening and shift)

direct photon 
absorption 

free ∆
contribution

Juan Nieves, IFIC (CSIC & UV)
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