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Outline

• Theoretical framework (nuclear model): relativistic mean-field
model.

• Two-body meson-exchange currents in particle-hole excitations.

• 12C electromagnetic inclusive responses:
o Different approaches for the two-body current operator.

o Relevance of quantum mechanics in the final nucleon.

• 40Ca electromagnetic inclusive cross section.

• Conclusions and future prospects.
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Nuclear model
• We focus on quasielastic scattering.
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Nuclear model

• The hadronic current contains all the information of the boson-nucleus 
interaction and all hadronic final-state interactions.

𝐽ℎ𝑎𝑑
𝜇

∼ ഥΨ𝑠 𝒑𝑁
′ , 𝒑𝑁  Γ𝜇 Ψ𝑚𝑗

𝜅 (𝒑)

 
•  Initial  nucleon: bound wave function within the relativistic mean-field 
(RMF) model.
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Nuclear model

• The hadronic current contains all the information of the boson-nucleus 
interaction and all hadronic final-state interactions.

• Knocked out nucleon: distorted wave function computed as a solution of the
Dirac equation in the continuous with the energy dependent relativistic 
mean-field (ED-RMF) potential.

𝐽ℎ𝑎𝑑
𝜇

∼ ഥΨ𝑠 𝒑𝑁
′ , 𝒑𝑁  Γ𝜇 Ψ𝑚𝑗

𝜅 (𝒑)

 

ED-RMF:  R.González-Jiménez et al. Phys. Rev. C 100, 045501 (2019).
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Nuclear model

• The hadronic current contains all the information of the boson-nucleus 
interaction and all hadronic final-state interactions.

• Hadronic current operator: includes all the processes that lead to a final 1p-
1h state.

𝐽ℎ𝑎𝑑
𝜇

∼ ഥΨ𝑠 𝒑𝑁
′ , 𝒑𝑁  Γ𝜇 Ψ𝑚𝑗

𝜅 (𝒑)
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Nuclear structure

• Pure shell model:

o Occupations

o Missing energy distribution

2 nucleons in 1s1/2

4 nucleons in 1p3/2

𝜌 𝐸𝑚 = ෍

𝜅

𝑁𝜅  𝛿(𝐸𝑚 − 𝐸𝑚,𝜅)
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Nuclear structure

• Nuclear structure in a pure shell
model

• Occupations

• Missing energy distribution

2 nucleons in 1s1/2

4 nucleons in 1p3/2

𝜌 𝐸𝑚 = ෍

𝜅

𝑁𝜅  𝛿(𝐸𝑚 − 𝐸𝑚,𝜅)

Simplistic approximation → we introduce a 
model based on a realistic spectral function 
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Nuclear structure

• Nuclear structure based on a 
realistic spectral function:

o Reduced shell model occupations
➢ 1.8 nucleons in 1s1/2

➢ 3.3 nucleons in 1p3/2

11

Rome Spectral Function:  O. Benhar et al., Nuclear Physics A 579, 493 (1994).
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Meson exchange currents
• We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

𝐽ℎ𝑎𝑑
𝜇

= 𝐽1𝑏
𝜇

+ 𝐽2𝑏
𝜇
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Meson exchange currents
• We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

• The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.
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Meson exchange currents

• Exchange terms
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Meson exchange currents

• Exchange terms

𝐽ℎ𝑎𝑑
𝜇
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𝜇

+ 𝐽2𝑏
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• Direct terms

• We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.
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Meson exchange currents

• Exchange terms

𝐽ℎ𝑎𝑑
𝜇

= 𝐽1𝑏
𝜇

+ 𝐽2𝑏
𝜇

• Direct terms

Intermediate 
bound-nucleon 

state

• We include one-pion exchange effects by incorporating two-body meson-
exchange currents with a final paticle-hole state.

• The 1p-1h excitation occurs when one of the outgoing nucleons of the two-
particle two-hole interaction remains bound to the nucleus.
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• Different approaches for the treatment of the intermediate bound-
nucleon state. More realistic case:

Intermediate RMF-nucleon 
approach 

Intermediate bound-nucleon state

Approximated nuclear effects case:

Intermediate RFG*-nucleon 
approximation 

Simplified case:

Intermediate RFG-nucleon 
approximation 
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More realisitic case:

Intermediate RMF-nucleon approach 

Intermediate bound-nucleon state

• The intermediate bound particles
are described by RMF spinors.
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Intermediate RMF-nucleon approach
• MEC contributions

• Delta resonance 
mechanism

• ChPT background
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• Two-body current
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Intermediate RMF-nucleon approach

𝐽2𝑏
𝜇

= ∫ 𝑑𝒑 න
𝑑𝒑𝒑
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න

𝑑𝒑𝒉
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𝜇
 Ψ𝜅
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𝒑
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• Two-body current

• 9-dimensional integral → computational time and effort extremely
high.
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Intermediate RMF-nucleon approach
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12C electromagnetic inclusive responses
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• Different approaches for the treatment of the intermediate bound-
nucleon state.

Simplified case:

Intermediate RFG-nucleon 
approximation 

Intermediate bound-nucleon state

Approximated nuclear effects case:

Intermediate RFG*-nucleon 
approximation 

More realistic case:

Intermediate RMF-nucleon 
approach 
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Simplified case:

Intermediate RFG-nucleon approximation 

Intermediate bound-nucleon state

• The intermediate bound nucleons
are described as free Dirac spinors in
a relativistic Fermi gas (RFG).
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• MEC contributions

• Delta resonance 
mechanism

• ChPT background

Taking intermediate RFG nucleons the Delta-
resonance direct terms vanish.

Intermediate RFG-nucleon approximation
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• MEC contributions

• Delta resonance 
mechanism

• ChPT background

Additionally, in an isospin symmetric nucleus,
the exchange diagrams (a) and (d) vanish.

Intermediate RFG-nucleon approximation
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• MEC contributions

• Delta resonance 
mechanism

• ChPT background

Intermediate RFG-nucleon approximation
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•Two-body current
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Intermediate RFG-nucleon approximation

𝐽2𝑏,𝑓𝑟𝑒𝑒
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𝜇
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•Two-body current

• 6-dimensional integral → computations can be done in a more
manageable amount of time.
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Intermediate RFG-nucleon approximation
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• Different approaches for the treatment of the intermediate bound-
nucleon state.

Approximated nuclear effects case:

Intermediate RFG*-nucleon 
approximation

Intermediate bound-nucleon state

Simplified case:

Intermediate RFG-nucleon 
approximation 

More realistic case:

Intermediate RMF-nucleon 
approach 
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Approximated nuclear effects case:

Intermediate RFG*-nucleon approximation 

Intermediate bound-nucleon state

• The intermediate bound
nucleons are described as RFG
nucleons with a modified
energy and mass accounting
for the relativistic interaction
of nucleons with the mean-
field potential.

𝑀∗ = 𝛼 𝑀𝐸∗= 𝑝2 + 𝑀∗ 2 + 𝐸𝑉
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Intermediate RFG*-nucleon approximation

• 12C electromagnetic responses (only one-body current)
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Intermediate RFG*-nucleon approximation

• 12C electromagnetic responses (only one-body current)

• α=0.8 and Ev=141 MeV for 12C.
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12C electromagnetic responses

J. Jourdan, Nucl. Phys. A 603, 117 (1996).

P. Barreau et al., Nuclear Physics A 402,515 (1983).

q=300 MeV/c q=400 MeV/c q=550 MeV/c q=570 MeV/c

• Essentially identical RFG* and RMF results for
momentum transfer around and above 500 MeV/c.
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No FSI: 
Plane waves

Quantum mechanics in the final nucleon
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q=300 MeV/c q=380 MeV/c q=570 MeV/c

12C electromagnetic inclusive responses

Quantum mechanics in the final nucleon
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Including FSI: 
Distorted waves

Quantum mechanics in the final nucleon
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q=300 MeV/c q=380 MeV/c q=570 MeV/c

Quantum mechanics in the final nucleon

q=300 MeV/c q=380 MeV/c q=570 MeV/c

Distortion of the outgoing nucleon (FSI) and orthogonality between initial 
and final states are important to describe the data
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Quantum mechanics in the final nucleon

q=300 MeV/c q=380 MeV/c q=570 MeV/c

Spurious contributions appear from non-orthogonality between initial and final states
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Comparison to previous computations
• Two completely different theoretical approaches
• Ab initio non-relativistic Green’s function Monte Carlo (GFMC).

• ED-RMF: fully relativistic model and coherent quantum mechanical description of the
nucleonic states, incorporating realistic dynamics and final state interactions
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• Remarkable good agreement between both ED-RMF and GFMC calculations
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40Ca inclusive cross section
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1d3/2+2s1/2 0.61 ± 0.04

1d3/2 0.65 ± 0.05

2s1/2 0.53 ± 0.04

1d5/2 0.85 ± 0.09

1p3/2+1p1/2 0.49 ± 0.07

1s1/2 0.89 ± 0.09

• The relativistic and quantum mechanical treatment of the process allows its
application to heavier nuclei.
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40Ca inclusive cross section
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Conclusions and future prospects
• We have developed a relativistic mean-field based model, with one- and 
two-body current contributions to the 1p-1h excitation which can 
simultaneously describe the longitudinal and transverse electromagnetic 
responses of 12C in the quasielastic regime.
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Conclusions and future prospects
• We have developed a relativistic mean-field based model, with one- and 
two-body current contributions to the 1p-1h excitation which can 
simultaneously describe the longitudinal and transverse electromagnetic 
responses of 12C in the quasielastic regime.

• The use of a realistic treatment of the nuclear structure is fundamental to 
describe the experimental data.

• The incorporation of the two-body meson exchange current to the 1p-1h 
channel is only significant in the transverse channel, leading to an improved 
description of the data. 

• Different approaches to describe the intermediate bound-nucleon state of the 
two-body currents have been studied → the RFG* approach resulted as an 
excellent approximation to the complete model.
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Conclusions and future prospects
• We have developed a relativistic mean-field based model, with one- and 
two-body current contributions to the 1p-1h excitation which can 
simultaneously describe the longitudinal and transverse electromagnetic 
responses of 12C in the quasielastic regime.

• Next step will be to apply the model in heavier nuclei, in particular, 40Ar.

• After the success of the model in the scrutiny against electron scattering 
data, it can be applied to neutrino-nucleus interaction.
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Thanks for your 
attention !
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