
One- and two-nucleon knock-out in neutrino-nucleus scattering:
Nuclear mean-field approaches
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Mean-field nuclear picture
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→ we use a realistic nucleon-nucleon potential to derive the central nuclear potential
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Oxygen wave functions
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http://discovery.phys.virginia.edu/research/groups/ncd/index.html
https://www.phy.anl.gov/theory/research/density/norfolk.html
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Outline

Lecture 1. the general framework of the nuclear mean-field model

Lecture 2. one- and two-nucleon knock-out in lepton-nucleus scattering

(1) Kinematics and scattering cross section

(2) Distorted-wave calculations

(3) Corrections and additional dynamics
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Nuclear response in the quasielastic and ∆ regions⌫µ 0.8 < cos ✓µ < 0.9
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Kinematics and scattering cross section
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Independent variables in a scattering problem

e(εi,~ki)

e′(εf,~kf)

A(EA,~PA)

B(EB,~PB)

γ∗(ω,~q)

igµν

Q2

ieJµlep −ieJνhad

ν(εi,~ki)

µ(εf,~kf)

A(EA,~PA)

B(EB,~PB)

W±(ω,~q)

igµν

M2W

−i g

2
√
2
J
µ
lep −i g

2
√
2

cos θcJνhad

Counting independent variables:

◦ 4 x 4-vectors → + 16 numbers

◦ 4-mom. conservation → - 4 numbers

◦ 4 x on-shell particles → - 4 numbers

◦ target rest-frame → - 3 numbers

◦ fixed projectile direction → - 2 numbers

◦ fixed incoming energy → - 1 number

• for 2-to-2 scattering: 2 independent variables

Note, the cross section does
not depend on the global ϕ rotation!
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Independent variables in a scattering problem

Unknown particle 4-vectors Variables
Initial lepton 4

Target nucleus 4

Final lepton 4

Remnant nucleus 4

Outgoing hadrons 4N

16+ 4N

Physical effects Variables
Particles on-shell −(3+N)

4-momentum conservation −4

Target rest-frame −3

Fixed projectile direction −2

Fixed incoming energy −1

−13−N

3+ 3N

Counting the number of independent variables describing lepton-nucleus interactions while
detecting N hadronic particles in the process, summing over the spin of the outgoing lepton,
and leaving the remnant nucleus undetected.
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Scattering cross sections

Target Process Properties Example formula

Free nucleon
(Quasi)elastic N = 0, all particles on-shell dσ

dQ2

Inelastic N = 0, excited hadronic system d2σ
dQ2dW

SPP N = 1, all particles on-shell d4σ
dQ2dWdΩπ

Nucleus

Inclusive N = 0, all hadrons integrated d2σ
dΩ′

1p1h N = 1, detected one nucleon d5σ
dE′d cosθ′dTN′dΩN′

2p2h N = 2, detected two nucleons d8σ
dE′d cosθ′dTN′dΩN′dTN′′dΩN′′

SPP N = 2, detected nucleon and π
d8σ

dE′dΩ′dEπdΩπdΩN′

The dimensionality of cross section formulas for the most basic lepton scattering scenarios, off the
free nucleon or on the nucleus.
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Kinematics
One-nucleon knock-out (1p1h)

φN

z

x
y

q(ω,~q)
ki(εi,~ki)

θ

kf(εf,~kf) pN(EN,~pN)

θN

Two-nucleon knock-out (2p2h)

φNa

φNb

z

x
y

q(ω,~q)
ki(εi,~ki)

θ

kf(εf,~kf) pa(Ea,~pNa
)

θNa

pb(Eb,~pNb )
θNb

Inclusive cross section
Electron scattering

dσγ

dϵfdΩf
= 4πσMott[Ve

LWL + Ve
TWT ]

Neutrino scattering
dσW

dϵfdΩf
= 4πσWζ[VCCWCC + VCLWCL + VLLWLL

+VTWT + hVT ′WT ′ ]

Vx - leptonic factors; Wx - hadronic responses; L/T - longitudinal/transverse relative to q⃗
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Hadronic responses
In the Born approximation (1 boson), we have 16 terms coming from:

dσ
dE′d cosθ′dTN′dΩN′

∝ LµνW
µν

∝ [vCCWCC + vCLWCL + vLLWLL + vTWT + vTTWTT + vTCWTC + vTLWTL + vTTWTT

+ vTCWTC + vTLWTL + h
(
vT ′WT ′ + vTC′WTC′ + vTL′WTL′ + v

CL
′W

CL
′ + v

TC
′W

TC
′ + v

TL
′W

TL
′
)]

(1)

For unpolarized processes:
dσ

dE′d cos θ′dTN′dΩN′
∝ [vCCWCC + vCLWCL + vLLWLL + vTWT + vTTWTT

+ vTCWTC + vTLWTL + h (vT ′WT ′ + vTC′WTC′ + vTL′WTL′)]

(2)

Integrating out the nucleon solid angle:∫
dΩN′

dσ
dE′d cos θ′dTN′dΩN′

∝ [vCCWCC + vCLWCL + vLLWLL + vTWT + hvT ′WT ′ ] (3)

Using conserved vector current, J3(q) = (ω/|q|)J0(q), and h = 0:
dσ

dE′d cos θ′ ∝ [vLWL + vTWT ] (4)
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One variable mysteriously disappeared?
In the mean-field framework, we know the exact energy states:

d5σ

dE′d cos θ′dTN′dΩN′
→

∑
h′

d4σ

dE′d cosθ′dΩN′
(5)

where we used ω+ Eh′ = TN′

But for the two-nucleon knock-out case:
d8σ

dE′d cosθ′dTN′dΩN′dTN′′dΩN′′
→

∑
h′,h′′

d7σ

dE′d cos θ′dΩN′dTN′′dΩN′′
(6)

because ω+ Eh′ + Eh′′ = TN′ + TN′′

In general, we can introduce a function ρ(Em):

◦ in a pure shell model ρ(Em) is
∑

h δ(Em − Eh)

◦ phenomenological profiles for ρ(Em)

R. González-Jiménez et al., Phys.Rev. C 105 (2022), 025502
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FIG. 1: (Color online) (a) The Rome spectral function
(integrated over pm) as a function of the missing-
energy. Our parameterization of the background
is represented by the dashed line. (b) Momentum
distributions from the Rome spectral function and
from our representation.

Em (MeV) Shells 16O

0 − 16.5 p1/2 1.51
16.5 − 25 p3/2 3.47
25 − 100 s1/2 + backg. 2.22

s1/2 1.62
backg. 0.60

100 − 300 backg. 0.80

TABLE I: Correspondence between missing-energy
regions and shells in oxygen. In the last column are
the occupation numbers.

which we will see at least one knocked-out nucleon.
We want to emphasize that in this way, we incor-
porate the experimental constraints provided by
electron scattering experiments on missing-energy
and -momentum distribution in the initial nucleon,
certainly much better than within any Fermi gas
approach or a pure shell model.

In the following we discuss the description of the
final state that we incorporate in our calculations.
In a way, the final state is to a large extent
determined by the experimental signal that is to
be described: is there only a proton and no other
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FIG. 2: (Color online) Single-differential cross sections
for the DUNE (a) and T2K (b) fluxes with the models
discussed in the text.

hadrons in the final state? Or, at the other
extreme, does the experimental signal contain
every event for which at least one proton is seen?
Generally, the actual experimental situation will
be a combination of these two extreme, simplified,
cases. We will look for some representation of
these situations, in order to study the effects of
the different definitions of the final state on the
reliability of the determination of the neutrino
energy.

1. Real relativistic optical potential
(rROP) or energy-dependent relativis-
tic mean-field (ED-RMF). In this case
the final-state nucleon is a solution of the
Dirac equation with a real potential, and
the absence of an imaginary part in the
potential means that no flux is lost. We
will use both the rROP and the ED-RMF,
the difference between them being in the
relativistic mean-field potential seen by the
final nucleon [26]. In the rROP case, we
use the real part of the (energy-dependent
A-independent oxygen) optical potential
EDAI-O [27], while the ED-RMF is the
RMF potential (the same as for the bound
state) but multiplied by a phenomenological
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Distorted-wave calculations

Kajetan Niewczas NuSTEC Summer School 2024 June 8th 2024 13 / 50



Nuclear mean-field model

→ Nucleons exhibit discrete energy
states characteristic of the
mean-field potential picture

→ The redistribution of shell
strength is caused by the
nucleon-nucleon correlations

→ Residual nuclei can be excited
above the two-nucleon
knock-out threshold

J. Mougey, Nucl.Phys. A 335 (1980) 35

Kajetan Niewczas NuSTEC Summer School 2024 June 8th 2024 14 / 50



Our nuclear framework

→ Nucleons are solutions to the Schrödinger
equation in a mean-field potential

→ We calculate single-particle states with the
Hartree-Fock procedure and SkE2 NN force

→ We describe outgoing nucleons as continuum
states of the nuclear potential

U(r) [MeV]

r [fm]

1 2 3 4 5

−50
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Impulse approximation

→ We evaluate the following hadronic transition
currents

J(⃗r)had
ν = ⟨ Ψf | Ĵ(⃗r)

had
ν | Ψi ⟩

→ The nuclear many-body current is a sum of
one-body operators

Ĵ(⃗r)had
ν ≃ Ĵ(⃗r)IA

ν =

A∑
j=1

Ĵ(⃗rj)
[1]
ν δ(3)(⃗r− r⃗j)

→ We control numerical precision using a
multipole decomposition

One-nucleon knock-outE [MeV]

r [fm]

1 2 3 4 5

X

EN (l, 1/2, j, δl, σl)

→ Comparing to inclusive electron scattering data allows for benchmarking of the model
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Impulse approximation: electron scattering
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Impulse approximation: distorted waves
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Impulse approximation: distorted waves
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FIG. 4: QE predictions for the process 12C(e, e′) with the RPWIA, PB-RPWIA, RPWIA(pN > 230), and RMF
models. The MEC contribution [63] is shown separately. Although it is negligible at these kinematics, it has been
added to the QE response. εi is the incident electron energy and θe the scattering angle. Data taken from [65].
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MEC was taken from Ref. [63]. The QE+MEC+SPP cross sections are represented by the thicker lines, while the
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We can try different phenomenological approaches:

◦ hard Pauli blocking cuts

◦ trying to orthogonalize wave functions

◦ momentum dependence using plane waves

R. González-Jiménez et al., Phys.Rev. C 100 (2019), 045501

6

scattering data on different nuclei [57], and also
by fits to proton-nucleus scattering data [58], in
which the energy dependence is found to be similar
for light and heavy systems. Thus, though in this
work we present carbon results only, this method
could be applied to other nuclei independently of
its mass and isospin [59].
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FIG. 3: Function that scales the RMF potentials. The
crosses are addapted from Ref. [18].

In what follows we refer to this approach as ED-
RMF model.

III. RESULTS AND DISCUSSION

In Sect. III A, we study Pauli blocking and
distortion effects in (e, e′) cross sections. Since
the energy and momentum transfer are known,
contrary to the neutrino scattering case, it is easier
to identify and separate the contributions from
the different channels to the cross section. This
simplifies the analysis and serves to benchmark the
models. We then study inclusive neutrino induced
cross sections for fixed and flux-averaged neutrino
energies in Sect. III B and III C, respectively.
Finally, SPP cross sections are investigated in
Sect. III D.

In addition to the QE and SPP contributions
evaluated in this work, two-body current mech-
anisms, such as meson-exchange currents (MEC)
and short-range correlations (SRC), also affect
the 1p-1h and the 2p-2h responses. These have
been previously evaluated in the framework of
a nonrelativistic mean-field model, the effect of
SRC was computed in Ref. [60] and the MEC in
Refs. [15, 61, 62]. On the one hand, the influ-
ence of the two-body currents in the 1p-1h response
was found to be very small. On the other hand,
it is well known that the 2p-2h response plays a
key role in the dip region between the QE and
delta peaks. Therefore, to compare with inclu-
sive data we have included the 2p-2h MEC from
Refs. [63, 64] as a separate contribution. This con-
sists in a fully relativistic microscopic calculation

of one-pion exchanged two-body currents within a
relativistic Fermi gas (RFG) model. In Ref. [63],
it is argued that the general behavior of the MEC
response is rather insensitive to finite-size nuclear
effects, being dominated by the nucleon and pion
electromagnetic form factors and the two particle-
phase space. In spite of that, it would be very in-
teresting to study two-body current mechanisms in
a consistent way from the RMF theoretical stand-
point, and evaluate if they differ much from those
computed within nonrelativistic mean-field models
and the RFG.

A. Inclusive electron scattering

In Fig. 4 and 5, we compare the results from the
different models with 12C(e, e′) data.

For the kinematics of Fig. 4, well below the
pion production threshold, one-nucleon knockout
(QE scattering) and collective nuclear effects [66]
dominate the nuclear response. The latter are
not explicitly included in our calculations so we
expect some underestimation of the data. The
too narrow resonances that appear in the RMF
results would certainly smooth out in a beyond
mean-field approach including the effect of the
residual interactions. The effect of Pauli blocking
is analyzed by comparing RPWIA (dashed-green
lines) to PB-RPWIA (dashed-dot-red lines). One
observes that RPWIA overshoots the data. Pauli
blocking removes the spurious strength coming
from the non-orthogonality of the hadronic states,
which considerably improves the comparison with
data.

One may be tempted to take a short cut
and introduce ‘Pauli blocking’ using the same
procedure as in Fermi-gas based models, that
is, through a simple cutoff that eliminates the
contributions corresponding to knockout nucleons
with momenta below a given Fermi momentum pF

(we use pF = 230 MeV for carbon). The results
of this approach are shown by the dashed-blue
lines. This approach seems to provide the right
total strength (area under the curves) though the
position of the cross section is clearly off. Notice
that the binding energy is already included, in
the same way, in all models shown here, so there
is no freedom left to shift the position of the
distributions.

The effect of the distortion of the outgoing
nucleon can be inferred by comparing PB-RPWIA
and RMF results. Still in Fig. 4, one observes a
further reduction and redistribution of the strength
that improves the agreement with data. For
the kinematics of Fig. 4, the ED-RMF approach
provides the same results as the RMF model so we
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Impulse approximation: relativistic corrections
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Impulse approximation: electron scattering
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→ Calculation using one-body currents is fairly accurate
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Impulse approximation: neutrino scattering
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Corrections and additional dynamics
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Continuum random-phase approximation

CRPA
•Green’s function approach

•Skyrme SkE2 residual 
interaction

•self-consistent calculations

N. Jachowicz, NuSTEC School 2017
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Continuum random-phase approximation
Will be inserted by the editor 3
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Fig. 1. Comparison of Hartree-Fock (red lines) and CRPA (blue band) results for inclusive
electron scattering data o↵ iron. The blue line corresponds to the CRPA model with a dipole
cut-o↵ in the residual interaction (see text), while in the purple line no cut-o↵ is included.
The data is taken from Refs. [36, 37]

to introduce a discretization scheme or upper bounds. For low excitation energies
in particular, the RPA allows to describe the strength provided by collective exci-
tations in the giant resonance region. While the separation between the mean-field,
e.g. the Hartree-Fock nucleus in this case, and ’correlations’ is in principle formally
clear, the exact physics content of the mean field and various types of correlations is
model-dependent, and determined by the content of the nucleon-nucleon interaction.

Relativistic e↵ects are taken into account along the lines provided by the prescrip-
tion outlined in Ref. [38]. Coulomb distortion of the outgoing lepton in the potential
of the residual nucleus is implemented with an interpolation scheme combining a low
and a higher energy approach. For small lepton energies the correction is done by
multiplying the cross section with the appropriate form of the Fermi function. As this
correction factor equals the ratio of the s-wave solution for the lepton wave-function
evaluated in the Coulomb potential of the nucleus to the plane wave solution, it is
not valid for larger lepton energies. For higher energies, the correction is provided by
the modified e↵ective momentum approximation (MEMA) [39], where the momen-
tum of the final lepton is shifted to an e↵ective value by correcting its value with the
Coulomb energy evaluated at the center of the nucleus, and modifying the phase space
representing the density of final states accordingly. At each kinematics, the scheme
providing the smallest correction is selected as explained in Refs. [40, 41].

As the CRPA calculation is based on an e↵ective interaction fitted to ground-
state and low-lying excited state properties of a range of nuclei, it lacks the right Q2

N. Jachowicz, A. Nikolakopoulos, Eur.Phys.J.ST 230 (2021), 4339-4356
Kajetan Niewczas NuSTEC Summer School 2024 June 8th 2024 25 / 50



Continuum random-phase approximation6 Will be inserted by the editor
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Fig. 2. Comparison between HF and CRPA predictions and data for the electromagnetic
longitudinal response for calcium and iron. The data corresponds to the world-data analysis
of Ref. [48].

di↵erences in the proton and neutron cross sections arise from various e↵ects induced
by the nuclear charge : the Coulomb potential is responsible for the distortion of
outgoing proton’s wave function, bound protons and neutrons have di↵erent binding
energies even for states with the same quantum numbers, and the bound proton
wave functions are influenced by the Coulomb potential. These e↵ects are included in
our mean-field calculations, even for symmetric nuclei. Moreover, in charged current
interactions, the Coulomb potential of the final outgoing lepton, treated e↵ectively as
outlined above, is attractive for negatively charged leptons and repulsive for positive
leptons.

In the comparison to experimental data, variations between neutrino and antineu-
trino energy distributions are a further cause of di↵erences between neutrino and
antineutrino induced processes. Fig. 4 compares normalized neutrino and antineu-
trino fluxes for MiniBooNE and T2K [53, 54]. For T2K, shape di↵erences between
both fluxes are extremely small, for MiniBooNE, the energy distribution for neutri-
nos peaks at slightly higher energy than the antineutrino one and has a clearly more
pronounced high-energy tail.

The neutrino-antineutrino cross section asymmetry can be defined as

A =
�⌫ � �⌫

�⌫ + �⌫
, (3)

where � is shorthand for the relevant (flux-averaged) di↵erential cross section. From
a purely theoretical perspective, and when small isospin breaking e↵ects can be ne-
glected, as e.g. for carbon or oxygen nuclei, one may write �⌫ = �V V,AA + �V A and

N. Jachowicz, A. Nikolakopoulos, Eur.Phys.J.ST 230 (2021), 4339-4356
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Continuum random-phase approximation
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Fig. 3. Same as in Fig. 2 but for the transverse electromagnetic response.
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N. Jachowicz, A. Nikolakopoulos, Eur.Phys.J.ST 230 (2021), 4339-4356
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Impulse approximation: electron scattering
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→ Calculation using one-body currents is fairly accurate
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Impulse approximation: electron scattering
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→ Overestimation of the longitudinal and the underestimation of the transverse responses
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Short-range correlations

→ Nucleons with strongly overlapping wave
functions for a short period of time

Ĵeff
ν ≃

A∑
i=1

Ĵ[1]ν (i) +

A∑
i<j

Ĵ[1],SRC
ν (i, j)

with

Ĵ[1],SRC
ν (i, j) =

[
Ĵ[1]ν (i) + Ĵ[1]ν (j)

]
l̂(i, j)

→ The correlation operator l̂(i, j) includes central,
tensor, and spin-isospin correlations

Two-nucleon knock-outE [MeV]

r [fm]

1 2 3 4 5

X

ENa (la, 1/2, ja, δla , σla)

ENb (lb, 1/2, jb, δlb , σlb)

→ First corrections to the independent-particle model picture for 1p1h

→ Two-body currents also leading to two-nucleon knock-out reactions
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Short-range correlations: electron scattering
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→ Significant reduction of the 1p1h strength and a minor 2p2h contribution
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Short-range correlations: electron scattering
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→ Interplay between different correlation effects
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Short-range correlations: electron scattering
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→ Including correlation effects does not fix the ratio
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Meson-exchange currents
Explicit two-body currents contributing
to both 1p1h and 2p2h final-states:

→ Seagull currents → Pion-in-flight current
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Delta currents
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Meson-exchange currents: electron scattering
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→ Meson-exchange currents enhance the transverse response
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Meson-exchange currents in RMF
Meson-exchange currents derived from ChPT:

4

(2p-2h) interaction , one of the outgoing nucleons
remains bound to the nucleus. In this way, the
hadronic final state consists in just one scattered
nucleon and there appears an intermediate bound-
nucleon state, denoted as N 0 in the diagrams.

Within the second quantization formalism, the
general expression for any two-body operator is

Ĵ =
1

2

X

↵1,↵10 ,↵2,↵20

c†
↵10

c†
↵20

c↵2
c↵1

J(↵1, ↵10 , ↵2, ↵20)

(10)
where, denoting F as the ground state of the target
nucleus,

c↵ = a↵ if ↵ > F (11)

c↵ = b†
↵ if ↵ < F (12)

with a†
↵ (a↵) and b†

↵ (b↵) the particle and hole cre-
ation (annihilation) operators, respectively. Holes
are described by bound wave functions and par-
ticles by distorted wave functions. The subindex
↵ represents the quantum numbers that label the
single-particle states of the system, thus, they are
di↵erent in each case. For the holes, the quantum
numbers are , mj and the isospin and, for the
particles, the momenta, the spin and the isospin.
For clearness, we omit the isospin subscripts.

We are interested in a particle-hole final state,
in which a nucleon of the target nucleus in state
|↵ ⌘ , mji is knocked out and detected in state
|↵N ⌘ PN , sN i,

|↵N ;↵i = a†
↵N

b†
↵|F i. (13)

Then, the two-body hadronic current between the
ground state and a particle-hole excited state reads

h↵N ;↵|Ĵ |F i =

=
X

↵0<F

[J(↵, ↵N , ↵0, ↵0) � J(↵0, ↵N , ↵, ↵0)] (14)

where antisymmetrization is implicitly included
and the minus sign for fermionic loops is recovered
in the resulting expression. ↵0 denotes the
quantum numbers of the intermediate bound-
nucleon state and its summation runs over all
occupied levels in the ground state. In the
general case, the intermediate bound particles are

described using the RMF model, so ↵0 ⌘ 0, m0
j ,

and we refer to it as the intermediate RMF-
nucleon approach. An important di↵erence with
respect to the relativistic Fermi gas case used in
other works [12] is that the momentum is not a
quantum number of RMF-bound states. Then,
there is no restriction to the momentum of the
intermediate nucleons to be the same. The terms
J(↵, ↵N , ↵0, ↵0) and J(↵0, ↵N , ↵, ↵0) represent the
direct and exchange contributions, respectively. In
the exchange terms, the 1p-1h excitation results
when one of the outgoing nucleons of the 2p-2h
excitation fills in the hole left by the other, so
that it remains bound. In the direct terms, one
of the final nucleons remains in its initial bound
state after the interaction. For the background
diagrams, the direct terms vanishes due to the
isospin dependence of the ChPT Lagrangian.
Hence, only the exchange terms contribute (fig.
1). On the other hand, the Delta-resonance part
has contributions from both exchange and direct
terms [respectively, diagrams (a-d) and (e-h) in
fig. 2]. For the delta case, every process can occur
through intermediate proton or neutron, so both
contributions have to be added.

FIG. 1. Background contributions: seagull or contact
[CT, (A) and (B)] and pion-in-flight [PF, (C)]. N 0

denotes the intermediate bound-nucleon state.

Finally, the two-body current reads,

Jµ
2b =

Z
dp

Z
dpp

(2⇡)3/2

Z
dph

(2⇡)3/2

⇥ s
(p + ph + q � pp,pN )�µ

2b 
mj
 (p), (15)

with pp and ph the momenta of the intermediate
nucleons. The two-body operator is the sum of the
Delta-resonance and background diagrams: �µ

2b =
�µ

ChPT + �µ
�.

The hadronic current operators for the back-
ground terms read

5

FIG. 2. Delta exchange [(a),(b),(c),(d)] and direct [(e),(f),(g),(h)] contributions. N 0 denotes the intermediate
bound-nucleon state.

�µ
ChPT,(A) = IFCT F 2

⇡NN

2f2

m2
⇡

/K⇡�
5⇤N 0(ph,pp)

K2
⇡ � m2

⇡

�µ�5, (16)

�µ
ChPT,(B) = �IFCT F 2

⇡NN

2f2

m2
⇡

�µ�5⇤N 0(ph,pp)

K2
⇡ � m2

⇡

/K⇡�
5, (17)

�µ
ChPT,(C) = IFPF F⇡NN (K2

⇡,1)F⇡NN (K2
⇡,2)

2f2

m2
⇡

(Q + 2P � 2Pp)
µ

(K2
⇡,1 � m2

⇡)(K2
⇡,2 � m2

⇡)
/K⇡,1�

5⇤N 0(ph,pp) /K⇡,2�
5,

(18)

where K
(A)
⇡ = K

(C)
⇡,1 = P + Q � Pp and K

(B)
⇡ = K

(C)
⇡,2 = Pp � P . For the Delta contribution, the current

operators are given by

�µ
�,(a) = �IF⇡NNF⇡�N

f

m⇡

/K⇡�
5⇤N 0(ph,pp)

K2
⇡ � m2

⇡

�↵
�⇡N 0S�,↵��

�µ
��N , P�,a = P + Q (19)

�µ
�,(b) = �IF⇡NNF⇡�N

f

m⇡
�↵
�⇡NS�,↵��

�µ
��N 0

⇤N 0(ph,pp)

K2
⇡ � m2

⇡

/K⇡�
5, P�,b = Q + Ph (20)

�µ
�,(c) = �IF⇡NNF⇡�N

f

m⇡

/K⇡�
5⇤N 0(ph,pp)

K2
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�
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�µ
�,(d) = �IF⇡NNF⇡�N

f
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�⇡N 0
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K2
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⇡

/K⇡�
5, P�,d = P 0

N � Q (22)

�µ
�,(e) = IF⇡NNF⇡�N

f
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5, P�,f = Q + Ph (24)

�µ
�,(g) = IF⇡NNF⇡�N

f

m⇡

⇤⇡N 0(ph,pp, K⇡)

K2
⇡ � m2

⇡

�̄↵µ
��NS�,↵��

�
�⇡N , P�,g = P 0

N � Q (25)

�µ
�,(h) = IF⇡NNF⇡�N

f

m⇡

⇤̄�N 0(ph,pp, P�,h)

K2
⇡ � m2

⇡

/K⇡�
5, P�,h = Pp � Q (26)

where K
(a)
⇡ = K

(c)
⇡ = P + Q � Pp, K

(b)
⇡ = K

(d)
⇡ = Pp � P , K

(e)
⇡ = K

(g)
⇡ = P + Q � P 0

N ,

K
(f)
⇡ = K

(h)
⇡ = Q + Ph � Pp and �̄↵µ

��N (Pµ, Qµ) = �0
h
�↵µ
��N (Pµ,�Qµ)

i†
�0. I is the isospin coe�cient

of each diagram, given in Table I, and to shorten the expressions we have introduced the intermediate

5

FIG. 2. Delta exchange [(a),(b),(c),(d)] and direct [(e),(f),(g),(h)] contributions. N 0 denotes the intermediate
bound-nucleon state.
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FIG. 3. 12C longitudinal (up) and transverse (bottom)
electromagnetic inclusive response functions consider-
ing only one-body currents. The transferred momen-
tum q is 380 MeV/c. We show results for the relativis-
tic Fermi gas (RFG), the relativistic Fermi gas with
a modified initial nucleon (RFG⇤) and the relativistic
plane wave impulse approximation (RPWIA).

operator results in an increase of the transverse
response and a tiny e↵ect on the longitudinal sec-
tor. The more realistic the treatment of the in-
termediate bound-nucleon state, the lower the in-
crease. This gives rise to an increase of the trans-
verse response up to 31%, 25% and 19% for the
intermediate RFG-nucleon case, its extension in-
cluding scalar and vector potentials and the RMF
one, respectively. The agreement of our results
with data is outstanding for the longitudinal chan-
nel, and improved for the transverse one with the
introduction of the two body currents.

In figure 5 we show our results for the inclusive
longitudinal and transverse responses for four
di↵erent kinematics, computed using the one- and
two-body operators and the ED-RMF potential to
describe the final nucleon. We show the responses
computed within the intermediate RFG*- and
RMF-nucleon approaches, but given the extremely
high computational cost only a few points are
shown for the latter. The di↵erence between
the two approaches is smaller for larger values
of q, obtaining essentially identical results for
momentum transfer around and above 500 MeV/c.
This fact motivated the choice of the intermediate
RFG*-nucleon approximation in the calculations
of reference [30]. Meanwhile, at low q, the RMF
description of the intermediate nucleons reduces
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FIG. 4. 12C longitudinal (up) and transverse (bottom)
electromagnetic inclusive response functions. The
transferred momentum q is 380 MeV/c. We show
our results when the intermediate bound-nucleon state
is described in terms of free particles in an RFG,
including a modified mass and energy (RFG*), and
RMF nucleons. Data are from Jourdan [31].

the transverse increase, especially, at low energy
transfer.

As mentioned, the intermediate RFG*-nucleon
approximation has the advantage of reducing the
two-body current from a 9- to a 6-dimensional
integral as well as less contributing diagrams,
in contrast with the RMF case. While it is
possible to compute the 12C inclusive responses
in a manageable amount of time for the RFG*
approach, the computational e↵ort required for
the RMF one makes it impractical for its use
in predictions of neutrino-nucleus cross sections,
where one has to average over the neutrino flux.
Luckily, in most of accelerator-based neutrino
experiments, the neutrino energy centers at around
1 GeV or above, and for those energies most of the
strength of the cross section comes from q > 500
MeV/c [32]. Therefore, the RFG* approach would
be an excellent approximation to the complete
model.

Finally, we point out that it is expected to un-
derestimate the inclusive data, especially in the
high energy transfer region, because other pro-
cesses, as 2p-2h and pion production, contribute.
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Consistent modeling of two-body currents: electron scattering

 0

 10

 20

 30

 40

 50

 0  50  100  150  200  250  300

Barreau

W
L
 
[G
e
V
-1
]

12C, q = 300 MeV/c

 0

 5

 10

 15

 20

 25

 0  50  100 150 200 250 300 350 400

(1p1h) IA

12C, q = 400 MeV/c

 0

 2

 4

 6

 8

 10

 12

 0  100  200  300  400  500

(1p1h) IA+SRC+MEC

12C, q = 550 MeV/c

 0

 5

 10

 15

 20

 25

 30

 0  50  100  150  200  250  300

+MEC

(2p2h) SRC

W
T
 
[G
e
V
-1
]

ω [MeV]

 0

 5

 10

 15

 20

 25

 30

 35

 0  50  100 150 200 250 300 350 400

+MEC
(1p1h+2p2h) IA+SRC

ω [MeV]

 0

 5

 10

 15

 20

 25

 30

 35

 0  100  200  300  400  500

ω [MeV]

→ Coherent sum of SRC and MEC enhances our predictions
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Consistent modeling of two-body currents: electron scattering
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→ Interplay between SRC and MEC effects in the transverse response
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Consistent modeling of two-body currents: electron scattering
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→ Meson-exchange currents are neccessary to fix the ratio
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Consistent modeling of two-body currents: electron scattering

 0

 10

 20

 30

 40

 50

 0  50  100  150  200  250  300

Barreau

W
L
 
[G
e
V
-1
]

12C, q = 300 MeV/c

 0

 5

 10

 15

 20

 25

 0  50  100 150 200 250 300 350 400

(1p1h) IA

12C, q = 400 MeV/c

 0

 2

 4

 6

 8

 10

 12

 0  100  200  300  400  500

(1p1h) IA+SRC+MEC

12C, q = 550 MeV/c

 0

 5

 10

 15

 20

 25

 30

 0  50  100  150  200  250  300

+MEC

(2p2h) SRC

W
T
 
[G
e
V
-1
]

ω [MeV]

 0

 5

 10

 15

 20

 25

 30

 35

 0  50  100 150 200 250 300 350 400

+MEC

(1p1h+2p2h) IA+SRC

ω [MeV]

 0

 5

 10

 15

 20

 25

 30

 35

 0  100  200  300  400  500

ω [MeV]

→ Softer correlations enhance the comparison for larger momentum transfer
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Consistent modeling of two-body currents: neutrino scattering
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→ Pronounced ∆ peaks for both longitudinal and transverse responses
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Consistent modeling of two-body currents: neutrino scattering
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→ The enhancement appears only in the longitudinal response
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JLab Hall A data
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→ The choice of the different
central correlation functions
modifies the QE peak strength
(GD–stronger, VMC–weaker)

→ Modifying the ∆-propagator governs
the overlap between MEC and SPP
around the ∆ peak
(Re ∆–only the real part)
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JLab Hall A data
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→ Combining variation in given d.f. provides flexibility in describing QE and ∆ peaks
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JLab Hall A data
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→ Interferences are vital in correct interpretation of scattering cross sections
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Going more exclusive... in neutrino scattering

12C, ενµ = 750 MeV, εµ = 550 MeV, θµ = 15o, φp = 0o
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Exclusive two-nucleon knock-out
12C, ενµ = 750 MeV, εµ = 550 MeV, θµ = 15o
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Summary I

◦ One-nucleon knock-out:

→ factorized models: PWIA, many MC approaches

→ unfactorized models: DWIA, RPWIA, RMF, ...

→ some correlations included, some added

→ proper treatment of Pauli blocking requires an angular momentum base

◦ Two-nucleon knock-out:

→ many models are based on (local) Fermi gas: Valencia, SuSAv2, ...

→ some include correlation currents, some phenomenological SRCs

→ many models provide too much strength and modify the ∆ propagator

→ nobody really knows how to do it right ...
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Summary II

• Nucleons in a central potential is a natural approach to nuclear physics

• Mean-field framework allows for realistic distorted-wave calculations

• We are capable of performing certain advanced corrections to this model

◦ In-medium properties and other dependencies are still largely unknown

◦ Neglecting double-counting and interferences leads to "Frankenmodels"

◦ There is a long way to implement these models in MCs in their full complexity
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Problem session
Are you interested in nuclear models, modeling neutrino interactions, or Monte Carlo generators?

→ we are meeting to solve problems from yesterday’s lecture together–Tuesday after classes!
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