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Meson-exchange currents and superscaling analysis with relativistic effective mass of quasielastic
electron scattering from 12C
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We reanalyze the scaling properties of inclusive quasielastic electron scattering from 12C by subtracting
from the data the effects of two-particle emission. A model of relativistic meson-exchange currents (MEC)
is employed within the mean field theory of nuclear matter, with scalar and vector potentials that induce an
effective mass and a vector energy to the nucleons. A new phenomenological quasielastic scaling function is
extracted from a selection of the data after the subtraction of the 2p-2h contribution. The resulting superscaling
approach with relativistic effective mass (SuSAM*) can be used to compute the genuine quasielastic cross section
without contamination of the 2p-2h channel that can then be added separately to obtain the total quasielastic plus
two-nucleon emission response.
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I. INTRODUCTION

Inclusive electron scattering provides information about
the quasielastic response of nuclei, which is dominated by
one-nucleon emission. The modeling of these reactions is
a trending topic due to their direct application to neutrino
experiments [1–6]. Specifically, several quasielastic charge-
changing (CC) experiments with neutrinos and antineutrinos
have been performed (MiniBooNE, MINERvA, T2K, NO-
MAD,...) [7–13] for a variety of targets. This allows com-
parisons to be made with the various existing nuclear models
[14–23]. The differences found between the various models
imply a non-negligible systematic error in neutrino oscilla-
tion experiments coming from the difficulty in the theoretical
description of the neutrino-nucleus interactions. Electron scat-
tering reactions allow us to fix the kinematics and study with
precision the differential cross section in detail, while in neu-
trino experiments only flux averages can be measured.

Many of the nuclear models that have been applied to
the (e, e′) region [24–27] are based on nonrelativistic nuclear
physics. One of the difficulties is to extend these and other
models to the relativistic regime in the kinematics region of
interest, with momentum transfer q ≈ 1 GeV/c [28,29]. The
simplest fully relativistic model is the relativistic Fermi gas
that does not includes interactions between nucleons. Beyond
that, the relativistic mean field (RMF) theory allows us to
include the relativistic interaction of nucleons with scalar and
vector potentials [29–31]. In particular, relativistic dynamics
produces an enhancement of the transverse response [16,32]
that goes in the direction to reproduce the (e, e′) data. An-
other key ingredient for the nuclear inclusive cross section
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is the two-nucleon emission (2p-2h) channel produced by
meson-exchange currents (MEC) [33–35]. The effect of this
2p-2h contribution with relativistic dynamics is explored in
the present work.

An alternative to the nuclear models are those based
on scaling and superscaling (SuSA) [29,36–40], where a
phenomenological scaling function is obtained from the
experimental longitudinal response function RL(q, ω), by di-
viding by a single nucleon averaged cross section and making
a change of variable ω → ψ (q, ω) such that the resulting
longitudinal scaling function fL(ψ ) is centered around the
interval (−1, 1), and these do not depend much on q. An
appropriate scaling variable is found by using the theory of
the relativistic Fermi gas to map of the ω interval (ωmin, ωmax)
into the ψ interval (−1, 1), where ωmin,max are bounds of the
relativistic Fermi gas (RFG) response functions for q fixed.
The value ψ = 0 correspond to the maximum of the QE peak.
The resulting SuSA model uses the phenomenological scaling
function fL(ψ ) to construct the cross section by multiplying
by the single-nucleon factor. The SuSA initial assumption
was that the transverse response is obtained with a transverse
scaling function fT = fL. However, this hypothesis is not
satisfactory to reproduce the data. Therefore, the superscaling
model has been improved into the SuSA-v2 approach, by
using the theory of relativistic mean field (RMF) model of
finite nuclei [30,41] to construct the enhanced transverse
scaling function fT by a fit to (e, e′) cross section data
including 2p-2h MEC and inelastic contributions [22,42].

The goal of this work is to present a model that shares
and unifies the ideas of the RMF, superscaling, and MEC
in a consistent way. The idea is to extend our previous
works on superscaling with relativistic effective mass [43–46]
to include the 2p-2h contribution, taking into account the
interactions of nucleons with the relativistic mean field. The
attractive scalar potential is accounted for in the relativistic
effective mass m∗

N < mN , while the vector potential produces
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a repulsive energy that has an important effect in the MEC.
The resulting 2p-2h MEC matrix elements are modified in the
medium due to the interaction with the relativistic scalar and
vector potentials. In this way, the new model SuSAM*+MEC
introduced in this work includes dynamical relativistic effects
both in the scaling function f ∗(ψ∗) and in the MEC. The final
goal is to have a consistent model to be applied in the future
to neutrino scattering as in Ref. [47].

In the original SuSAM* studies [43–46], a new superscal-
ing function f ∗(ψ∗) was obtained from the electron scattering
cross-section data, by using the scaling variable ψ∗ of the
RMF. The model can describe a large amount of the quasielas-
tic electron data for many nuclei within a theoretical error
band. Note that in the SuSAM* there is only one scaling
function because the relativistic mean field generates the
transverse response enhancement [48–50].

Here we improve the SuSAM* analysis by subtraction of
the 2p-2h cross section from the inclusive cross section before
extracting the scaling function. In this way, we avoid includ-
ing possible 2p-2h contamination in the scaling function that
could result in double counting when adding the SuSAM* and
the 2p-2h cross sections. The subtracted data are then used for
a fit of a new SuSAM* scaling function to the 12C (e, e′) data
[51–53]. With this new scaling function, we evaluate the total
cross section of the SuSAM*+MEC model and compare with
the experimental data.

The scheme of the paper is as follows. In Sec. II, we present
the formalism for the (e, e′) cross section, the SuSAM* re-
sponse functions, and the MEC model in the RMF. In Sec. III,
we present the results for the SuSAM* analysis, the scaling
function, and the effect of MEC. Finally, in Sec. IV we draw
our conclusions.

II. FORMALISM

We are interested in the cross section dσ
d�dε′ for the inter-

action of an incident electron with energy ε that scatters an
angle θ and is detected with final energy ε′. We follow the
formalism of Ref. [1]. The energy transfer is ω = ε − ε′ and
the four-momentum transfer is Q2 = ω2 − q2 < 0, where q
is the (three-)momentum transfer. Using the plane wave Born
approximation with one-photon exchange, the inclusive cross
section is written as

dσ

d�dε′ = σMott (vLRL + vT RT ), (1)

where σMott is the Mott cross section, and vL and vT are
kinematic factors

vL = Q4

q4
, (2)

vT = tan2 θ

2
− Q2

2q2
. (3)

The nuclear part of the reaction is contained in the longitudi-
nal and transverse response functions, RL(q, ω) and RT (q, ω),
respectively:

RL = W 00, (4)

RT = W 11 + W 22, (5)

where W μν is the hadronic tensor [1].

A. SuSAM∗ response functions

In this work, we compute the cross section as the sum of
one particle emission (1p-1h) plus two-particle emission (2p-
2h). The 1p-1h part is computed in the superscaling approach
with relativistic effective mass (SuSAM*). This is based in
the relativistic mean field (RMF) theory of nuclear matter
[48,54]. In this theory, the initial and final nucleons in the
(1p-1h) excitations are interacting with the nuclear mean field
and acquire an effective mass m∗

N . The on-shell energy with
effective mass is defined as

E =
√

p2 + (m∗
N )2. (6)

Note that this is not the true energy of the nucleon in the RMF,
but in the particular case of 1p-1h excitations, the responses
only depend on the differences between initial and final ener-
gies, and therefore only the on-shell energy appears (the extra
vector energy will be discussed in Sec. II C). In the mean field,
the initial nucleon has momentum p below the Fermi momen-
tum, p < kF and on-shell energy E = √

p2 + m∗
N

2. The final
nucleon has momentum p′ = p + q, and the final on-shell
energy is E ′ = √

p′2 + m∗
N

2. Pauli blocking implies p′ > kF .
Similarly to the RFG, the nuclear response functions in

the RMF can be written as the product of an averaged single
nucleon response times the scaling function [45,46]

RK (q, ω) = rK (q, ω) f ∗(ψ∗), K = L, T, (7)

where the single-nucleon responses rL and rT are given below.
The scaling function for nuclear matter is

f ∗(ψ∗) = 3
4 (1 − ψ∗2)θ (1 − ψ∗2), (8)

where the scaling variable ψ∗ is defined as follows:

ψ∗ =
√

ε0 − 1

εF − 1
sgn(λ − τ ). (9)

ε0 is the minimum energy allowed for the initial nucleon
absorbing the energy and momentum transfer (ω, q), in units
of m∗

N , given by

ε0 = Max

{
κ

√
1 + 1

τ
− λ, εF − 2λ

}
. (10)

In the above formulas, we have used the following dimension-
less variables

λ = ω/2m∗
N , (11)

κ = q/2m∗
N , (12)

τ = κ2 − λ2, (13)

ηF = kF /m∗
N , (14)

ξF =
√

1 + η2
F − 1, (15)

εF =
√

1 + η2
F . (16)

Note that all these variables are modified with respect to
the RFG, by including the effective mass instead of the free
nucleon mass.
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The single-nucleon response functions are defined as

rK = ξF

m∗
Nη3

F κ

(
ZU p

K + NU n
K

)
, (17)

where Z (N) is the number of protons (neutrons). The func-
tions UL,UT are given by

UL = κ2

τ

[
(G∗

E )2 + (G∗
E )2 + τ (G∗

M )2

1 + τ
�

]
, (18)

UT = 2τ (G∗
M )2 + (G∗

E )2 + τ (G∗
M )2

1 + τ
�, (19)

where

� = τ

κ2
ξF (1 − ψ∗2)

[
κ

√
1 + 1

τ
+ ξF

3
(1 − ψ∗2)

]
. (20)

Finally, the electric and magnetic form factors in the RMF are
[43,54]

G∗
E = F1 − τ

m∗
N

mN
F2, (21)

G∗
M = F1 + m∗

N

mN
F2, (22)

where F1 and F2, are the Dirac and Pauli form factors from the
electromagnetic current operator [55]

Jμ

s′s = us′ (p′)
[

F1γ
μ + F2iσμν Qν

2mN

]
us(p). (23)

For the Fi form factors of the nucleon, we use the Galster
parameterization [56]. Note that in Eq. (21) the variable τ =
|Q2|/(4m∗2

N ) is modified also in the effective mass instead of
the free nucleon mass.

We have so far described the response functions of the
RMF theory of nuclear matter. In the SuSAM* approach, we
assume that the factorization, Eq. (7), is approximately valid
for finite nuclei, but the scaling function is modified by a
phenomenological function extracted from experimental data
in the next section, and that is parametrized in the following
way:

f ∗(ψ∗) = a3e−(ψ∗−a1 )2/(2a2
2 ) + b3e−(ψ∗−b1 )2/(2b2

2 ). (24)

In contrast to the RMF, the SuSAM* scaling function is not
zero outside the interval −1 < ψ∗ < 1, providing extra con-
tributions to the cross section for low and large values of the
scaling variable not present in nuclear matter models.

B. The 2p-2h responses and MEC

In this work, we apply a fully relativistic model of meson
exchange currents (MEC) to compute the electromagnetic
response functions in the two-nucleon emission channel (2p-
2h). The model was developed for the RFG in Ref. [34].

The 2p-2h hadronic tensor is computed by integrating over
all the 2p-2h excitations

W μν
2p2h = V

(2π )9

∫
d3 p′

1d3 p′
2d3h1d3h2

m4
N

E1E2E ′
1E ′

2

wμν (p′
1, p′

2, h1, h2) δ(E ′
1 + E ′

2 − E1 − E2 − ω)

×�(p′
1, h1)�(p′

2, h2)δ(p′
1 + p′

2 − q − h1 − h2), (25)

= V

(2π )9

∫
d3 p′

1d3h1d3h2
m4

N

E1E2E ′
1E ′

2

�(p′
1, h1)�(p′

2, h2)wμν (p′
1, p′

2, h1, h2) δ(E ′
1 + E ′

2 − E1 − E2 − ω) (26)

where h1 and h2 are the momenta of the holes, with hi < kF ,
while p′

1 and p′
2 are the momenta of the final particles with

p′
i > kF (Pauli blocking). These two conditions are enforced

by the functions � appearing inside the integral, defined as
the product of stepfunctions �(p′, h) ≡ θ (p′ − kF )θ (kF − h).

In Eq. (26), we have integrated over p′
2 using the delta func-

tion of momentum conservation with p′
2 = h1 + h2 + q − p′

1.
The hadronic tensor for a single 2p-2h excitation,

wμν (p′
1, p′

2, h1, h2), is defined as

wμν (p′
1, p′

2, h1, h2)

= 1

4

∑
s1s2s′

1s′
2

∑
t1t2t ′

1t ′
2

jμ(1′, 2′, 1, 2)∗A jν (1′, 2′, 1, 2)A, (27)

where sums are performed over over spin and isospin third
components. Here, the 2p-2h electromagnetic current matrix
element is defined as

jμ(1′, 2′, 1, 2) ≡ jμ(p′
1s′

1t ′
1, p′

2s′
2t ′

2, h1s1t1, h2s2t2) (28)

and the subindex A means direct minus exchange matrix ele-
ment

jμ(1′, 2′, 1, 2)A ≡ jμ(1′, 2′, 1, 2) − jμ(1′, 2′, 2, 1). (29)

The above integral can be reduced to a seven-dimension
integral using the energy conservation function and axial sym-
metry. Details are given in Ref. [57].

The model of relativistic meson-exchange currents corre-
sponds to the sum of the Feynman diagrams of Fig. 1 [34,58].
These diagrams are obtained from a chiral Lagrangian [59,60]
that has been extended to the weak sector to describe weak
pion production off the nucleon [61]. Figures 1(a) and 1(b)
represent the seagull (or contact) current, Fig. 1(c) is the pion
in flight current, and Figs. 1(d) and 1(e) are the � forward cur-
rent and Figs. 1(f) and 1(g) are the � backward current. The
total �(1232) excitation current is the sum of forward plus
backward diagrams. Specifically, the MEC matrix element is
written as

jμ(1′, 2, 1, 2) = jμsea + jμπ + jμ�. (30)
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FIG. 1. Feynman diagrams for the electromagnetic MEC used in this work.

The three two-body currents, (i) seagull, jμsea, (ii) pion in flight,
jμπ , and (iii) � isobar, jμ�, are defined next.

The seagull current matrix element Figs. 1(a) and 1(b)] is

jμsea = f 2

m2
π

[
I3
V

]
1′2′,12V

s′
1s1

πNN (p′
1, h1)ūs′

2
(p′

2)FV
1 (Q2)

× FπNN
(
k2

1

)
γ5γ

μus2 (h2) + (1 ↔ 2), (31)

where the πNN coupling constant is f = 1, and we use the
following two-body isospin operator,

I3
V = i[τ(1) × τ(2)]z. (32)

The πNN vertex and the pion propagator appear in the spin-
dependent function

V
s′

1s1

πNN (p′
1, h1) ≡ FπNN

(
k2

1

) ūs′
1
(p′

1) γ5 �k1 us1 (h1)

k2
1 − m2

π

, (33)

where kμ
i = p′

i
μ − hi

μ, i = 1, 2, is the momentum transfer to
the ith particle, mπ is the pion mass, and FπNN is the strong
πNN form factor [62,63]

FπNN
(
k2

1

) = �2 − m2
π

�2 − k2
1

, (34)

where we use � = 1300 MeV. Finally FV
1 = F1p − F1n is the

isovector electromagnetic form factor of the nucleon.
The pion in flight or pionic current matrix element follows

from Fig. 1(c), given as

jμπ = [
I3
V

]
1′2′,12

f 2

m2
π

FV
1 (Q2)V s′

1s1

πNN (p′
1, h1)V s′

2s2

πNN (p′
2, h2)

(
kμ

1 − kμ
2

)
. (35)

Finally, the � current is the sum of forward [Figs. 1(d) and 1(e)] and backward [Figs. 1(f) and 1(g)] contributions

jμ� = f ∗ f

m2
π

V
s′

2s2

πNN (p′
2, h2)ūs′

1
(p′

1)FπN�(k2
2 )

{[
U 3

F

]
1′2′,12kα

2 Gαβ (h1 + Q)�βμ(h1, Q)

+ [
U 3

B

]
1′2′,12 kβ

2 �̂μα (p′
1, Q)Gαβ (p′

1 − Q)
}
us1 (h1) + (1 ↔ 2). (36)

We use the πN� coupling constant f ∗ = 2.13. The forward and backward isospin transition operators are defined by

U 3
F =

√
3

2

∑
i

(TiT
†

3 ) ⊗ τi, (37)

U 3
B =

√
3

2

∑
i

(T3 T †
i ) ⊗ τi, (38)

where 
T is the transition operator from isospin 3
2 to 1

2 .
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We use the πN� strong form factor of Ref. [64], given
by

FπN�

(
k2

2

) = �2
�

�2
� − k2

2

, (39)

where �� = 1150 MeV.
For the electromagnetic N → � transition tensor in the

forward current, �βμ(P, Q), we use

�βμ(P, Q) = CV
3

mN
(gβμ �Q − Qβγ μ)γ5. (40)

We have kept only the CV
3 form factor and neglected the

smaller contributions of the higher order terms to the inter-
action of Ref. [61]. In the backward current, the vertex tensor
is

�̂μα (P′, Q) = γ 0[�αμ(P′,−Q)]†
γ 0. (41)

Finally, for the � propagator, we use

Gαβ (P) = Pαβ (P)

P2 − M2
� + iM���(P) + ��(P)2

4

, (42)

where Pαβ (P) is the spin- 3
2 projector

Pαβ (P) = − ( �P + M�)

[
gαβ − 1

3
γαγβ − 2

3

PαPβ

M2
�

+ 1

3

Pαγβ − Pβγα

M�

]
. (43)

For the � width, ��(P), we use the prescription of Dekker
[64].

C. Inclusion of MEC in the RMF model

In past works [22,34,65], the 2p-2h responses have been
computed with the formalism of the previous subsection in
the RFG model, including an energy shift ω → ω − ES to
take into account the separation energy of two nucleons ES �
40 MeV of finite nuclei that cannot be described in the Fermi
gas. This shift is not applied in the electromagnetic form
factors of the currents.

In this work, we modify the above MEC model for consis-
tency with the relativistic mean field (RMF) of nuclear matter
in which the SuSAM∗ formalism is based. In the RMF, the
nucleon interacts with the self-consistent mean field in the
Hartree approximation (Walecka model), and acquires scalar
and vector potential energies. The scalar energy gives rise to
the nucleon effective mass

m∗
N = mN − gsφ0 = M∗mN , (44)

where gsφ0 is the scalar potential energy that depends explic-
itly on the scalar field φ0 of the RMF [49]. In contrast, the
vector field, V0, of the RMF produces a repulsive potential,
Ev = gvV0, or vector energy, that is added to the on-shell
energy to obtain the true nucleon energy

Etrue = E + Ev, (45)

where E = √
p2 + (m∗

N )2 is the on-shell energy with effective
mass m∗

N .

The SuSAM* model is inspired by the 1p-1h quasielastic
responses of the RFG, where only differences of energies
between initial and final nucleons appear. Therefore, the
vector energy Ev cancels and does not appear in the 1p-
1h cross section, and the resulting responses are computed
as in the RFG with the change mN → m∗

N , except for the
electromagnetic current operator [45,46]. This change has
already been specified in the equations of the previous
section.

The same cancellation happens in the case of the 2p-2h
seagull and pionic current matrix element because the vec-
tor energy cancels in the time components of the vectors
k1 = p′

1 − h1 and k2 = p′
2 − h2. However, in the case of the

� current, the � propagator must be computed with the
true nucleon energy, including the vector energy. Thus, in
the forward propagator, Gαβ (h + Q), the hole energy must be
the true nucleon energy h0 = Eh + Ev = (h2 + m∗2

N )1/2 + Ev .
The inclusion of the vector energy affects to the position of the
pole in the forward � diagrams, giving rise to the � peak. This
allows us to determine the value of the vector energy from
the experimental data. The same modification must be also
applied to the backward propagator Gαβ (p′ − Q), and to the
electromagnetic vertices �μν (h, Q) and �̂μν (p′, Q), although
in our case these electromagnetic vertices only depend on Q.

To finish the implementation of MEC in the RMF, we
modify the nucleon spinors by using the relativistic effective
mass m∗

N instead of mN in all places except in the form
factor CV

3 /mN . All the remaining energies in the hadronic
tensor (26) are modified accordingly with the on-shell energy
of nucleons with effective mass m∗

N , and the vector energy
cancels.

With this procedure, we already have at our disposal a
consistent model of quasielastic (SuSAM*) plus 2p-2h re-
sponse functions with relativistic effective mass and vector
energy. Note that the use of the effective mass accounts for the
nucleon separation energy in both the quasielastic and 2p-2h
channels.

In the next section, we will compare both 2p-2h models
with and without effective mass, and will use those model to
subtract the 2p-2h channel to the experimental data of electron
scattering.

III. RESULTS

A. Obtaining the vector energy

In Fig. 2, we compare the 2p-2h inclusive cross section
of the RFG model (with M∗ = 1 and separation energy Es =
40 MeV) to the RMF model (with M∗ = 0.8 and Ev = 141
MeV) for electron scattering from 12C and two different kine-
matics. Also shown is the calculation corresponding to the
model of Ref. [22], where the RFG 2p-2h responses were
computed using the real part of the denominator of the �

propagator, producing smaller cross section peaking at the dip
region between the quasielastic and � peaks.

We highlight that in this work we instead use the total delta
propagator (real plus imaginary parts) that produces a peak
centered in the delta resonance region. This peak describes �

excitation decaying inside the nucleus with two-nucleon emis-
sion instead of pion emission. This decay channel of the � is
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FIG. 2. The 2p-2h contribution to the cross section of 12C com-
pared to (e, e′) data for two experimental kinematics. Black lines
are the RFG results with separation energy Es = 40 MeV, and blue
lines are the same model with only the real part of the � propa-
gator. In red are the RMF results with M∗ = 0.8 and vector energy
Ev = 141 MeV. The experimental data are from Refs. [51–53].

superposed to the pion emission peak because the same delta
propagator contributes to both processes. The differences in
the strength of the 2p-2h in the two models of Fig. 2 with full
� propagator (black and red lines) is a result of the relativistic
mean field included in the red lines.

The effect of the effective mass is a reduction of the 2p-2h
peak and a shift in ω. This shift is not shown in the figure

because it cancels out by the vector energy, Ev = 141 MeV,
in the � propagator. This value of the vector energy has been
fixed such that the � peak in the 2p-2h cross section is at the
same position as the � resonance of the experimental data.

In fact, the maximum of the forward � propagator occurs
approximately for (H + Q)2 − M2

� = 0. For a nucleon at rest,
h = 0, in the RFG, this implies that

ω − ES =
√

M2
� + q2 − mN , (46)

where ES � 40 MeV represents the separation energy of two-
nucleon emission that has to be subtracted to the energy
transfer. On the other hand, in the RMF model, the condition
is

ω =
√

M2
� + q2 − m∗

N − Ev, (47)

where in this case the separation energy is not needed because
it is implicitly included in the scalar potential that gives rise
to the relativistic effective mass m∗

N = mN − gsφ0. Comparing
Eqs. (46) and (47), we obtain

mN − ES = m∗
N + Ev (48)

from which Ev = mN − m∗
N − ES � 148 MeV. This estimated

value is in agreement with the fitted value Ev = 141 MeV
used in Fig. 2.

The sum of scalar plus vector energy gives the total poten-
tial energy of the nucleon

U0 ≡ −gsφ0 + gvV0 = (m∗
N − mN ) + Ev. (49)

In our case, M∗ = 0.8, using the fitted value, Ev = 141 MeV,
this gives U0 � −47 MeV for the depth of the nucleon poten-
tial energy in 12C from our 2p-2h model.

This provides a procedure to obtain the vector energy from
electron scattering data as a function of the effective mass. We
can compare with the values obtained by the model of Serot-
Walecka in Ref. [49], where Ev = 330 MeV for effective
mass M∗ = 0.6 in nuclear matter. The corresponding scalar
potential is gsφ0 = 376 MeV. The depth of the total potential
is U0 � −46 MeV, in good agreement with our findings.

A similar reduction effect of the 2p-2h peak due to the
relativistic mean field is obtained for the other kinematics.
This reduction amounts to ≈25% of the RFG model.

B. Subtraction of 2p-2h cross section from data

Once we have obtained the phenomenological vector en-
ergy for our RMF model of 2p-2h response, the next step is to
subtract the 2p-2h contribution from the experimental electron
scattering data. The reason is to obtain a better description of
the quasielastic scaling function in the SuSAM* model with-
out the 2p-2h MEC contamination. Therefore, the subtracted
data should be a more reliable representation of the 1p-1h
excitations, and therefore they are more appropriate to be used
as a starting point to perform a scaling analysis. Therefore, the
subtracted data are defined as(

dσ

d�′dε′

)
sub

≡
(

dσ

d�′dε′

)
exp

−
(

dσ

d�′dε′

)
2p2h

. (50)
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FIG. 3. Experimental and subtracted electron scattering data for selected kinematics. The solid lines are the 2p-2h cross sections values
that are being subtracted, computed with the RMF model with M∗ = 0.8. Data from Refs. [51,52].

One of the aims of this work is to perform a scaling analy-
sis of the subtracted data, similar to the ones performed in
Refs. [43,46].

First, in Fig. 3 we show the result of the subtraction for
some kinematics of 12C. The 2p-2h curve that is being sub-
tracted from data contributes mainly in the region to the right
of the quasielastic peak. Therefore, the subtraction does not
modify largely the data around the quasielastic region. The
larger effect occurs in the resonance � peak that is dominated
by pion emission. Note that the 2p-2h cross section that is
being subtracted is not a contribution to pion emission because
the final states are two nucleons in the continuum. As we will
see below, the contribution of the data in the inelastic region
will be irrelevant to the scaling analysis and does not influence
the extraction of the quasielastic scaling function.

In Fig. 3, we use the RMF model with M∗ = 0.8. We
have also made the subtraction with the RFG model (not

shown in the figure), where the reduction of the data is
larger.

We have performed this subtraction for all the available
data of 12C. In total, there are 2969 entries in the database. We
will use the resulting subtracted data to perform the scaling
analysis in the next subsection.

C. Scaling analysis of subtracted data

We have developed in the past several SuSAM* models
obtained by different methods to perform the scaling analysis
of (e, e′) cross-section data without the subtraction of the
2p-2h. We carried out such analyses in Refs. [43–46]. In the
SuSAM* models, the response functions are computed by
using Eq. (7), replacing the RFG scaling function, Eq. (8),
by a phenomenological function f ∗(ψ∗), that is parametrized
by Eq. (24). The SuSAM* procedure has proven to be quite
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FIG. 4. Scaling plot of the subtracted cross-section data scaled
with the single nucleon function displayed as a function of the scaling
variable ψ∗ using effective mass M∗ = 0.8 and Fermi momentum
kF = 225 MeV/c. In the top panel, the 2p-2h has been computed in
the RFG with separation energy Es = 40 MeV. In the bottom panel,
the 2p-2h are computed in the RMF model with the same value of
M∗ = 0.8.

robust in the sense that different methods produce similar
results for the SuSAM* parameters, verifying self-consistency
and superscaling, i.e., that the same scaling function is valid
for all the nuclei studied.

In this section, from the subtracted experimental data we
obtain a new phenomenological scaling function f ∗(ψ∗) with-
out the contamination of 2p-2h states. One of the goals of this
work is to quantify the change of the scaling function due to
this subtraction.

To obtain the new scaling function, we first compute for
every subtracted datum the experimental value of the scaling
function f ∗ by dividing the subtracted cross section by the
single nucleon contribution

f ∗ =
(

dσ
d�′dε′

)
sub

σMott (vLrL + vT rT )
. (51)

We also compute the corresponding value of the scaling vari-
able ψ∗ for that datum. In Fig. 4, we plot f ∗ versus ψ∗ for all
the data of 12C. The values of M∗ = 0.8 and Fermi momentum
kF = 225 MeV/c have been taken from the previous analyses
of Refs. [43–46], where it was shown that these values provide
the best scaling of data.

f
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FIG. 5. Scaling analysis of the subtracted cross section data after
discarding the more scattered data by a density criterion. The selected
data are shown for the two models of the 2p-2h cross section of
Fig. 4.

In Fig. 4, we show the subtracted results using the two
models of 2p-2h discussed above. In the top panel of Fig. 4,
the MEC have been computed in the RFG with M∗ = 1 and
a separation energy. In the bottom panel, the MEC have been
computed in the RMF with the same value of the effective
mass M∗ = 0.8 used to compute the scaling function. In the
first case, there is an inconsistency because we are using two
different values for the nucleon mass: m∗

N is being used to
compute the scaling function and the scaling variable, while
mN is being used to compute the MEC 2p-2h subtraction. The
second case is consistent because we are using always the
same value for the nucleon mass, m∗

N . However, in both cases
the resulting scaling plot is very similar, because both MEC
models differ in �25%.

The most striking thing about the graphs in Fig. 4 is that
many points accumulate, forming a narrow band or point
cloud. This band can be extracted if we eliminate the most
scattered data from the plot. To discard the data, we apply a
density criterion by computing the density of the points in the
plot and keeping only those points surrounded by more than
25 points within a circle of radius r = 0.1. This is the same
criterion used in our previous works [43–46].

In Fig. 5, we show the selected data resulting from the ap-
plication of the density criterion. All the inelastic data points
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FIG. 6. Comparison between the phenomenological scaling
function obtained in this work with 2p-2h subtraction (new fit) and
the scaling function obtained in Ref. [44] without subtraction (old
fit).

go away and only the points around the QE region survive as a
thick band. In past works, we obtained the QE bands without
subtraction of the 2p-2h cross section. In the present work, the
2p-2h contribution is not present in the data points. Besides,
we observe that both bands are very similar in both MEC mod-
els. In the top case (RFG), a total of 1546 data points from the
total 2969 points survive. In the bottom case (RMF), the band
contains 1453 data points. However, both bands are almost
identical. Note that the selected points accumulate around the
values of the scaling function of the RMF (for nuclear matter)
fRMF = 3(1 − ψ∗2)θ (1 − ψ∗2)/4. However, the cloud of data
points extend outside the interval −1 < ψ∗ < 1, where the
RMF scaling function is zero. Specifically, most of the data
points are in the range −1.5 < ψ∗ < 1.5.

Note that the density criterion is one choice to approximate
the region where more data collapse and where a band is
clearly visible with defined edges. This choice provides an
estimate of the degree of scaling violation, from the width of
the resulting band, because it is clear that the data do not scale
exactly, but only approximately.

The phenomenological scaling function in the subtracted
SuSAM∗ model is defined by a fit to the selected data points,

0
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0.6
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1
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f* (ψ
* )

ψ*

OLD BAND
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FIG. 7. The quasielastic band of the scaling function obtained in
the present work with subtraction of 2p-2h cross section, compared
to the old band fitted in Ref. [44] without subtraction.

with a function that we parametrize as a combination of two
Gaussian functions, Eq. (24). This provides the central value
of the band. This scaling function gives the best approxi-
mation to the quasielastic data in the SuSAM* model. The
resulting new scaling function is shown in Fig. 6, where it
is compared with the old scaling function obtained without
subtracting the 2p-2h [44]. The parameters of the new and old
fits are given in Table I.

Concerning the theoretical error coming from scaling vi-
olation in the quasielastic data of Fig. 5, we estimate it
by fitting the maximum and minimum values in the point
cloud. This is done by choosing an enough small bin size
in ψ∗ in order to determine a subset of points defining the
experimental borders of the band. We divide the interval of
the variable ψ∗ into subintervals of width ε (bins). Within
each bin of ψ∗, we calculate the maximum and minimum
of the scaling function of all the points within the bin. These
maximums and minimums define the points of the upper and
lower edges. These edges are fitted separately as sums of
two Gaussians similarly to Eq. (24). The resulting theoretical
band is shown in Fig. 7, where it is compared to the band
fitted without subtraction of 2p-2h [44]. The central scaling
function previously fitted provides the best approximation to
the selected data points, and therefore to the quasielastic cross
section without 2p-2h, within a theoretical error given by the
band.

TABLE I. Parameters of the central value of the phenomenological scaling function, f ∗(ψ∗), and those of the lower and upper boundaries
(min and max, respectively) of the bands.

a1 a2 a3 b1 b2 b3

Central −0.0465 0.469 0.633 0.707 1.073 0.202
Old band Min −0.0270 0.442 0.598 0.967 0.705 0.149

Max −0.0779 0.561 0.760 0.965 1.279 0.200
Central −0.0971 0.422 0.477 0.299 0.855 0.330

New band Min −0.0419 0.437 0.575 0.759 0.625 0.152
Max −0.1594 0.585 0.759 0.863 0.965 0.230
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FIG. 8. Inclusive electron scattering cross section of 12C for selected kinematics. Results are shown for the new SuSAM* model, with
the phenomenological scaling function fitted in this work, for the 2p-2h contribution in the RMF model, and the total SuSAM*+MEC*. The
experimental data data are from Refs. [51–53].

Note that the bands of Fig. 7, fitted with and without 2p-
2h contribution, are very similar. The small differences are
due to the slight change of some data after subtraction, but
the quasielastic region defined by them is unaltered by MEC.
This is because the data that are most affected by MEC are
those that are later removed by the selection process. These
results confirm that the SuSAM* approach to select the QE
data is consistent with or without the subtraction. What we
have achieved with subtraction is a better definition of the tail
to the right of the scaling function, which extends above ψ∗ =
1.5.

D. Cross-section results

In this section, we use the phenomenological scaling func-
tion obtained in the previous section to compute the (e, e′)

cross section, and evaluate the effect of adding the 2p-2h cross
section computed in the RMF. Since the phenomenological
scaling function does not contain contamination from 2p-2h
emission, it is safe to add the 2p-2h directly to the SuSAM*
model, obtaining a consistent 1p-1h + 2p-2h model with
relativistic effective mass (SuSAM*+MEC*). Pion emission
in not included in the present model.

Our cross-section results are compared to experimental
data of 12C(e, e′) for selected kinematics in Figs. 8 and 9.
In the last panel of Fig. 9, we also compare with the new
data for 12C performed in a recent experiment at Jefferson
Laboratory [66]. In general, the region of quasielastic peak is
well reproduced by the model. The MEC contribute mainly in
the region to the right of the maximum QE peak (dip region)
and go into the pion emission region, where the maximum of
the 2p-2h is reached, contributing to the resonant � peak. The
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FIG. 9. The same as Fig. 8 for other kinematics. Data are from Refs. [51–53].

total SuSAM*+MEC* results should be complemented with
a pion emission model in order to reproduce the total cross
section in this region.

IV. CONCLUSIONS

In this work, we have extended the superscaling analy-
sis with relativistic effective mass to include the effects of
meson-exchange currents. The SuSAM* approach takes into
account the effects of the relativistic mean field inside the
nucleus that induces an effective mass and vector energy to
the nucleons. The effects of 2p-2h MEC are first subtracted
from the data before performing the scaling analysis and
later they are added to the SuSAM* cross section to obtain
the total SuSAM*+MEC* (2p-2h) cross section. The MEC
matrix elements are computed in nuclear matter by modi-
fying the nucleon spinors and the energies according to the
solutions of the mean-field relativistic equation with scalar
and vector potentials in the Walecka model [49]. Thus, the
2p-2h contribution is computed using the same ingredients
as the SuSAM* 1p-1h model, namely the same value for the
relativistic effective mass m∗

N .
A novelty in this work is that the MEC depends on the

nucleon vector energy. That energy does not appear in the
1p-1h responses due to the cancellation between final and
initial nucleons. Using our MEC model, we have been able
to estimate the value of the vector energy from the (e, e′) data
for 12C, Ev � 141 MeV, and M∗ = 0.8, in accordance with
Serot and Walecka [49].

We have verified that the new scaling function f ∗(ψ∗)
obtained from the scaling analysis of the 12C subtracted
data—experimental minus theoretical 2p-2h cross section—is
very similar to the one obtained in a previous work with-
out subtraction of the MEC contribution. This is because
that scaling analysis is based in a robust data selection
method, by elimination of the data that do not collapse
into the quasielastic point cloud. Therefore, in this work
we have shown the strength of the SuSAM* selection
method.

Finally, we have computed the total cross section of 1p-
1h plus 2p-2h and compared the results to data. The MEC
contribution modifies the cross section to the right of the
quasielastic peak, reaching the � peak, where the pion emis-
sion and inelastic contribution (not included in this work) are
more important.

In future work, we will extend this MEC model to the
weak sector to compute the effect of 2p-2h in charge-changing
neutrino scattering, which was analyzed with the SuSAM*
model, without including MEC, in Ref. [47].

ACKNOWLEDGMENTS

This work has been partially supported by the Ministerio
de Economia y Competitividad (Grant No. FIS2017-85053-
C2-1-P) and by the Junta de Andalucia (Grant No. FQM-225).
V.L.M.-C. acknowledges a contract funded by Agencia Estatal
de Investigacion and European Social Fund.

025501-11



MARTINEZ-CONSENTINO, RUIZ SIMO, AND AMARO PHYSICAL REVIEW C 104, 025501 (2021)

[1] J. E. Amaro, M. B. Barbaro, J. A. Caballero, R. González-
Jiménez, G. D. Megias, and I. Ruiz Simo, J. Phys. G 47, 124001
(2020)

[2] U. Mosel, Ann. Rev. Nuc. Part. Sci. 66, 171 (2016).
[3] T. Katori and M. Martini, J. Phys. G 45, 013001

(2018).
[4] L. Alvarez-Ruso, Y. Hayato, and J. Nieves, New J. Phys. 16,

075015 (2014).
[5] A. M. Ankowski and C. Mariani, J. Phys. G 44, 054001 (2017).
[6] O. Benhar, P. Huber, C. Mariani, and D. Meloni, Phys. Rep.

700, 1 (2017).
[7] V. Lyubushkin, B. Popov, J. J. Kim, L. Camilleri, J.-M. Levy,

M. Mezzetto, D. Naumov, S. Alekhin, P. Astier, D. Autiero
et al. (NOMAD Collaboration), Eur. Phys. J. C 63, 355 (2009).

[8] A. A. Aguilar-Arevalo, C. E. Anderson, A. O. Bazarko, S. J.
Brice, B. C. Brown, L. Bugel, J. Cao, L. Coney, J. M. Conrad,
D. C. Cox et al. (MiniBooNE Collaboration), Phys. Rev. D 81,
092005 (2010).

[9] A. A. Aguilar-Arevalo, B. C. Brown, L. Bugel, G. Cheng, E.
D. Church, J. M. Conrad, R. Dharmapalan, Z. Djurcic, D. A.
Finley, R. Ford et al. (MiniBooNE Collaboration), Phys. Rev. D
88, 032001 (2013).

[10] G. A. Fiorentini, D. W. Schmitz, P. A. Rodrigues, L. Aliaga, O.
Altinok, B. Baldin, A. Baumbaugh, A. Bodek, D. Boehnlein,
S. Boyd et al. (MINERvA Collaboration), Phys. Rev. Lett. 111,
022502 (2013).

[11] K. Abe, N. Abgrall, H. Aihara, T. Akiri, J. B. Albert, C.
Andreopoulos, S. Aoki, A. Ariga, T. Ariga, S. Assylbekov
et al. (T2K Collaboration), Phys. Rev. D 87, 092003 (2013).

[12] K. Abe, C. Andreopoulos, M. Antonova, S. Aoki, A. Ariga, S.
Assylbekov, D. Autiero, M. Barbi, G. J. Barker, G. Barr et al.
(T2K Collaboration), Phys. Rev. D 93, 112012 (2016).

[13] K. Abe, J. Amey, C. Andreopoulos, L. Anthony, M. Antonova,
S. Aoki, A. Ariga, Y. Ashida, S. Ban, M. Barbi et al. (T2K
Collaboration), Phys. Rev. D 97, 012001 (2018).

[14] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys.
Rev. C 80, 065501 (2009).

[15] J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, Phys. Rev. C
83, 045501 (2011).

[16] K. Gallmeister, U. Mosel, and J. Weil, Phys. Rev. C 94, 035502
(2016).

[17] G. D. Megias, M. V. Ivanov, R. Gonzalez-Jimenez, M. B.
Barbaro, J. A. Caballero, T. W. Donnelly, and J. M. Udias, Phys.
Rev. D 89, 093002 (2014); 91, 039903(E) (2015).

[18] A. M. Ankowski, Phys. Rev. D 92, 013007 (2015).
[19] R. Gran, J. Nieves, F. Sanchez, and M. J. Vicente Vacas, Phys.

Rev. D 88, 113007 (2013).
[20] V. Pandey, N. Jachowicz, M. Martini, R. Gonzalez-Jimenez, J.

Ryckebusch, T. Van Cuyck, and N. Van Dessel, Phys. Rev. C
94, 054609 (2016)

[21] M. Martini, N. Jachowicz, M. Ericson, V. Pandey, T. Van
Cuyck, and N. Van Dessel, Phys. Rev. C 94, 015501 (2016).

[22] G. D. Megias, J. E. Amaro, M. B. Barbaro, J. A. Caballero, and
T. W. Donnelly, Phys. Rev. D 94, 013012 (2016).

[23] G. D Megias, J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W.
Donnelly, and I. Ruiz Simo, Phys. Rev. D 94, 093004 (2016).

[24] A. Lovato, S. Gandolfi, J. Carlson, S. C. Pieper, and R.
Schiavilla, Phys. Rev. Lett. 117, 082501 (2016).

[25] V. Pandey, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, and M.
Martini, Phys. Rev. C 92, 024606 (2015).

[26] A. M. Ankowski, O. Benhar, and M. Sakuda, Phys. Rev. D 91,
033005 (2015).

[27] N. Rocco, A. Lovato, and O. Benhar, Phys. Rev. Lett. 116,
192501 (2016).

[28] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Donnelly,
and A. Molinari, Phys. Rept. 368, 317 (2002).

[29] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Donnelly,
and C. Maieron, Phys. Rev. C 71, 065501 (2005).

[30] J. A. Caballero, J. E. Amaro, M. B. Barbaro, T. W. Donnelly,
and J. M. Udias, Phys. Lett. B 653, 366 (2007).

[31] J. M. Udias, J. A. Caballero, E. Moya de Guerra, J. E. Amaro,
and T. W. Donnelly, Phys. Rev. Lett. 83, 5451 (1999).

[32] A. Bodek, M. E. Christy, and B. Coopersmith, Eur. Phys. J. C
74, 3091 (2014).

[33] A. Gil, J. Nieves, and E. Oset, Nucl. Phys. A 627, 543 (1997).
[34] I. Ruiz Simo, J. E. Amaro, M. B. Barbaro, A. De Pace, J. A.

Caballero, and T. W. Donnelly, J. Phys. G 44, 065105 (2017).
[35] J. Nieves and J. E. Sobczyk, Ann. Phys. 383, 455 (2017).
[36] W. M. Alberico, A. Molinari, T. W. Donnelly, E. L. Kronenberg,

and J. W. Van Orden, Phys Rev. C 38, 1801 (1988).
[37] T. W. Donnelly and I. Sick, Phys. Rev. Lett. 82, 3212 (1999).
[38] T. W. Donnelly and I. Sick, Phys. Rev. C 60, 065502 (1999).
[39] C. Maieron, T. W. Donnelly, and I. Sick, Phys. Rev. C 65,

025502 (2002).
[40] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Donnelly, A.

Molinari, and I. Sick, Phys. Rev. C 71, 015501 (2005).
[41] C. J. Horowitz, D. P. Murdock, and B. D. Serot, in Computa-

tional Nuclear Physics (Springer-Verlag, Berlin, 1991), Vol. 1.
[42] R. Gonzalez-Jimenez, G. D. Megias, M. B. Barbaro, J. A.

Caballero, and T. W. Donnelly, Phys. Rev. C 90, 035501 (2014).
[43] J. E. Amaro, E. Ruiz Arriola, and I. Ruiz Simo, Phys. Rev. C

92, 054607 (2015).
[44] J. E. Amaro, E. Ruiz Arriola, and I. Ruiz Simo, Phys. Rev. D

95, 076009 (2017).
[45] V. L. Martinez-Consentino, I. Ruiz Simo, J. E. Amaro, and E.

Ruiz Arriola, Phys. Rev. C 96, 064612 (2017).
[46] J. E. Amaro, V. L. Martinez-Consentino, E. Ruiz Arriola, and I.

Ruiz Simo, Phys. Rev. C 98, 024627 (2018)
[47] I. Ruiz Simo, V. L. Martinez-Consentino, J. E. Amaro, and E.

Ruiz Arriola, Phys. Rev. D 97, 116006 (2018).
[48] R. Rosenfelder, Ann. Phys. (NY) 128, 188 (1980).
[49] B. D. Serot and J. D. Walecka, in Advances in Nuclear Physics,

edited by J. W. Negele and E. Vogt (Plenum, New York, 1986),
Vol. 16.

[50] K. Wehrberger, Phys. Rep. 225, 273 (1993).
[51] O. Benhar, D. Day, and I. Sick, arXiv:nucl-ex/0603032.
[52] O. Benhar, D. Day, and I. Sick, http://faculty.virginia.edu/qes-

archive/.
[53] O. Benhar, D. Day, and I. Sick, Rev Mod Phys. 80, 189 (2008).
[54] M. B. Barbaro, R. Cenni, A. De Pace, T. W. Donnelly, and A.

Molinari, Nucl. Phys. A 643, 137 (1998).
[55] T. De Forest, Nucl. Phys. A 392, 232 (1983).
[56] S. Galster, H. Klein, J. Moritz, K. H. Schmidt, D. Wegener, and

J. Bleckwenn, Nucl. Phys. B 32, 221 (1971).
[57] I. Ruiz Simo, C. Albertus, J. E. Amaro, M. B. Barbaro, J. A.

Caballero, and T. W. Donnelly, Phys. Rev. D 90, 033012 (2014).
[58] A. De Pace, M. Nardi, W. M. Alberico, T. W. Donnelly, and

A. Molinari, Nucl. Phys. A 726, 303 (2003).
[59] R. D. Peccei, Phys. Rev. 176, 1812 (1968).
[60] R. D. Peccei, Phys. Rev. 181, 1902 (1969).

025501-12

https://doi.org/10.1088/1361-6471/abb128
https://doi.org/10.1146/annurev-nucl-102115-044720
https://doi.org/10.1088/1361-6471/aa8bf7
https://doi.org/10.1088/1367-2630/16/7/075015
https://doi.org/10.1088/1361-6471/aa61b2
https://doi.org/10.1016/j.physrep.2017.07.004
https://doi.org/10.1140/epjc/s10052-009-1113-0
https://doi.org/10.1103/PhysRevD.81.092005
https://doi.org/10.1103/PhysRevD.88.032001
https://doi.org/10.1103/PhysRevLett.111.022502
https://doi.org/10.1103/PhysRevD.87.092003
https://doi.org/10.1103/PhysRevD.93.112012
https://doi.org/10.1103/PhysRevD.97.012001
https://doi.org/10.1103/PhysRevC.80.065501
https://doi.org/10.1103/PhysRevC.83.045501
https://doi.org/10.1103/PhysRevC.94.035502
https://doi.org/10.1103/PhysRevD.89.093002
https://doi.org/10.1103/PhysRevD.91.039903
https://doi.org/10.1103/PhysRevD.92.013007
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevC.94.054609
https://doi.org/10.1103/PhysRevC.94.015501
https://doi.org/10.1103/PhysRevD.94.013012
https://doi.org/10.1103/PhysRevD.94.093004
https://doi.org/10.1103/PhysRevLett.117.082501
https://doi.org/10.1103/PhysRevC.92.024606
https://doi.org/10.1103/PhysRevD.91.033005
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1016/S0370-1573(02)00195-3
https://doi.org/10.1103/PhysRevC.71.065501
https://doi.org/10.1016/j.physletb.2007.08.018
https://doi.org/10.1103/PhysRevLett.83.5451
https://doi.org/10.1140/epjc/s10052-014-3091-0
https://doi.org/10.1016/S0375-9474(97)00513-7
https://doi.org/10.1088/1361-6471/aa6a06
https://doi.org/10.1016/j.aop.2017.06.002
https://doi.org/10.1103/PhysRevC.38.1801
https://doi.org/10.1103/PhysRevLett.82.3212
https://doi.org/10.1103/PhysRevC.60.065502
https://doi.org/10.1103/PhysRevC.65.025502
https://doi.org/10.1103/PhysRevC.71.015501
https://doi.org/10.1103/PhysRevC.90.035501
https://doi.org/10.1103/PhysRevC.92.054607
https://doi.org/10.1103/PhysRevD.95.076009
https://doi.org/10.1103/PhysRevC.96.064612
https://doi.org/10.1103/PhysRevC.98.024627
https://doi.org/10.1103/PhysRevD.97.116006
https://doi.org/10.1016/0003-4916(80)90059-7
https://doi.org/10.1016/0370-1573(93)90102-J
http://arxiv.org/abs/arXiv:nucl-ex/0603032
http://faculty.virginia.edu/qes-archive/
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1016/S0375-9474(98)00443-6
https://doi.org/10.1016/0375-9474(83)90124-0
https://doi.org/10.1016/0550-3213(71)90068-X
https://doi.org/10.1103/PhysRevD.90.033012
https://doi.org/10.1016/S0375-9474(03)01625-7
https://doi.org/10.1103/PhysRev.176.1812
https://doi.org/10.1103/PhysRev.181.1902


MESON-EXCHANGE CURRENTS AND SUPERSCALING … PHYSICAL REVIEW C 104, 025501 (2021)

[61] E. Hernandez, J. Nieves, and M. Valverde, Phys. Rev. D 76,
033005 (2007).

[62] B. Sommer, Nucl. Phys A 308, 263 (1978).
[63] W. Alberico, M. Ericson, and A. Molinari, Ann. Phys. (NY)

154, 356 (1984).
[64] M. J. Dekker, P. J. Brussaard, and J. A. Tjon, Phys. Rev. C 49,

2650 (1994).

[65] I. Ruiz Simo, J. E. Amaro, M. B. Barbaro, J. A. Caballero,
G. D. Megias, and T. W. Donnelly, Phys. Lett. B 770, 193
(2017).

[66] H. Dai, M. Murphy, V. Pandey, D. Abrams, D. Nguyen,
B. Aljawrneh, S. Alsalmi, A. M. Ankowski, J. Bane, S.
Barcus et al. (Jefferson Laboratory Hall A Collaboration),
Phys. Rev. C 98, 014617 (2018).

025501-13

https://doi.org/10.1103/PhysRevD.76.033005
https://doi.org/10.1016/0375-9474(78)90551-1
https://doi.org/10.1016/0003-4916(84)90155-6
https://doi.org/10.1103/PhysRevC.49.2650
https://doi.org/10.1016/j.physletb.2017.04.063
https://doi.org/10.1103/PhysRevC.98.014617

