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Relativistic meson-exchange currents in semi-inclusive lepton scattering
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We assess the impact of two-particle–two-hole excitations on the semi-inclusive electron scattering process
(e, e′ p) using a fully relativistic nuclear model calculation that precisely incorporates antisymmetrization. The
calculation encompasses all contributions involving the exchange of a single pion and the excitation of a �

resonance. Our results are compared with (e, e′ p) data on carbon at kinematics where two-nucleon emission
dominates. This work represents an essential step towards the microscopic computation of the two-particle–two-
hole contribution to semi-inclusive neutrino reactions, crucial in the analysis of neutrino oscillation experiments.
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I. INTRODUCTION

Several measurements of neutrino-nucleus semi-inclusive
cross sections have been recently performed [1–6], with the
aim of reducing the systematic error associated with nuclear
effects in the analysis of long-baseline neutrino oscillation
experiments. In particular, the control of nuclear effects is
crucial to guarantee the success of future neutrino experiments
(Hyper-Kamiokande Collaboration [7] and DUNE Collabora-
tion [8]) in the search of CP violation in the leptonic sector.

Semi-inclusive measurements, corresponding to the simul-
taneous detection of the outgoing lepton and one or more
hadrons in the final state, are indeed more sensitive to the
details of nuclear modeling compared to inclusive cross sec-
tions, which only involve the detection of the outgoing lepton.
While most theoretical studies have predominantly focused on
charge-current inclusive (νl , l ) reactions, recent efforts have
expanded to investigate the semi-inclusive reaction (νl , lN ) in
the quasielastic (QE) channel, corresponding to the scattering
of the probe with a single nucleon [9–11].

It is now well-established that two-particle–two-hole
(2p2h) excitations provide a substantial contribution to the
inclusive (νl , l ) cross section without pions in the final state.
Several calculations of this contribution are available [12–17].
Despite presenting some differences [18], all of them agree
with the inclusive data within the error bars. The situation
differs for the semi-inclusive neutrino reaction (νl , lN ), for
which a complete microscopic calculation of the 2p2h contri-
bution is still absent in the literature,1 although it is strongly

1So far the only semi-inclusive (νl , lN ) published results including
2p2h excitation are the ones of the Ghent group [15,19], which,
however, do not include the � contributions to meson-exchange
currents. Semi-inclusive (νl , lNN ) cross sections at fixed neutrino
energies have also been recently calculated [20].

needed for the correct interpretation of neutrino data. Cur-
rently the 2p2h component of the cross section is simulated
in event generators on the basis of inclusive calculations
[13,14], following a procedure which necessarily relies on
some strong approximations. Inclusive processes involve a
summation over all accessible intermediate nuclear states,
consequently predicting cross sections only as functions of
the outgoing lepton kinematics. In principle, such an approach
cannot be employed to predict semi-inclusive or exclusive
cross sections, where a specific hadronic final state is detected.
However, given the lack of theoretical calculations of these
contributions, the strategy taken so far has been to “extract”
exclusive predictions from inclusive results, forcibly using
assumptions [21,22] whose reliability is difficult to control.
In general, the resulting 2p2h contribution represents a signif-
icant component of the semi-inclusive cross section, as shown
in Refs. [10,11] for neutrinos and in Ref. [23] for electrons.
Consequently, not only is the implementation of the 2p2h
itself questionable, it also has implications for the conclu-
sions drawn regarding nuclear models used to describe the
one-body nuclear response. For instance, the (νμ, μp) cross
section, recently measured by the T2K [1], MINERvA [3],
and MicroBooNE [4] Collaborations, has been shown to be
highly sensitive to the model used to describe the final-state
interactions (FSI) between the ejected proton and the residual
nucleus. Different FSI prescriptions can yield significantly
different results in general [10,11], and the comparison of
theoretical predictions with data is strongly influenced by the
contribution of 2p2h events to the experimental signal.

The only correct approach to implement a model for 2p2h
in a Monte Carlo generator for the semi-inclusive reaction is
through a microscopic calculation of these contributions. As a
first step towards this goal, in this work we consider the semi-
inclusive electron scattering reaction (e, e′ p). As for inclusive
scattering, validation with semi-inclusive electron scattering
data is an essential benchmark for any nuclear model intended
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for use in neutrino scattering studies. We hence generalize to
the semi-inclusive (e, e′ p) process the previous inclusive fully
relativistic antisymmetrized calculation of 2p2h electromag-
netic responses performed in Ref. [24], already extended to
the weak sector [14] and implemented in the GENIE Monte
Carlo generator [21]. The results of Ref. [24], coupled to the
“SuSAv2” model [25] for the one-body response, provide a
very good description of electron scattering inclusive data
across a broad kinematic range [26] as well as of all the
available inclusive neutrino cross sections [27–30], with the
exception of the lower momentum and energy transfer regime
where collective nuclear excitations dominate.

Several high-quality (e, e′ p) datasets have been collected
by past experiments [31–35] and compared to theoretical
calculations [36–38] under kinematic conditions where mult-
inucleon emission is expected to give the largest contribution
to the cross section—the so-called dip region between the
QE and � production peaks. The comparison with these data
is particularly useful for application to neutrino scattering
studies: indeed the broad neutrino energy distribution typical
of oscillation experiments, in contrast with the very precisely
known beam energy in electron experiments, does not allow
for a clear separation of the different reaction channels, which
contribute to the same experimental signal.

II. FORMALISM

Let us consider the (e, e′N ) process

e + A → e′ + N + X, (1)

where an electron of energy ε scatters off a nucleus A at rest in
the laboratory frame, transferring to it an energy ω = ε − ε′
and a momentum q = k − k′ 2. In the final state, the electron
has energy ε′ and scattering angle θe, and a nucleon of energy
E ′

1 momentum p1 and solid angle �′
1 is knocked out, leaving

a residual system X . The sixth-differential cross section for
this process can be written in terms of four nuclear response
functions as

d6σ

dωd�′
edE ′

1d�′
1

= p1E ′
1

(2π )3
σM

[
vLR(N )

L + vT R(N )
T + vLT R(N )

LT cos φ′
1

+ vT T R(N )
T T cos(2φ′

1)
]
, (2)

where σM = α2 cos2(θe/2)
4ε2 sin4(θe/2)

is the Mott cross section, φ′
1 is the

nucleon’s azimuthal angle, and

vL = Q4

q4
, vT = Q2

2q2
+ tan2 θe

2
, (3)

vLT = Q2

q2
+

√
Q2

q2
+ tan2 θe

2
, and vT T = Q2

2q2
(4)

are kinematic leptonic factors, with Q2 = q2 − ω2.

2We work in the extreme relativistic limit ε � me, implying k = ε

and k′ = ε′, and we neglect the nuclear recoil.

The response functions RK ≡ RK (q, ω, p1) are specific
components of the semi-inclusive hadronic tensor W (N )

μν ,
which encodes the information on the nuclear structure and
currents. Specifically,

R(N )
L = W (N )

00 , (5)

R(N )
T = W (N )

xx + W (N )
yy , (6)

R(N )
LT cos φ′

1 = −W (N )
0x − W (N )

x0 , (7)

R(N )
T T cos(2φ′

1) = W (N )
xx − W (N )

yy . (8)

The nuclear tensor for the (e, e′N ) process (1) is given by

W (N )
μν =

∑
X

〈A|Ĵ†
μ|N, X 〉〈N, X |Ĵν |A〉 δ(EN + EX − E0 − ω),

(9)
where |A〉 denotes the nuclear ground state having energy E0,
|N, X 〉 is the hadronic final state of energy EN + EX , and a
sum is performed over the unobserved states X .

The nuclear current in Eq. (9), Ĵμ = Ĵμ

1b + Ĵμ

2b, is the sum of
one- and two-body currents, neglecting higher-order contribu-
tions. As a consequence, the hadronic tensor can be expressed
as the sum of various contributions, corresponding to the ex-
citation of different final states, one-particle–one-hole (1p1h)
and two-particle–two-hole (2p2h):

W (N )
μν = W (N )1p1h

μν + W (N )2p2h
μν . (10)

In this work we focus on the 2p2h hadronic tensor
W (N )2p2h

μν , corresponding to the ejection of two nucleons from
the nucleus, in order to test the validity of our meson-
exchange currents (MEC) model. For a general kinematics it
could be arduous to separate, in the experimental data, 2p2h
contributions from the QE process, which occurs at lower
transferred energy, or from pion production. However, for the
kinematics analyzed in this work, the QE responses are very
small and pion production can affect the cross section only at
missing energies higher than the pion threshold, as we show
in the results.

We analyze the semi-inclusive reaction in which one nu-
cleon (a proton) is detected in the final state while the second
nucleon (a proton or a neutron) is unobserved. The inclusive
reaction, in which none of the two outgoing nucleons are
detected, was extensively studied in Ref. [24] in the relativistic
Fermi gas (RFG) framework and we adopt here the same
formalism and model used in that reference.

Within the RFG framework, the semi-inclusive 2p2h
hadronic tensor reads (from now on we shall omit for brevity
the label 2p2h)

W (N )
μν := d Wμν

dp1
= 1

4

V

(2π )9

∑
s1,s2,s′

2
t1,t2,t ′

2

∫
dh1 dh2 dp2


PBδ4(p1 + p2 − h1 − h2 − q̃) wμν,


PB := θ (kF − |h2|) θ (kF − |h1|) θ (|p1|−kF ) θ (|p2| − kF ),

q̃ := (ω̃, q), ω̃ := ω − E2p2h
s , (11)

where V = 3π2A/2k3
F is the nuclear volume, hi and pi are

the initial and final four-momenta of the two nucleons with
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FIG. 1. First row: �-MEC diagrams, forward (a), (c) and backward (b, d). The � resonance is represented by the thick line. Second row:
Pure pionic diagrams, seagull (e), (f) and pion-in-flight (g). Note that hi stand for the initial nucleon states, pi for the outgoing nucleons. The
photon vertex is the black solid dot, while internal nuclear vertexes are the white ones.

on-shell relativistic energies Ei and E ′
i , E2p2h

s is a parameter
that accounts for the nucleus energy absorption in the 2p2h
process, kF is the Fermi momentum, the factor 1/4 is needed
to avoid double counting for indistinguishable particles and
holes in the final state, and

wμν = 1

16E1E2E ′
1E ′

2

〈F |Ĵ2b†
μ |2p2h〉〈2p2h|Ĵ2b

ν |F 〉 (12)

is the tensor containing reduced matrix elements. The kets |F 〉
and |2p2h〉 represent the ground state and the two-particle–
two-hole excitation, respectively. After some manipulation the
reduced matrix element present in Eq. (12) can be written as

〈2p2h|Ĵμ

2b|F 〉 = jμ(h1, h2, p1, p2) − jμ(h1, h2, p2, p1).
(13)

Hence, there are two different terms in the explicit expression
of the matrix element, which we can call normal ordered (NO)
and inverted ordered (IO). The product of two matrix elements
appearing in Eq. (12) leads to four terms: thanks to symmetry
properties it is possible to group these terms in two different
contributions, called direct and exchange:

wμν = 1

16E1E2E ′
1E ′

2

[
2 jμ†

NO jνNO︸ ︷︷ ︸
direct

− jμ†
NO jνIO︸ ︷︷ ︸

exchange

− jμ†
IO jνNO︸ ︷︷ ︸

exchange

]
. (14)

In the following subsections we provide explicit expres-
sions for the two-body currents used in this work.

Meson-exchange current

Our computation involves fully relativistic two-body cur-
rents J2b

μ corresponding to the coupling of the virtual photon
to a pair of nucleons exchanging a pion. It is obtained start-
ing from the nonlinear σ -model Lagrangian investigated in
Ref. [39], where the � resonance is included ad hoc. The
corresponding diagrams in free space, shown in Fig. 1, are
usually denoted as pion-in-flight, jμπ , seagull (or contact),
jμsea, and �-MEC, jμ�. The latter involves the excitation of an
intermediate � resonance and gives the dominant contribution
to the 2p2h cross section. Therefore, these different contribu-
tions appear separately in the total MEC operator:

jμMEC = jμπ + jμsea + jμ�.

Note that jμ is an operator in the isospin space.
The pure pionic part of the electromagnetic (EM) MEC is

characterized by the exchange of a charged π between the
two nucleon currents. This appears explicitly in the isospin
operator associated with jμ:

jμπ = IV3 Jμ
π , jμsea = IV3 Jμ

sea,

Jμ
π = f 2

πNN

m2
π

FV
1 (q)FπNN (k1)FπNN (k2)

(
kμ

1 − kμ
2

)
ū(p1)γ5 /k1u(h1)ū(p2)γ5/k2u(h2)[�π (k1)�π (k2)]∗, (15)

Jμ
sea = f 2

πNN

m2
π

FV
1 (q)F 2

πNN (k1)ū(p1)γ5 /k1u(h1)�π (k1)ū(p2)γ5γ
μu(h2) − (1 ↔ 2), (16)
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FIG. 2. The 2p2h contribution to the 12C(e, e′ p) cross section is displayed versus the missing energy for electron energy ε = 478 MeV,
energy transfer ω = 263 MeV, momentum transfer q = 303 MeV/c, and proton scattering angle θp = 38◦ and 113◦. The separate contributions
of pp and pn emission to the total cross section is shown in the left panels, and the π production threshold is the vertical line in violet. The T
and TT contributions are shown separately in the right panels. Data are from Ref. [36].

where u(hi ) are the nucleon isospinors, the FV
1 (q) form factor accounts for the photon EM coupling, FπNN is the hadronic form

factor for the πNN coupling with the π off-shell, and �π is the pion propagator. The ∗ in the pion-in-flight currents stands for
the gauge-preserving procedure applied, shown in Ref. [40]. For details, see the Appendix A 1.

The �-MEC include those diagrams in which a nucleon state is excited into a �. There are two different kind of excitations,
called forward and backward, depending on the relative position of the virtual � with respect to the photon coupling vertex,
appearing in two different kinds of diagrams in Fig. 1:

jμ� = jμ�F
+ jμ�B

,

jμ�F
= I�F

f ∗ fπNN√
6m2

π

FπN�(k1)FπNN (k1)ū(p1)γ5 /k1u(h1)�π (k1)kα
1 ū(p2)Gαβ (t2)�βμ(h2, q)u(h2) + (1 ↔ 2), (17)

jμ�B
= I�B

f ∗ fπNN√
6m2

π

FπN�(k1)FπNN (k1)ū(p1)γ5 /k1u(h1)�π (k1)kα
1 ū(p2)�̃μβ (p2, q)Gβα (s2)u(h2) + (1 ↔ 2), (18)

with ti = hi + q and si = pi − q. f ∗ and FπN� are respectively
the coupling constant and the form factor describing the πN�

vertex, while �μα and �̃αμ are the form factors for the γ N�

interaction. � appears as a virtual resonance only, and Gαβ

is its Rarita-Schwinger propagator. I� is the isospin operator,
which is different in the two cases. It is very useful to divide
the operator J� in terms of isospin operators (I� is a combina-
tion of them), writing the full MEC current as

jμMEC = IV3

(
Jμ
π + Jμ

sea + Jμ
�3

) + 2τ
(1)
3 Jμ

�1
+ 2τ

(2)
3 Jμ

�2
. (19)

For details and isospin separated resonance currents see the
Appendix A 2.

III. RESULTS

We now present the results of the calculation described
in the previous section and we compare our predictions with
the (e, e′ p) data from NIKHEF [33,34,36,37] and MIT-Bates
[32].

The evaluation of the hadronic tensor involves a huge
amount of terms, emerging from the MEC operator. In

065502-4



RELATIVISTIC MESON-EXCHANGE CURRENTS IN … PHYSICAL REVIEW C 109, 065502 (2024)

FIG. 3. The 2p2h contribution to the 12C(e, e′ p) cross section is displayed versus the missing energy for the same kinematics of Fig. 2 and
the proton scattering angle θp = 38◦. Left panel: The separated contributions of the direct and exchange diagrams. Right panel: The separated
contributions of the π , �, and π − � interference. Data are from Ref. [36].

Eq. (11) we fixed the detected proton momentum p1,
evaluating the hadronic tensor for each possible configuration
of the two holes and the remaining particle, yielding to a
nine-dimension integration, but its possible to cut down the
computational effort through some manipulation. Thus, the in-
tegral has been partially performed exploiting the energy and
momentum conservation δ functions, removing the integration
over p2 and θ2, the hole polar angle, reducing it to a fivefold
integration over two-hole momenta, azimuthal angles, and
one polar angle. It has been evaluated using the CUBA library
[41], which provides a tool for multidimensional Monte Carlo
integration. We computed the contributions of 4 direct pionic
diagrams, 12 (6 direct + 6 exchange) � resonance ones and
the same amount for the π − � interference.

Our starting point is the RFG model, which contains two
parameters, the Fermi momentum kF and the energy shift Es,
fitted to the width and the position of the (e, e′) quasielastic
peak. For the 12C nucleus we use kF = 228 MeV/c and Es =
20 MeV, according to Ref. [42]. The energy shift phenomeno-
logically accounts for the nucleon binding energy and for
final-state interaction effects. In the present calculation we re-
place ω → ω̃ in the energy-conserving δ function of Eq. (11),
using, unless differently stated, E2p2h

s = 2Es = 40 MeV. Note
that this modification affects the nuclear state description only,
but not the EM interaction, being the EM nucleon form factor
FV

1 evaluated using ω. The Hoeler parametrization for FV
1 has

been adopted [43]. Although more modern parametrizations
of the form factors exist [44,45], this choice is motivated by
the comparison with the results of Ref. [24], which we follow
also for the pionic and � form factors. It should be noticed that
the analyzed data correspond to very low Q2 values, below
0.1 GeV2, and we have checked that the results are almost
insensitive to the form factor parametrizations.

The sixth-differential cross sections, evaluated using
Eq. (2), are plotted as functions of the missing energy

Em = ω − Tp, (20)

with Tp being the kinetic energy of the knocked-out proton, for
fixed values of the electron energy ε, the energy transfer ω, the
momentum transfer q, and the angle θp between the proton
direction and the momentum transfer q. As in Ref. [36], we
neglect the contribution of the L and LT responses, shown
in Eqs. (5) and (7), still present in Eq. (2), evaluating the
T and TT responses only. In the dip region the dominant
contribution comes mainly from the � excitation, which is
mainly transverse. We have anyway checked numerically that
the longitudinal response defined in Eq. (5) is negligible,
amounting to roughly 1% of the transverse response.

Noteworthy, in the analyzed data the detected outgoing
proton lies in the scattering plane, so that φ′

1 = 0, π : the
RT T component is not affected by the azimuthal angle of the
detected particle.

We also performed the isospin separation of the final state
into the pp and pn channels. The pp channel arises only by the
purely � diagrams, and for these diagrams the ratio between
the pp and pn contributions is 1/4, due to the isospin algebra
and to the identity of the two protons in the final state.

In Fig. 2 we show our results for the 2p2h contribution
to the 12C(e, e′ p) cross section, displayed as a function of
the missing energy Em and compared with the NIKHEF
data from Ref. [36] at the electron energy ε = 478 MeV,
the energy transfer ω = 263 MeV, the momentum transfer
q = 303 MeV/c, and the proton scattering angles θp = 38◦
(first row) and θp = 113◦ (second row). In the left panels the
separate contributions of the isospin components, correspond-
ing to the emission of two protons (pp) and a proton and
a neutron (pn) are displayed, showing that the contribution
of the pp channel is negligible. In the right panel the same
cross section is separated into its T and TT components,
showing that in this kinematical situation the latter is negative
and much smaller than the former. The global agreement of
the theoretical predictions with the experimental data is very
good in the region below the pion production threshold (to be
conservative, in the figures we indicate its minimum value, the
pion mass).
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FIG. 4. The 2p2h contribution to the 12C(e, e′ p) cross section is displayed versus the missing energy for the electron energy ε = 475 MeV,
the energy transfer ω = 212 MeV, the momentum transfer q = 270 MeV/c, and several proton scattering angles θp = 26◦, 42◦, 74◦, 107◦,
131◦, and 162◦. Data are taken from Ref. [33]. Experimental uncertainties are not shown. The pion threshold is displayed as a vertical line.

We note that our results are in qualitative agreement with
the calculations of Ref. [36], performed in a nonrelativistic
Hartree-Fock finite nucleus model and including final-state
interactions. The main differences emerge in the position of
the 2p2h peak and in the contribution of the pp final state,
which in our case is about a factor of 2 smaller.

It is also worth observing that the agreement of our results
with those of Ref. [36] indicates that, for these kinematics,
relativistic effects are small. A systematical study of rela-
tivistic effects in the MEC formalism was performed for the
inclusive process in Ref. [24], underlining the importance of
a relativistic treatment especially for the Delta current and the
propagator.

It may be surprising that a model based on the RFG can
provide a good description of the 2p2h contribution to the
(e, e′ p) cross section, whereas it fails in the QE region due to
its unrealistic spectral function. However, it should be noted
that the present approach is based on a pion-correlated Fermi
gas, unlike the pure RFG.

In Fig. 3 some more details of the calculation are illus-
trated, taking as a reference the θp = 38◦ data. In the left
panel the separation between direct and exchange contribu-
tions shows that the former dominates the response, while the
latter is responsible for a slight decrease of the 2p2h peak.
In the right panel the pionic, �, and π − � interference are
shown: we observe that all contributions are positive, the �
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FIG. 5. The 2p2h 12C(e, e′ p) cross section is displayed versus the missing energy in the parallel kinematic setting (θp = 0◦) for the two
kinematics, “kin I” (ε = 460 MeV, ω = 275 MeV, q = 401 MeV/c) and “kin II” (ε = 648 MeV, ω = 382 MeV, q = 473 MeV/c). Data
are taken from Ref. [32]. Different energy shift values have been adopted in the two panels: blue, red, and violet curves are obtained using
E 2p2h

s = 20, 40, and 70 MeV, respectively.

alone represents roughly half of the total response, and the
purely pionic and π − � interference terms are almost equal.

In Fig. 4 we compare our results with the NIKHEF data
[33] at another kinematics, for six different values of the pro-
ton angle, showing also the separated pp and pn contributions.
At lower angles our curves underestimate the data, which
are, at these kinematics, more contaminated by quasielastic
scattering, while at larger angles the comparison is quite good
below the pion threshold.

In Fig. 5, the 2p2h contribution to the 12C(e, e′ p) cross
section calculated in our model is compared with the Bates
data [32] at two different kinematics for the proton angle
θp = 0 (the so-called parallel kinematics). In this configura-
tion W N

xx = W N
yy ; hence, the TT response vanishes and only

the transverse response contributes to the cross section. The
relative strength of the pn and pp pairs, albeit not shown here,
is similar to that of Fig. 2.

One can observe that the agreement with data is worse than
in the kinematics of Fig. 2, especially for the “kin II” data,
which are overestimated. A possible interpretation is related to
the higher value of Q2: under these conditions nuclear effects
not included in our model, such as correlations, could explain

the disagreement. It should be noted that, as far as we know,
no other theoretical calculation is available at these kinematics
to be compared with our result. In this figure and in Fig. 6
we also investigate the impact of the energy shift on the
theoretical predictions, comparing three values: E2p2h

s = 20,
40, and 70 MeV. The results of increasing this parameter
are a shift towards higher Em values and a variation in the
strength, depending on the analyzed kinematics. The effect
is particularly appreciable in the parallel kinematics, where
the response is accumulated and localized at lower missing
energies. In Fig. 6 the differences between the curves obtained
with the three E2p2h

s values are smaller: however, in both cases
the better agreement seems to be reached with a shift ranging
between 20 and 40 MeV. It should be noted that E2p2h

s is, in
practice, the only free parameter of the RFG model (kF being
mainly related to the nuclear density). Although a value of 40
MeV in 12C is quite natural, being twice the shift employed
in the quasielastic region [42], other choices are possible: a
shift of 20 MeV has been employed in Ref. [46], whereas
70 MeV is the value yielding the physical separation energy
[47]. Treated as a parameter, E2p2h

s mimics some of the nuclear
effects not yet implemented in the model.

FIG. 6. The same study of the E 2p2h
s developed in Fig. 5 is performed, but at the kinematics shown respectively in Figs. 2 and 4.
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IV. CONCLUSIONS

We have extended the relativistic model developed
in Ref. [24] for the 2p2h MEC in inclusive electron
scattering, (e, e′), to the study of semi-inclusive scattering,
(e, e′ p). The calculation employs two-body currents involving
the exchange of a pion and the excitation of an intermediate
� resonance. This is the first microscopic calculation of these
contributions performed in a relativistic framework.

The model provides a quite satisfactory description of
(e, e′ p) data on 12C within the kinematic range spanning
between the two-nucleon emission and pion production
thresholds. A nontrivial and important outcome of the present
study is that a description of the 2p2h channel based on the
relativistic Fermi gas model is capable of reproducing not
only inclusive but also semi-inclusive data. This is at variance
with the quasielastic region, where the pure RFG is unable
to provide a realistic spectral function, being, as a results,
inadequate to describe semi-inclusive processes.

The results of the present study give us also confidence in
the model’s potential applicability to describe more exclusive,
flux-integrated neutrino cross sections, such as the one with
two nucleons in the final state, among the most appealing and
interesting measurements expected in the near future.

As Ref. [24] represented the reference article for a
model subsequently applied to inclusive neutrino cross sec-
tions [14,27], the present work aims to play the same role
for semi-inclusive neutrino cross sections. Calculations in this
direction are in progress.

The datasets used in this work are unfortunately limited
and in some cases affected by large experimental uncertain-
ties. However, a reliable modeling of the dip region in terms
of the hadronic kinematical variables is mandatory to obtain
an adequate description of the spectrum, crucial especially for
neutrino scattering. More electron scattering data able to focus
on this region could be very useful to explore and test the
validity of our model.
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APPENDIX

In this Appendix we give details on the structure of the
two-body currents defined in Eqs. (15)–(18).

1. Pionic currents

The pure pionic part of the EM MEC is characterized
by the exchange of a charged π between the two nucleon

FIG. 7. πNN coupling with an ingoing pion and � → πN
transition.

currents. This appears explicitly in the isospin operator asso-
ciated with jμ:

jμπ = IV3 Jμ
π , jμsea = IV3 Jμ

sea, (A1)

IV = iτ (1) × τ (2), (A2)

IV3 = 1
2

(
τ

(1)
− τ

(2)
+ − τ

(1)
+ τ

(2)
−

)
, (A3)

where τi are the familiar Pauli matrices,3 and the superscripts
(i) indicate that the corresponding operator acts on the i par-
ticle of the pair.4 The πNN coupling is of the pseudovector
type, and so the interaction vertex, corresponding to the Feyn-
man diagram shown in Fig. 7 with ingoing π , is

πNN vertex: − i
gA

2 fπ
FπNN (k2)/kγ5τ̇

†,

τ̇ ≡
(

τ−√
2
,

τ+√
2
, τ3

)
coupled with normalized π

≡ (π+, π−, π0), (A4)

with gA = 1.26 being the axial constant and fπ = 93 MeV be-
ing the π -decay constant. Thanks to the Goldberger-Treiman
relation it is possible to connect these two quantities with the
standard πNN coupling fπNN = √

4π 0.08:

gA

2 fπ
= fπNN

mπ

, (A5)

with mπ = 139.5 MeV being the π mass.
The “contact” EM γπNN and the γππ interactions are

shown in Fig. 8 and involve FV
1 (q) = F p

1 (q) − F n
1 (q) and e

the electric charge.
The pion appears only as a virtual state for the 2p2h pro-

cess, described through the π propagator:

�π (k2) = 1

k2 − m2
π

. (A6)

3

τ− = τ1 − iτ2 =
(

0 0
2 0

)
, τ+ = τ1 + iτ2 =

(
0 2
0 0

)
.

4This is particularly relevant in the exchange terms’ computations.
In that case, particles are inverted, while the operators remain the
same, yielding to, for example:

τ
(1)
3 |p2 p1〉 = τ3|p2〉 ⊗ |p1〉.
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FIG. 8. Contact and γππ EM interaction vertices.

To account for the π off-shellness in the πNN vertex, the
FπNN hadronic form factor is inserted:

FπNN (k2) = �2
π − m2

π

�2
π − k2

, (A7)

with �π = 1300 MeV.

The ∗ in the pion-in-flight current Eq. (15) stands for the
gauge-preserving procedure applied, shown in Refs. [40,49],
that explicitly is the substitution

[�π (k1)�π (k2)]∗ = �π (k1)�π (k2) + 1

k2
2 − �2

π

�π (k1)

+ 1

k2
1 − �2

π

�π (k2). (A8)

2. Resonance currents

The �-MEC include those diagrams in which a nucleon state is excited into a �. The transition can happen due to pion or
photon interaction. The πN� vertex, with corresponding Feynman diagram in Fig. 7 representing the � → πN transition, is

πN� vertex: i
f ∗

mπ

FπN�(k2)kα

√
3

2
Ṫ , (A9)

Ṫ :=
(

T−√
2
,

T+√
2
, T3

)
coupled with normalized π ≡ (π+, π−, π0),

where T is the isospin transition 3/2 → 1/2 operator, which requires the factor
√

3/2 due to its definition.5 f ∗ = 2.13 × fπNN =
2.14 is the coupling constant. The � appears in the MEC just as the virtual intermediate state, and FπN� is the hadronic form
factor that accounts for the off-shell resonance,

FπN�(k) = �2
πN�

�2
πN� − k2

, (A10)

5

T1 = 1√
6

(−√
3 0 1 0

0 −1 0
√

3

)
, T2 = − i√

6

(√
3 0 1 0

0 1 0
√

3

)
, T3 = 2√

3

(
0 1 0 0
0 0 1 0

)
.

T ± = T1 ± iT2

FIG. 9. EM � → N and N → � transition vertices.
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with �� = 1150 MeV. The γ N� interaction vertex is described using a set of form factors which are expansions in the ratio
momentum over nucleon mass, inside the definition of �αμ, which is purely vectorial, as shown in Fig. 9. In the EM case,

�αμ(p, q) =
[

C3V (q2)

M
(gαμ

/q − qαγ μ) + C4V (q2)

M2

(
gαμq · p� − qα pμ

�

) + C5V (q2)

M2
(gαμq · p − qα pμ)

]
γ5 (A11)

and

�̃μα (p, q) = γ 0�αμ†(p,−q)γ 0, (A12)

where M = 0.939 GeV is the nucleon mass and CiV (q2) are taken from Ref. [39]. The dominant form factor is related to the C3V

term.
�-MEC involve only the virtual resonance, whose propagation is described by the Rarita-Schwinger propagator

Gαβ (p) = Pαβ (p)

p2 − M2
� + iM���(p)

, (A13)

where Pαβ is the projector over the physical states6∑
spin

uα (p)uβ (p) = Pαβ (p) = −(/p + M�)

[
gαβ − 1

3
γαγβ − 2

3

pα pβ

M�

+ pαγβ − pβγα

3M�

]
. (A14)

The � propagator (A13) takes into account the vacuum width decay �� for the pion production process, following Ref. [40],
but in the computation only the real part of the propagator is included. This procedure, also adopted in Ref. [24], is an effective
way to avoid double counting with the pion production process.

The free �-decay width is

��(p) = (4 fπN�)2

12πm2
π

|k|3√
p2

(M + Ek )F
(
k2

rel

)
, (A15)

where (4 fπN�)2/(4π ) = 0.38, p2 is the �-invariant mass, k is the produced pion or nucleon three-momentum in the �-at-rest
frame, such that

k2 = 1

4p2
[p2 − (M + mπ )2][p2 − (M − mπ )2], (A16)

and Ek = √
M2 + k2 is the associated nucleon energy. In order to better reproduce experimental data, the additional factor

F
(
k2

rel

) =
(

�2
R

�2
R − k2

rel

)
(A17)

is considered, with k2
rel = (Ek − √

m2
π + k2)2 − 4k2 being the relative π − N four-momentum and �2

R = 0.95 M2 = 0.9152

GeV2.7

Isospin �-MEC operators and explicit currents are reported here.8 Note that in this case the exchange 1 ↔ 2 of Eqs. (17) and
(18) acts on I� too, changing the IV3 part in sign:

I�F = −2τ
(1)
3 − IV3 , I�B = −2τ

(1)
3 + IV3 , (A18)

Jμ
�1

= f ∗ fπNN√
6m2

π

FπN�(k1)FπNN (k1)ū(p1)γ5 /k1u(h1)�π (k1)kα
1 ū(p2)[Gαβ (t2)�βμ(h2, q) + �̃μβ (p2, q)Gβα (s2)]u(h2), (A19)

Jμ
�2

= Jμ
�1

(1 ↔ 2), (A20)

Jμ
�3

= f ∗ fπNN√
6m2

π

FπN�(k1)FπNN (k1)ū(p1)γ5 /k1u(h1)�π (k1)kα
1 ū(p2)[Gαβ (t2)�βμ(h2, q) − �̃μβ (p2, q)Gβα (s2)]u(h2) − (1 ↔ 2).

(A21)

6Note that
Pβα (p) := γ 0Pαβ

†(p)γ 0 = Pβα (p).

7In Ref. [40], in the denominator of Eq. (A5), �2 appears instead of �2
R.

8Note that in Eq. (63) of Ref. [16] the factor 3/2 in the � current should read
√

3/2.
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