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Abstract. Meson-exchange currents (MEC) play a crucial role in the nuclear
response to a leptonic probe, inducing the emission of two nucleons, the so-
called 2p2h excitations. Here we report the results of our recent work [1], in
which we evaluated the 2p2h contribution to the (νµ, µ

−p) neutrino cross sec-
tion off a carbon target, which involves the simultaneous detection the outgoing
muon and a proton in the final state. This process has recently been measured
in long-baseline neutrino experiments, but no truly microscopic calculation for
the 2p2h channel existed to be compared with these data until now.

The calculation employs fully relativistic two-body currents and is carried out
within the Relativistic Fermi Gas framework. It provides a generalization to the
weak sector of the electromagnetic inclusive model developed in Ref. [2] and
an extension of the calculation to enable semi-inclusive predictions. A selec-
tion of our results for the semi-inclusive cross section versus the emitted proton
variables is presented, both at fixed neutrino energy and folded with the T2K
muon-neutrino flux.

1 Introduction

Understanding neutrino properties especially the PMNS parameters and CP-
violating phase is a key goal of long-baseline experiments like T2K, NOvA,
DUNE and Hyper-Kamiokande. Precise modeling of neutrino-nucleus interac-
tions is essential for these experiments, as nuclear targets are required due to
neutrinos’ weak interaction with matter [3].

A major challenge in long-baseline experiments is reconstructing the incom-
ing neutrino energy Eν , which must be inferred from the final state due to the
wide energy distribution of the flux. This requires consistent modeling of all in-
teraction channels in particular the complex two-particletwo-hole (2p2h) mech-
anism, involving two-nucleon emission via two-body currents.
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The importance of 2p2h was first recognized when the first MiniBooNE
data of neutrino-carbon cross sections without pions in the final state were pub-
lished [4], showing discrepancies with Fermi gas model predictions. Theoretical
work incorporating 2p2h [5–7] helped explain this discrepancy and this channel
is now widely accepted as a crucial contribution to the inclusive νl, l) cross sec-
tion. Multiple models exist for this process, but theoretical uncertainties remain
significant.

Semi-inclusive measurements where hadrons are detected in coincidence
with the lepton offer tighter constraints on nuclear models. These observ-
ables are more sensitive to nuclear dynamics and have driven interest in models
that go beyond inclusive-only approaches. While the quasi-elastic (QE) semi-
inclusive channel has seen some recent progress see for example the calculation
of Ref. [8] a fully microscopic treatment of semi-inclusive 2p2h process is still
missing. Despite this, 2p2h effects significantly influence semi-inclusive cross
sections, and their improper treatment affects conclusions about nuclear models
and neutrino data interpretation.

While several semi-inclusive data have now become available, current event
generators used in experimental analyses simulate 2p2h contributions using in-
clusive inputs, which are inadequate for predicting semi-inclusive or exclusive
observables. To address this gap, we have developed a fully microscopic model
for semi-inclusive 2p2h neutrino-nucleus interactions, extending the electromag-
netic (e, e′p) framework of Ref. [9] to the weak sector, and so enabling realistic
implementation in event generators.

2 Formalism and Model

Let us briefly outline the basic formalism required to describe the charged-
current (CC) semi-inclusive neutrino-nucleus interactions. Further details can
be found in Refs. [1, 10]. We focus on the process in which a muon neutrino of
energy Ek scatters off a nucleusA at rest in the laboratory frame via the charged
current process:

νµ +A→ µ− +N +X . (1)

The final state consists of a muon µ−, with momentum k′ and solid angle Ωk′ ,
a knocked-out nucleon, with momentum pN , energy EN and solid angle ΩN ,
and the residual system X . The six-fold differential semi-inclusive cross section
with respect to the muon and nucleon variables is given by

d6σ

dEk′dΩk′dENdΩN
=
G2
F

8π2
cos2 θC

k′

Ek
pNEN L̃µνW

µν
A(N) , (2)

which involves a contraction of the weak lepton tensor L̃µν with the semi-
inclusive weak nuclear tensor [9]

Wµν
A(N) =

∑
X

〈A|Ĵµ†|N,X〉〈N,X|Ĵν |A〉 δ (EN + EX − E0 − ω) . (3)
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This tensor encapsulates all nuclear effects, including initial- and final-state in-
teractions, nuclear recoil, and the energy absorbed by the residual system, thus
reflecting all the features of the adopted nuclear model.

In Eq. (3), |A〉 denotes the nuclear ground state of energy E0, the ket |N,X〉
is the hadronic final state of energy EN + EX , and a sum over the unobserved
states X is performed. The weak nuclear current is given by

Ĵµ = Ĵµ1b + Ĵµ2b + ...+ ĴµAb , (4)

where Ĵµnb denotes the n-body current, with n = 1, · · ·A. Consequently, the
hadronic tensor can be expressed as the sum of various contributions correspond-
ing to the excitation of different final states. Here we retain only the one- and
two-body currents, which can excite one-particle-one-hole (X = 1p1h) and
two-particle-two-hole (X = 2p2h) states:

Wµν
A(N) 'W

µν
A(N),1p1h +Wµν

A(N),2p2h , (5)

and we focus in particular on Wµν
A(N),2p2h. Note, however, that the two-body

current contributes also to the 1p1h tensor through interference with the one-
body current [11].

Compared to the electromagnetic case studied in Ref. [9], the weak axial
current introduces additional contributions. The non-conservation of the axial
current, as well as vectoraxial interference, significantly complicates neutrino
CC semi-inclusive scattering relative to electron scattering case. Furthermore,
the lack of azimuthal symmetry in the semi-inclusive case gives rise to ten non-
vanishing response functions, as opposed to five in the inclusive case (see Ref.
[9]).

To compute the 2p2h hadronic tensor, we adopt as wave-function basis the
Relativistic Fermi Gas (RFG) model, which treats the nucleus as a system of
non-interacting nucleons described by Dirac spinors, correlated only by the Pauli
exclusion principle. The RFG model may seem inadequate to provide semi-
inclusive predictions. This is certainly true in the quasi-elastic channel, where
the RFG predicts that for a given nucleon observed in the final state, only one
initial nucleon configuration is allowed, which is far from being realistic. How-
ever, this limitation is mitigated in the 2p2h sector. In this case, the interaction
involves two-body currents acting on distinct nucleons in the Fermi sea, intro-
ducing dynamical correlations that go beyond the simple Fermi gas picture.

The RFG-based 2p2h nuclear tensor takes the form

Wµν
A(N) 2p2h =

m2
N

(2π)3Ep1
θ(|p1| − pF |)

[
2∏
i=1

∫
|hi|≤pF

mN dhi

(2π)3Ehi

]

×
∫
|p2|≥pF

dp2

Ep2
wµν2p2h(h1, h2, p1, p2) δ4(q + h1 + h2 − p1 − p2) , (6)
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where the nucleon detected has been arbitrarily chosen to be the one with mo-
mentum p1, without loss of generality. Pauli blocking is encoded in the two step
functions acting on the final-particle momenta p1 and p2.

The elementary tensor appearing in Eq. (6) is defined as follows:

wµν2p2h(h1, h2, p1, p2) =
1

4

∑
spin

isospin∗

〈h1h2|Ĵµ†2b |p1p2〉〈p1p2|Ĵν2b|h1h2〉, (7)

where Ĵµ2b is the two-body current operator, while the kets |h1h2〉 and |p1p2〉
indicate the initial and final two nucleon states, respectively, characterized by
their momenta. The sum runs over all isospin configurations that include at least
one nucleon of the detected type (proton or neutron), but excludes the final-state
isospin of the detected particle.

The two-body current operator we adopt to evaluate the tensor (7) is a Meson
Exchange Current (MEC), obtained from a chiral Lagrangian which describes
the interaction between nucleons, pions and the ∆ resonance [12]. It consists of
five components:

ĴµMEC ≡ Ĵ
µ
pif + Ĵµsea + Ĵµpp + Ĵµ∆F

+ Ĵµ∆B
, (8)

denoted as pion-in-flight (pif), seagull (sea), pion-pole (pp) and the ∆-resonance
- forward (F) and bacward (B) - and represented by the Feynman diagrams
shown in Figure 1. Explicit expressions of these currents are given in [1].

To make the RFG model more realistic, an energy shift is introduced, which
phenomenologically accounts for the nucleon binding energy and for final-state
interaction effects. This energy shift, denoted Eshift, is treated as a constant pa-
rameter and extracted phenomenologically from electronnucleus scattering data
by matching the position of the quasi-elastic peak. In practice, this means that
part of the transferred energy ω is used to overcome nuclear binding. The el-
ementary tensor is thus evaluated using an effective energy transfer ω̃ = ω −
Eshift. Following the de Forest prescription [13], we use the true ω for evalu-
ating the form factors appearing in the current operators, while the rest of the
hadronic tensor is modified by the energy shift. For the carbon nucleus consid-
ered in this work, on the basis of the study [14] of (e, e′) data and of our previous
analysis of 12C(e, e′p) reactions [9], we adopt the vale E2p2h

shift = 2Eshift = 40
MeV. For the other parameter of the RFG, the Fermi momentum, fitted to the
width of the QE peak, we use pF = 225 MeV.

The evaluation of the 2p2h semi-inclusive hadronic tensor (6) involves a
nine-dimensional integral. Through appropriate manipulations and by analyti-
cally exploiting the Dirac δ4, this integral can be reduced to a five-dimensional
form, which is then computed numerically.
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3 Results

Before evaluating the semi-inclusive 2p2h cross sections, in Ref. [1] we have
validated our calculation by comparing our results for the inclusive (νµ, µ) re-
sponses with the ones published in Ref. [15], which employs the same model.
The comparison, not shown here due to space limitations, reveals perfect agree-
ment.

When considering a semi-inclusive process such as (νµ, µN), the cross sec-
tion is evaluated as a function of the three-momentum carried by one of the
nucleons in the final state. Usually, this is chosen to be a proton, because it is
the one that is easier to detect experimentally. Note that, unlike in the electro-
magnetic case, in CC neutrino-nucleus scattering a proton is always emitted in
the 2p2h channel.

To explore how the cross section depends on the final proton kinematics, we
evaluated Eq. (2) by fixing the incident neutrino energy Ek ≡ Eνµ , the muon
scattering angle θk′ ≡ θµ and the transferred energy ω. The reference frame
considered is the q-system, so that each angle is relative to the q direction.

In the three-dimensional plot of Figure 2 the cross section is displayed for
Eνµ = 750 MeV, ω = 200 MeV and θµ = 15◦ as a function of the proton
polar angle and kinetic energy. This kinematics is such that the 2p2h chan-
nel gives an important contribution to the cross section: indeed in these con-
ditions the cross section is dominated by 2p2h, the QE peak being ceneterd at

Figure 2. CC semi-inclusive νµ-12C sixth differential cross section for the 2p2h channel,
computed at incident muonic neutrino energy Eνµ = 750 MeV and transferred energy
ω = 200 MeV and displayed as a function of the polar angle θp and kinetic energy Tp of
the final proton. The scattering angle θµ =15 is fixed, as well the azimuthal final proton
angle φp = 0.
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ωQE = Q2/2mN ' 37 MeV including Eshift while the pion production, start-
ing when the energy transfer is higher than the pion mass, is still small. Under
these conditions the 2p2h contribution exhibits a well-defined peak at θp = 0◦,
corresponding to the so-called “parallel kinematics”.

A detailed decomposition of the 2p2h contribution into meson-exchange cur-
rent components is illustrated in Figure 3, where the separate ∆, purely pionic
and interference π–∆ cross sections are displayed for θµ = 60◦. It clearly
appears that the ∆ current dominates, accounting for more than half the total

Figure 3. Same as Figure 2, but for θµ = 60 and with the ∆, pionic and π−∆ interference
displayed separately. Note the minus sign in the label definition for the last contribution.
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strength. This component exhibits a distinct peak around Tp ' 150 MeV in
parallel kinematics, rapidly decreasing with increasing proton angle and kinetic
energy. In contrast, the purely pionic current peaks at the same location but is
more sharply localized, with a steeper drop-off away from the peak. The π–∆
interference is the smallest component, but still non-negligible and negative in
this particular configuration. Both its sign and magnitude are highly sensitive to
the specific kinematics. In this case, it displays a broad structure in proton ki-
netic energy, peaking under parallel kinematics and diminishing at larger angles,
with a smoother tail around θp ' 30.

We next consider the single-differential cross section dσ/dpN, obtained by
integrating Eq. (2) over the muon momentum and angle, and over the final proton
angles. This quantity can also be expressed in terms of the momentum of the
leading proton, defined as the most energetic proton in a multi-nucleon knockout
event. In the 2p2h context, the leading proton corresponds to the more energetic
nucleon in a pp final-state pair, or the only proton present in a pn final state.

The effect of the leading proton definition is examined in Figure 4 by com-
paring the differential cross section dσ

dpN
, separated into its isospin channels, as

a function of the proton momentum (left panels) and of the leading proton mo-
mentum (right panels), for two fixed values of the neutrino energy. As shown,

Figure 4. CC semi-inclusive νµ-12C cross section evaluated at incident neutrino energy
550 (top) and 1000 (bottom) MeV. In the left panels the cross section is computed varying
the final proton momentum, while in the right ones the leading proton momentum is used.
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the contribution from the pn final state is identical in both approaches, while
the pp final-state channel is significantly affected. This difference is expected:
using the leading proton variable, when two protons are present in the final state,
the computed cross section is determined by the most energetic proton. Conse-
quently, the cross section associated with small final-proton momenta in the pp
channel is significantly suppressed. This phenomenon is more pronounced at
low incident neutrino energy, caused by the peak shape and position: it is broad
and centered at lower final-proton momentum. In this region, the leading pro-
ton definition has a more significant impact, enhancing the peak, which shifts to
higher proton momentum values, while reducing the tails. At higher neutrino en-
ergies, both representations yield similar distributions, though the leading proton
variable still produces a modest shift of the peak to higher momenta.

Finally, to make contact with experimental data, we have calculated flux-
folded semi-inclusive cross sections, using the kinematics of the T2K 1µCC0πNp
measurement [16], which corresponds to events with no pions and at least one
proton in the final state. In the calculation we have applied the experimental
kinematic cuts, which impose significant constraints on the final-state phase
space, including restrictions on the muon scattering angle and on both the polar
angle and momentum of the outgoing proton in the laboratory frame. The re-
sulting flux-averaged 2p2h cross section is displayed in Figure 5 as a function
of the leading proton momentum pN . The contributions of proton-proton and
proton-neutron pairs in the final state are shown separately, with the pp channel
clearly dominating across the relevant kinematic range.

To our knowledge the results of Figure 5 represents the first fully micro-
scopic, relativistic, semi-inclusive computation of the 2p2h contribution to this
class of processes. In the literature, the only available theoretical prediction for
these data is the GENIE implementation [17] of the SuSAv2-MEC model [7,18].
Our results display systematic differences with respect to GENIE, shown for

Figure 5. Differential 2p2h contribution to the 1µCC0πNp cross section averaged over
the incident T2K ND280 muon neutrino flux with T2K [16] kinematical cuts compared
to “GENIE” [17] theoretical predictions. The results are normalized for single active
nucleon of the mineral oil target CH.
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comparison in Figure 5 (hystogram): we consistently obtain higher strength,
with the peak located at larger leading proton momenta.

To understand the origin of these discrepancies, it should be kept in mind
that the GENIE simulation relies on the inclusive 2p2h calculation of Ref. [18]
based on the same theoretical framework as the present work, but limited to
inclusive scattering and it requires certain assumptions in order to “extract”
semi-inclusive predictions from the inclusive results. Such an extrapolation is,
in principle, not justified, as semi-inclusive quantities depend on kinematic vari-
ables which are integrated out in the inclusive calculations. In contrast, our
calculation deals correctly with all the kinematic variables, providing a more ro-
bust description. Therefore, differences between our model and the Monte Carlo
outcomes are expected. On the other hand, GENIE also includes additional nu-
clear effects absent from our calculation, such as final-state interactions (FSI),
modeled via a semi-classical cascade. These interactions typically redistribute
the strength of the cross section, shifting and broadening it toward lower final-
proton energy and momentum. In particular, when considering only protons with
momentum pN > 500 MeV, FSI tend to reduce the cross section. The cascade
model accounts for multiple re-scattering processes of the ejected nucleon with
other nucleons in the nucleus, which also influences the angular distribution of
the final proton. In this context, kinematical angular cuts may further alter both
the shape and strength of the cross section.

A meaningful comparison could only be performed if the present semi-
inclusive calculation, which assumes that the two outgoing nucleons are de-
scribed by plane waves, were implemented in Monte Carlo generators and propa-
gated by consistent modeling of FSI. This would constitute a major step forward
in accurately describing neutrino-nucleus interactions in the 2p2h sector.

4 Conclusion

We have performed the extension of a microscopic calculation of the 2p2h con-
tribution from the electromagnetic (e, e′p) process [9] to the weak sector, provid-
ing predictions for the semi-inclusive (νµ, µp) cross section on carbon. Unlike
most of past literature, the model is able to provide observables as functions of
both the leptonic and hadronic variables.

After validating the model against inclusive results from the literature, we
have presented semi-inclusive differential cross sections under realistic T2K-
like kinematics. Our results show that proton-proton emission dominates over
proton-neutron, with distinct energy dependencies. We have also analyzed in
detail the roles of pion exchange, ∆ excitation, and their interference, finding
that the ∆ resonance always dominates, while the interference is small but non-
negligible and kinematics-dependent.

To connect with experimental observables, we have expressed results in
terms of both detected and leading proton momentum, highlighting their impact
on the cross section. Comparisons with GENIE simulations, based on inclusive
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inputs, revealed significant differences, emphasizing the need for more exclusive
modeling in event generators.

While further developments are needed, for instance the inclusion of correla-
tions and final state interactions, this work offers a practical and accurate tool to
improve 2p2h modeling in support of ongoing and future neutrino experiments.
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