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Theoretical scheme

In this work [1] we present a detailed study of charged current
quasielastic neutrino and antineutrino scattering cross sections on
a 12C target with no pions in the final state.

The initial nucleus is described by means of a realistic spectral
function S(p, E) [2]:

S(p, E) =
∑
i

2(2ji + 1)ni (p)LΓi
(E − Ei )

in which nucleon-nucleon (NN) correlations are implemented in
ni (p) by using natural orbitals [3] through the Jastrow method [4].
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Theoretical scheme
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Figure: The 12C realistic S(p, E) using natural orbitals single-particle ni (p) from the
Jastrow correlation method and Lorentzian function for the energy dependence. Two
shells 1p and 1s are clearly visible.
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Neutrino scattering

The model also includes the contribution of the weak two-body
currents in the 2p-2h sector, evaluated within a fully relativistic
Fermi gas [1]. The theoretical predictions are compared with a
large set of experimental data measured by the MiniBooNE [2],
MINERνA [3] and T2K [4] experiments.

Good agreement with the experimental data is found.
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Neutrino scattering

Figure: Flux-integrated double-differential cross section νµ+12C versus muon kinetic
energy Tµ for various bins of cos θµ; data (Aguilar-Arevalo et al., MiniBooNE, 2010).
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Neutrino scattering

Figure: Flux-integrated double-differential cross section νµ+12C versus muon
momentum pµ for various bins of cos θµ; data (T2K Collaboration, 2016).
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Abstract

A detailed study of charged current (CC) quasielasƟc

neutrino and anƟneutrino scaƩering cross secƟons on

a 12C target with no pions in the final state is presented.

The iniƟal nucleus is described by means of a realis-

Ɵc spectral funcƟon S(p, E) in which nucleon-nucleon

(NN) correlaƟons are implemented by using natural or-

bitals through the Jastrowmethod [1]. The roles played

by these correlaƟons and by final-state interacƟons

(FSI) are analyzed. The model also includes the contri-

buƟon of weak two-body currents in the 2p-2h sector,

evaluated within a fully relaƟvisƟc Fermi gas (RFG). The

theoreƟcal predicƟons are compared [2] with a large

set of experimental data measured by the MiniBooNE,

MINERνA and T2K experiments. Good agreement with

experimental data is found.

HO+FSI and NO+FSI models

(i) The spectral funcƟon (SF) is constructed in the form:

S(p, E) =
∑

i 2(2ji + 1)ni (p)LΓi (E − Ei ),

where LΓi (E − Ei ) = 1
π

Γi /2
(E−Ei )2+(Γi /2)2 . Γ1p = 6 MeV,

Γ1s =20 MeV are fixed to the experimental widths.

(ii) The single-parƟcle (s.p.) momentum distribuƟons

ni (p) correspond to harmonic-oscillator (HO) shell-model

or to natural orbitals (NO) wave funcƟons. The laƩer are

defined as the complete orthonormal set of s.p. wave

funcƟons that diagonalize the one-body density matrix

ρ(r, r′):
ρ(r, r′) =

∑
α

Nαϕ
∗
α(r)ϕα(r′),

where the eigenvalues Nα (0 ≤ Nα ≤ 1,
∑

α
Nα = A)

are the natural occupaƟon numbers [3]. We use ρ(r, r′)
obtained within the lowest-order approximaƟon of the

Jastrow correlaƟon methods [4].

(iii) FSI is accounted for by replacing the δ-funcƟon in

the PWIA expression for the inclusive e-12C cross secƟon:

dσt
dωd |q| = 2πα2 |q|

ε2

∫
dE d3p St(p, E)

EpEp′

× δ
(
ω + M − E − Ep′

)
Lem

µνHµν
em, t

by
W /π

W 2+[ω+M−E−Ep′ −V ]2 withV andW obtained from the

Dirac opƟcal potenƟal (OP).

Figure: S(p, E) of
12
C using NO s.p.

ni (p) from the Jastrow correlaƟon

method and Lorentzian funcƟon for

the energy dependence.
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Figure: f (ψ) for
12
C obtained

using HO and NO approaches

with and without FSI are com-

pared with the RFG results.

(iv) The corresponding f (ψ) is calculated by Eq. (♠).

(v) The CC (anƟ)neutrino cross secƟons are given [5]:[
d2σ

dΩdk′

]
χ

≡ σ0F2
χ,

whereχ = ± for ν(ν)-induced reacƟons. F2
χ depends on

the nuclear structure and can be wriƩen as a generalized

Rosenbluth decomposiƟon: F2
χ = [V̂CCRCC + 2V̂CLRCL +

V̂LLRLL + V̂TRT] + χ[2V̂T′ RT′ ], having charge-charge

(CC), charge-longitudinal (CL), longitudinal-longitudinal

(LL) and two types of transverse (T,T′) responses (R ’s) with

the corresponding leptonic kinemaƟcal factors (V ’s). The

nuclear response funcƟons in QE-region are expressed in

terms of the nuclear tensorW µν Ɵmes the single-nucleon

response using its relaƟonship with the RFGmodel scaling

funcƟon.

SuSA & SuSAv2

The SuperScaling ApproximaƟon (SuSA) method [5] re-

lies on the superscaling properƟes of the electron scat-

tering data: at sufficiently highmomentum transfer the

inclusive differenƟal (e, e′) cross secƟons, divided by a
suitable funcƟon which takes into account the single

nucleon content of the problem:

f = d2σ/dΩdk ′

S(q,ω) , (♠)

depend only upon one kinemaƟcal variable: ψ =

±
√

1
2TF

(
q
√

1 + 1
τ

− ω − 1
)
, the scaling variable

(this behavior is called scaling of first kind) and the re-

sulƟng funcƟon is roughly the same for all nuclei (scal-

ing of second kind). When both kinds of scaling are ful-

filled the cross secƟon is said to superscale. Recently,

an improved version of the superscaling prescripƟon,

called SuSAv2 [6], has been developed by incorporat-

ing relaƟvisƟc mean field (RMF) effects in the longitu-

dinal and transverse nuclear responses, aswell as in the

isovector and isoscalar channels.

MiniBooNE (νµ−12C)

Figure: MiniBooNE flux-folded double differenƟal cross secƟon per tar-

get neutron for the νµ CCQE process on
12
C.

MiniBooNE (νµ−12C)

Figure: MiniBooNE flux-folded double differenƟal cross secƟon per tar-

get proton for the νµ CCQE process on
12
C.

More Results

Figure: νµ (νµ) fluxes at the T2K,

MiniBooNE, and MINERνA.

Figure: Flux-folded CCQE νµ–CH

cross secƟon per target proton.

Figure: CCQE νµ–
12
C (νµ–

12
C) total cross secƟon per neutron (pro-

ton) as a funcƟon of the neutrino energy.

T2K

Figure: T2K flux-folded double differenƟal cross secƟon per target nu-

cleon for the νµ CCQE process on
12
C.

Conclusions

� The model is applied to three different experiments, Mini-

BooNE, MINERνA and T2K, spanning a wide range of neutrino

energies and all scaƩering angle values.

� The spectral funcƟon based models lead to results that are

very close to the SuSAv2-MEC predicƟons.

� The contribuƟon ascribed to the 2p-2h MEC effects can be

even larger than ∼ 30% − 35% compared with the pure QE

responses. This proves the essenƟal role played by 2p-2hMEC

in order to provide a successful descripƟon of (anƟ)neutrino-

nucleus scaƩering data.

� The results obtained with the NO spectral funcƟon, which

accounts for NN short-range Jastrow correlaƟons, are almost

idenƟcal to those obtained with the uncorrelated HO spectral

funcƟon, thus indicaƟng that the role played by this type of

correlaƟons is very minor for the observables analyzed in this

work.

� The results in this work can be seen as a test of the reliability

of the present spectral funcƟon based models. They compare

extremely well with the SuSAv2 approach, based on the phe-

nomenology of electron scaƩering data.
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