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Challenges and open questions for neutrino interaction models

1 Are current theoretical models (CRPA, Valencia LFG+2p2h,
Benhar’s SF, SuSAv2-MEC, RGF, etc.) good enough to
analyze 1p1h and 2p2h channels in CC inclusive neutrino
interactions?

2 Can we extend these models to semi-inclusive ν reactions?

3 What is the physics behind these models?

4 Can these models also reproduce inclusive (e, e′) data
and semi-inclusive (e, e′p) processes?

5 Is it possible to introduce sophisticated microscopic models in
generators in a fully consistent way?
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Connection between ν-A and e-A reactions

l = e, µ, τ

Experimental conditions are different:
➠ (e, e′): Ee is well determined and different channels can be clearly identified by knowing
the energy and momentum transfer
➠ CC(νl , l): Eν is broadly distributed in the neutrino beam and different channels and
nuclear effects can contribute to the same kinematics of the outgoing lepton

From a theoretical framework, neutrino- and electron-nucleus scattering are obviously con-
nected (CVC) to each other and a reliable model must be able to describe both processes.

Neutrinos can probe both the vector and axial nuclear responses, unlike electrons which
are only sensitive to the vector response.

=⇒ Although not sufficient to fully constrain neutrino cross sections, electron scattering consti-
tutes a necessary test and a solid benchmark for nuclear models.
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Theoretical description: ν-nucleus cross section

Double differential cross section χ = +(−) ≡ νµ(ν̄µ)

[
dσ

dkµdΩµ

]

χ

=
|~kl |

|~kνl |

G2
F

4π2
η̃µνW̃ µν = σ0F2

χ ; σ0 =

(
G2

F
cos θc

)2

2π2

(
kµ cos

θ̃

2

)2

Nuclear structure information

F2
χ = VLRL + VT RT + χ [2VT ′ RT ′ ]

VLRL = VCC RCC + 2VCLRCL + VLLRLL

RL = RVV
L + RAA

L ; RT = RVV
T + RAA

T ; RT ′ = RVA
T ′

Nuclear responses RK can be calculated in terms of
the single nucleon ones GK and the nuclear

dependence of the model ⇒ RK ≈ F (nuclear) · GK

Comparison with (e, e′) reactions[
dσ

dkµdΩ

]
= σMott

(
vLRVV

L + vT RVV
T

)
; σMott =

α2 cos2 θ/2

4Ei sin4 θ/2
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Double differential cross section χ = +(−) ≡ νµ(ν̄µ)

[
dσ

dkµdΩµ

]

χ

=
|~kl |

|~kνl |

G2
F

4π2
η̃µνW̃ µν =

σ0

[
VCC (RVV

CC + RAA
CC ) + 2VCL(RVV

CL + RAA
CL ) + VLL(RVV

LL + RAA
LL ) + vT

(
RVV

T + RAA
T

)
+ vT ′ RVA

T ′

]

= σ0

[
vLRVV

L + VCC RAA
CC + 2VCLRAA

CL + VLLRAA
LL + vT

(
RVV

T + RAA
T

)
+ vT ′ RVA

T ′

]

Comparison with (e, e′) reactions[
dσ

dkµdΩ

]
= σMott

(
vLRVV

L + vT RVV
T

)
; σMott =

α2 cos2 θ/2

4Ei sin4 θ/2

✰ Going from the Hadron Tensors for ν to the (e, e′) case is possible if the VV and AA nuclear
responses are implemented separately.

✰ Reweighting parameters in the SuSAv2-MEC implementation such as Fermi momentum,
binding energy (Eshift ), MA, axial and vector form factors, etc, is possible if the full SuSAv2
code is implemented in generators instead of just tables of precomputed hadron tensor elements.
This is feasible, the SuSAv2 code is very straightforward and easy to manage. This full
implementation will allows also to scale from one nuclei of reference to several nuclear targets.
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SuperScaling Approach (SuSA) (see G.D. Megias’ Thesis for details)

➠ The analysis of the large amount of existing (e, e′) data at different kinematics is a solid
benchmark to test the validity of theoretical models for neutrino reactions as well as to study
the nuclear dynamics. The SuperScaling Approach exploits universal features of lepton-nucleus
scattering to connect the two processes.

In inclusive QE scattering we can observe:

✰ Scaling of 1st kind (independence on q)

✰ Scaling of 2nd kind (independence on Z)
=⇒ SuperScaling

f (ψ) ≡ f (q, ω) ∼
σQE (nuclear

effects
)

σsingle nucleon(no nuclear
effects

)

f (ψ′) = kF

(
d2σ

dΩe dω

)
exp

σMott (vLGee′

L
+ vT Gee′

T
)

Good superscaling behavior at ψ′ < 0 (below QE peak). At

higher kinematics (ψ′), other contributions beyond QE and

IA (2p2h, ∆, etc.) can play an important role and scaling is

broken.
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Separate L/T scaling functions

fL = kF RL/GL

fT = kF RT /GT

Scaling violations in
the T channel ⇒
2p-2h MEC, corre-
lations, ∆-resonance
⇒ Mainly transverse

SuSA model: a semiphenomenological approach

✪ Extracted from the (e, e′) longitudinal scaling data
✪ Assumption fL(ψ) = fT (ψ) (as in most IA models)

✪ It is experimentally observed f ee′

T ,exp > f ee′

L,exp (15-20%)
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Testing SuperScaling for 12C(e, e′) in different nuclear models

The SuSAv2 model PRC90, 035501 (2014) PRD94, 013012 (2016)

✪ SuSAv2 model: lepton-nucleus reactions adressed in the SuperScaling Approach and based on
Relativistic Mean Field (RMF) theoretical scaling functions (FSI) to reproduce nuclear dynamics.

✪ RMF: Good description of the QE (e, e′) data and superscaling properties (f ee′

L,exp
).

RMF predicts fT > fL (∼ 20%) as a pure relativistic effect (FSI with the residual nucleus).
Strong RMF potentials at high q3 are corrected by RPWIA and q-dependent blending function.
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➠ RFG as a natural starting point to examinate the scaling concept

d2σ

dΩl dω
= σ0F2

χ = σ0

(
VLRVV

L + VCC RAA
CC + 2VCLRAA

CL + VLLRAA
LL + VT RT + χVT ′ RT ′

)

d2σ

dΩedω
= σMott (vLRee′

L + vT Ree′

T )

R
QE
K ⇒ W

µν =
3N M2

N

4πk3
F

∫
d3p

E(p)E(p + q)
× θ(kF − |p|)θ(|p + q| − kF )

×δ(ω − [E(p + q) − E(p)]) × W̃
µν
s.n.(Pi + Q,Pi)

R
QE
K =

1

kF
fRFG(ψ′)

N

2κD
R

s.n.
K ≡

1

kF
fRFG(ψ′)GK , K = CC ,CL, LL,T ,T

′

fRFG(ψ′) =
3

4
(1 − ψ

′2)θ(1 − ψ
′2)

ψ
′

≡

1√
ξF

λ′
− τ ′

√
(1 + λ′)τ ′ + κ

√
τ ′(τ ′ + 1)

λ
′

= ω
′
/(2MN ) , κ = q/(2MN )

ω
′

= ω − Eshift , τ
′

= κ
2

− λ
′2
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Scaling functions can be extracted from experimental data or different nuclear models.

RQE
K

=
1

kF
fmodel (ψ

′)
N

2κD
Rs.n.

K ≡
1

kF
fmodel (ψ

′)GK , K = CC ,CL, LL,T ,T ′

Scaling functions obtained from the cross section:

f QE (e,e′) = kF

d2σ
dΩe dω

σMott (vLGee′

L
+ vT Gee′

T
)

f QE (ν) = kF

d2σ
dΩl dω

σ0(VLGVV
L

+ VCC GAA
CC

+ 2VCLGAA
CL

+ VLLGAA
LL

+ vT G
T

+ χvT ′ G
T ′

)

Specific scaling functions for the individual channels:

fK = kF
RK

GK
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Testing SuperScaling for 12C(e, e′) in different nuclear models

The SuSAv2 model PRC90, 035501 (2014) PRD94, 013012 (2016)

✪ SuSAv2 model: lepton-nucleus reactions adressed in the SuperScaling Approach and based on
Relativistic Mean Field (RMF) theoretical scaling functions (FSI) to reproduce nuclear dynamics.

✪ RMF: Good description of the QE (e, e′) data and superscaling properties (f ee′

L,exp
).

RMF predicts fT > fL (∼ 20%) as a pure relativistic effect (FSI with the residual nucleus).
Strong RMF potentials at high q3 are corrected by RPWIA and q-dependent blending function.
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Extension of the SuSAv2-MEC model to other nuclei

SuSAv2 scaling functions for different nuclei

➥ 2-nd kind scaling within the RMF and RPWIA models.
➥ kF and Eshift are the only different parameters.
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Fermi momentum and binding energy parameters in RFG

(’and SuSAv2-MEC’ but Eshift(q), see PRC90, 035501 (2014))

Phys. Rev. C 65, 025502 (2002)
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Density dependence of the 2p-2h MEC responses

✰ Extension of the 2p-2h MEC analysis to other nuclei.
✰ A-scaling: independence on the nuclear species ⇒ Scaling of 2nd kind
✰ ηF = kF /mN ; kF (Li)= 165 MeV/c; kF (C)= 228 MeV/c; kF (Ca)= 241 MeV/c;
kF (Pb)= 248 MeV/c
✰ A parametrization of this behavior in terms of kF would imply to extend our calcu-
lation to other nuclei without further theoretical calculations, reducing significantly the
computational time.

F̃ MEC
T (q, ω) ≡

1

η2
F

RMEC
T (q, ω)

Gee′

T
(τ)

(per nucleon) ⇒ scales as A · k2
F
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Density dependence of the 2p-2h MEC responses
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Inclusive 12C(e, e
′) cross sections PRD 94, 013012 (2016)
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SuSAv2-MEC implementation in GENIE (2p2h for electrons)

d2σ/dΩ/dω vs. ω for (e, e′)12C
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Sensitivity of the SuSAv2-MEC model on (e, e
′)12C
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SuSAv2 parameters (pF ,Eshift ), scaling
functions, form factors (vector and axial),

MQE
A

, etc. can be reweighted in the gen-
erators once the full SuSAv2 code is imple-
mented rather than hadron tensor tables.
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Inclusive 16O(e, e
′) and 40Ca(e, e

′) cross sections
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(e, e
′) JLab data vs. SuSAv2-MEC PRC99, 042501(R), 2019
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(e, e
′) JLab data vs. SuSAv2-MEC PRC99, 042501(R), 2019
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(e, e
′) JLab data vs. SuSAv2-MEC PRC99, 042501(R), 2019
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Semi-inclusive RMF predictions for 16O(e, e′p)15N data at |Q2| ≤ 0.4 (GeV/c)2

[Phys. Rev. C 64, 024614 (2001)]
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Inelastic Nuclear Responses within the SuSAv2 Approach

➲ Extension of the SuSAv2 formalism to the complete inelastic spectrum ⇒ resonant
(∆), nonresonant and deep inelastic scattering (DIS).

RL,T
QE

=
N ξF

η3
F
κmN

RL,T
s.n. f

L,T
SuSAv2

(qQE
0 , ψ′)

RL,T
inel

=
N ξF

η3
F
κ

∫
dµXµX RL,T

inel(s.n.)
f L,T
SuSAv2

(qinel
0 , ψ′

X )

where µX =
WX
mN

is the dimensionless invariant mass, ψ′

X is the inelastic scaling vari-

able and UL,T
inel

depends on the single-nucleon inelastic structure functions W1,W2,W3,
obtained by using:

- Fits of the inelastic structure functions (Bodek-Ritchie, Bosted-Christy, ...)

- PDFs (GRV98 model, ...)

28 G. D. Megias: megias@us.es SuSAv2-MEC model for electrons



General Introduction SuperScaling Approach: SuSAv2-MEC for electrons

Inelastic Nuclear Responses & SuSAv2-inelastic model

Inelastic structure functions
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Inclusive 12C(e, e′) double
differential cross section
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Bodek-Ritchie: poor description of
the resonance region.

Bosted-Christy: Good description

of the resonant structures observed

in (e,e’) reactions.

GRV98: No resonant structures

(average) and poor description at

Q2 . 1 GeV2.
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