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● A lot of efforts in the last decades to model high-energy cross sections:

- Consistent picture for free nucleon predictions -> pQCD


- Secondary processes also accounted for.
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Neutrino cross sections
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● Two pieces are missing:

- Transition to pQCD at E<100GeV.

- Implementation of nuclear effects.


● Multiple studies point to shadowing for heavier targets (large errors).

- At 1TeV (1PeV) maximal differences are 10% (20%) wrt CSMS.

- Target dependent.

Missing pieces
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● Q<1GeV contribution 10-20% in the 10-100 GeV region.

- Non-perturbative QCD required.

Low-Q2
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● Develop a new method to account for non-pQCD terms.

- Machine learning parametrisation of low Q using neutrino scattering data.

- High Q region comes from pQCD.

- Account for nuclear effects.

NNSFnu
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Figure 3.1. Schematic representation of the NNSF⌫ strategy to parametrise neutrino structure functions. In the
region with Q  Qdat (Region I), we adopt a data-driven approach where a ML parametrisation is fitted to the
available neutrino inelastic structure function data. In the intermediate region with Qdat  Q  Qthr (Region II),
the same ML model is fitted instead to the NLO QCD calculations provided by YADISM with nNNPDF3.0 as input.
In the high-Q region, Q > Qthr (Region III), the NN predictions are replaced by the direct outcome of the same
YADISM calculation. In the small-x region relevant for high-energy neutrino scattering (with x  10�5), Region III
is extended to cover also the Qmin  Q  Qthr values, with Qmin = 1.65 GeV.

3.1 General strategy

An schematic representation of the NNSF⌫ strategy to determine neutrino structure functions is displayed
in Fig. 3.1 with the Bodek-Yang predictions at x = 0.013 for illustration. The (x, Q) plane is divided into
three disjoint regions, with complementary methods to evaluate the structure functions in each of them:

• Region I. At low momentum transfers Q
⇠
< Qdat, with Qdat ' 5 GeV, the perturbative calculation of

neutrino structure functions in Eq. (2.9) is either invalid or a↵ected by significant theory uncertainties
related to higher twists, missing higher perturbative orders, and large-x resummation e↵ects.

In this region we parametrise the structure functions in terms of the information provided by the
available experimental data on neutrino-nucleus inelastic scattering summarised in Sect. 3.2. Following
the NNPDF fitting methodology, this parametrisation combines neural networks as universal unbiased
interpolants with the Monte Carlo replica method for the uncertainty estimate.

• Region II. The region of intermediate momentum transfers, Qdat ⇠
< Q

⇠
< Qthr with Qthr ' 25 GeV, is

well described by the perturbative QCD formalism. DIS structure functions are computed at NLO by
YADISM with nNNPDF3.0 as input for all targets. In this region the neural network parametrisation
is fitted to these QCD predictions rather than to the data as in Region I. The figure of merit is given
in terms of the theory covariance matrix with PDF and the MHO uncertainties, see Sect. 3.4.

The nNNPDF3.0 determination already includes information from neutrino measurements, in partic-
ular from CHORUS (inclusive) and NuTeV (charm) structure functions, and therefore in Region II no
neutrino data needs to be explicitely used to further constrain the structure function parametrisation.

• Region III. In the region of high momentum transfers, Q
⇠
> Qthr, the neural network predictions

are replaced by the direct outcome of the same YADISM NLO calculation used to constrain the fit in
Region II. Hence, in Region III the central prediction and uncertainties of NNSF⌫ coincide with the
YADISM ones, which extend up to Q = 10 TeV and down to x = 10�9 to cover the entire kinematic
region relevant for neutrino phenomenology including the UHE scattering.

Furthermore, Region III is extended in the small-x region with x  10�5 to cover also momentum
transfers of Qmin  Q  Qthr, with Qmin = 1.65 GeV. The reason for this choice is that for x  10�5

the neural network extrapolation trained in Regions I and II exhibits large uncertainties and using the
QCD calculation is preferred on theoretical grounds [70].

We have verified that the NNSF⌫ determination is stable with respect to moderate variations of the
values of the Qdat and Qthr hyperparameters. App. A provides additional details on the implementation of
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● Data from different targets

- Differential cross sections when available.

Data-driven
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● Smooth transition from low to high Q!!!

NNSFnu
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● Main points:

- Differences with respect to BY for antineutrinos (already observed with CSMS).

- Nuclear effects are relatively small for Oxygen.

Neutrino-Oxygen

8Alfonso Garcia     |    NuFact, 25/08/2023



● Good agreement with NuTeV data:

Neutrino-Iron
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No cut in W
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● Critical effect in the GeV regime for antineutrinos. 

Other targets
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● Good agreement for average inelasticity.

● Nuclear uncertainties remain small.

Inelasticity
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● New method to extract inclusive structure functions.

- Propagated uncertainties.


● Next steps:

- Implementation in GENIE underway.

- Look at Minerva data!


● More details can be found:

Conclusion
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