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✓ CP-violation measurement 
✓ Determining  mass orderingν

Next generation experiments
Long-baseline oscillation experiments

✓ Proton decay searches 
✓ Cosmic neutrino observation

2✓ BSM searches



Motivation:  
long-baseline oscillation experiment
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Energies have to be known within 100 MeV (DUNE) or 50 MeV (T2K)
Ratios of event rates to about 10%
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✓ One of the dominant systematic 
uncertainty at LBL programs 

✓ Mismodeling nuclear effects can bias 
oscillation analysis 

✓ Understand Standard Model effects 
(nuclear effects) to assess sensitivity to 
BSM signals 

✓ Unique probe to learn about nuclear 
structure 

Why theory neutrino-nucleus scattering?
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New possibilities to test theory

SBND experiment: 
Millions neutrino-

 interactions 
per year

40Ar

New detector 
technologies: 

excellent particle 
detection

PRISM: off-axis 
near detectors
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ANALOGY between electron 

and neutrino scattering

1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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— inclusive cross-section 
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— inclusive cross-section 

nuclear responses

σ ∝ Lμν Rμν lepton tensor

 
Rμν(ω, q) = ∑

f
⟨Ψ |J†

μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )
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Challenges
Exclusive processes

d2σ
dΩdω

∝ Lμν ∑
t∈topology

∫
n

∏
i=1

d3pi⟨Ψ |J†
μ(q) |Ψf⟩⟨Ψf |Jν(q) |Ψ⟩δ(E0 + ω − Ef )

• Inclusive cross-section (final lepton observed):
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+ + + …topologies:
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• Semi-exclusive observables (final lepton + hadrons observed):
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THIS IS NEEDED BY 
EXPERIMENTS



C++. Based on factorisation via 
spectral functions. Validated for 
electron scattering.

Monte Carlo event generators
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Software landscape

 

Four most popular codes at accelerator energies (~100 MeV to ~20 GeV)

Experiment-focused generators Theory-focused generators

Meet the needs of current oscillation experiments

NEUT (no official logo)

Eur. Phys. J. Spec. Top. 230, 4449 (2021)

Eur. Phys. J. Spec. Top. 230, 4469 (2021)

C++. Primary generator for 
Fermilab experiments. Largest 
group (still just a handful of 
active developers). Ambitions 
to be the universal platform.

C++/Fortran. Primary generator 
for J-PARC experiments (T2K, 
Super-K, Hyper-K). Not yet fully 
open source.

Fortran. Supports neutrino 
projectiles as part of larger 
framework. Most sophisticated FSI 
model. Limited infrastructure (no 
geometry handling, etc.)

Aid theoretical investigations of neutrino scattering

C++. Many model options, 
often the first adopter of new 
theory developments from the 
literature.

Nucl. Phys. Proc. Suppl. 229-232, 499 (2012)

J. Phys. G: Nucl. Part. Phys. 46 113001 (2019)

NuWro

From S. Gardiner, NuInt2024
11

Phys. Rev. D 107 (2023) no.3, 033007



Towards semi-exclusive cross-sections

= x x

Initial nuclear 
state

Primary vertex 
of interaction

Final state 
interactions

• Each scattering event is obtained as a two-step process: 

• Primary interaction vertex (hadrons produced at some point in nucleus) 

• Intra-nuclear cascade 

• This factorisation assumes impulse approximation 

This factorisation is assumed by Monte Carlo event generators

Process factorised:
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• Intra-nuclear cascade 
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Nuclear force rooted in the fundamental theory of QCD + consistent electroweak currents

Lattice QCD determination of
nuclear and hyperon forces

Noriyoshi Ishii
Reserach Center for Nuclear Physics, Osaka University

December 9, 2015

The aim of nuclear physics is to understand various properties of atomic
nuclei based on the nucleonic degrees of freedom, where the nuclear force
serves as the fundamental interaction. Enormous effort has been devoted
to studies of the nuclear force, after the meson-exchange mechanism was
proposed by H. Yukawa [1]. Today, thousands of experimental NN scattering
data are available. They are used for a phenomenological determination of
the nuclear force. Now, there are several high precision realistic nuclear forces
available [2], all of which are able to describe the experimental NN scattering
data in many channels simultaneously with χ2/ndf ∼ 1.

In the meson-exchange picture, the nuclear force is generated by virtual
exchanges of massive mesons. The mechanism employed here is a generaliza-
tion the Coulomb force in quantum electrodynamics which is generated by
the virtual exchange of massless photon. The structure of the nuclear force
is much more complicated than the Coulomb force. This is because varieties
of mesons are involved from a wide range of mass spectrum with different
spin and isospin quantum numbers [3].

1

Quantum Chromodynamics Nuclei & nuclear matter

nucleons — 
degrees of 
freedom
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Hergert A Guided Tour of Ab Initio Nuclear Many-Body Theory
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Figure 2. Chiral two-, three- and four nucleon forces through next-to-next-to-next-to-leading order
(N3LO) (see, e.g., [37, 41, 2] ). Dashed lines represent pion exchanges between nucleons. The large
solid circles, boxes and diamonds represent vertices that are proportional to low-energy constants
(LECs) of the theory (see text).

uncertainties that result from working at a given chiral order [34, 35, 36]. This is especially useful
since issues relating to the regularization and renormalization of these interactions remain (see, e.g.,
Refs. [2, 46, 47, 48, 49, 50, 51] and Sec. 4.4).

2.2 The Similarity Renormalization Group

Renormalization group methods are a natural companion to the hierarchy of EFTs for the strong
interaction. They provide the means to systematically dial the resolution scales and cuto↵s of these
theories, and this makes it possible, at least in principle, to connect the di↵erent levels in our
hierarchy of EFTs. The RGs also expand the diagnostic toolkit for assessing the inherent consistency
of EFT power counting schemes, e.g., by tracing the enhancement or suppression of specific operators,
or by identifying important missing operators.

In nuclear many-body theory, the SRG has become the method of choice. In contrast to Wilsonian
RG [52], which is based on decimation, i.e., integrating out high-momentum degrees of freedom,
SRGs decouple low- and high-momentum physics using continuous unitary transformations. Note
that this concept is not limited to RG applications: we can construct transformations that adapt a

This is a provisional file, not the final typeset article 4
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Many-body methods to get realistic 
correlated nuclear wave functions |Ψ⟩



• Employing Av18+UIX nuclear 
potential 

• Comparisons to T2K, 
MiniBooNE, Minerva data

Scattering on 12C
Laplace integral transform + Green function Monte Carlo
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FIG. 5. T2K flux folded GFMC results, nonrelativistic (nr), and in the ANB, both including one- and two-body current
contributions. The black data points are from Ref. [39], while the data from the analysis reported in Ref. [40] is shown by the
gray data points.

overall 10% normalization error which is not taken into
account in the error-bars.

The e↵ect of the relativistic corrections implemented
through the ANB response is a reduction of the peak
strength with a redistribution towards larger values of
Tµ. It is interesting to note that the calculations tend to
saturate the data at small Tµ, while leaving space at large
Tµ, as has been previously pointed out in Refs. [25, 35].
The present calculations use a dipole parametrization of
the axial form factor with a cut-o↵ MA = 1 ⇠ GeV.
However, recent Lattice-QCD calculations suggest a sig-
nificantly larger axial form factor at Q2 = q2 � !2 ⇠ 1
GeV2 [52–54]. Including an axial form factors consistent
with these Lattice-QCD results in GFMC and spectral-
function calculations [55] increases the inclusive cross
sections at high-Tµ, compared to a dipole with MA =
1 ⇠ GeV. This enhancement is consistent with earlier
works [32] based on simplified models of nuclear dynam-
ics. On the other hand, a number of neutrino event gener-
ators that use a dipole form with MA ⇡ 1 ⇠ GeV provide
a reasonable description of the MiniBooNE data, once the
model-dependent background is added [41]. Notably, in
this latter comparison, the data points seem to be shifted

to smaller Tµ.
The relativistic corrections computed in this work

are critical to perform meaningful comparisons between
GFMC calculations and MiniBooNE data [25]. In partic-
ular, including relativistic e↵ects is critical to test di↵er-
ent parameterizations of the axial form factor. However,
the uncertainties in the MiniBooNE analysis hamper a
firm conclusions in a theory-data comparison. In view
of the statistical significance of the MiniBooNE dataset,
the unresolved tensions with other experiments, and the
possible importance for informing modeling in the SBN
program at Fermilab, a reanalysis of the MiniBooNE
dataset(s) would be immensely beneficial [41].

B. T2K

Fig. 5 displays our results for the T2K experiment
using the flux tabulated in Ref. [56]. The GFMC cal-
culations again include one and two-body terms in the
charged-current operator. The two sets of data corre-
spond to the original analysis of Ref. [40] and the more
recent one reported in Ref. [39]. As expected, the dif-
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FIG. 6. Flux-averaged cross sections for MINER⌫A in terms of p? in di↵erent bins of pk. Nonrelativistic results are shown
by dashed lines, while the ones that include relativistic corrections are shown by solid lines. The experimental data are from
Ref. [51]

ference between the calculations carried out in the ANB
frame and the nonrelativistic ones is much smaller than
for MiniBooNE, owing to the lower average energy in the
T2K flux. Experimental data are well reproduced by the
one plus two-body current theoretical results, leaving lit-
tle room for higher-energy reaction mechanisms. In this
regard, for this kinematics using the Lattice-QCD axial
form factor brings about minor di↵erences compared to
the dipole one with MA = 1 ⇠ GeV Ref. [55]

C. MINER⌫A

In Figs. 6 and 7 we show the MINER⌫A CC cross sec-
tion results as a function of longitudinal and transverse
muon momentum. These are defined as

pk = |pµ| cos ✓µ (28)

and

p? = |pµ| sin ✓µ =
q

p2
µ � p2k, (29)

respectively, ✓µ being the scattering angle with respect
to the beam. The di↵erential cross section is then

d2�

dp?dpk
=

p?
|pµ|Eµ

d2�

dEµd cos ✓µ
. (30)

The data is obtained by exposure to the medium-energy
NuMI beam; we use the flux of Ref. [57] and compare
with the cross section data of Ref. [51]. Both the data
and calculations include kinematics cuts in the scattering
angle ✓µ < 17� and the muon momentum 2 GeV < |pµ| <
20 GeV. Additionally we restrict all calculations to E⌫ <
20 GeV and momentum transfer |q| < 2 GeV.
The comparison of the purely nonrelativistic and the

ANB results are shown in Fig. 6. The inclusion of rela-
tivistic e↵ects reduces the cross section by almost a fac-
tor of two for low-pk, with the di↵erence in magnitude
around the peak decreasing for larger pk. We note that
the momentum transfer is limited as q > p?, and that
bins at small pk generally allow for higher energy, and
hence larger q contributions at small p?, which explains
this behavior. The appearance of the high-p? (i.e. high-

A. Nikolakopaulus et al. Phys.Rev.C 109 (2024) 1, 014623

Extreme (relativistic) 
kinematics for Minerva
←

good agreement with 
T2K data

↑
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Scattering on 16O and 40Ca
Lorentz Integral Transform + Coupled Cluster (LIT-CC)

15
dσ

dE′ dΩ ν/ν̄
= σ0(υ00R00 + υ0zR0z + υzzRzz + υT RT ± υxyRxy)

JES, B. Acharya, et al. Phys. Rev. Lett. 127 (2021) 7, 072501B.Acharya, JES, et al. Phys. Rev. Lett. 134.202501 (2025)
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• Relevant for benchmarks

Responses from ab initio

• Currently inclusive cross-sections 

• Currently no pion degrees of 
freedom 

• Non-relativistic description
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Possible way forward

Nuclear LEFT: ab initio nuclear structure and scattering theory

2 Lattice EFT calculations for A = 3, 4, 6, 12 nuclei, PRL 104 (2010) 142501

2 Ab initio calculation of the Hoyle state, PRL 106 (2011) 192501

2 Structure and rotations of the Hoyle state, PRL 109 (2012) 252501

2 Viability of Carbon-Based Life as a Function of the Light Quark Mass,
PRL 110 (2013) 112502

2 Radiative capture reactions in lattice effective field theory,
PRL 111 (2013) 032502

2 Ab initio calculation of the Spectrum and Structure of 16O,
PRL 112 (2014) 102501

2 Ab initio alpha-alpha scattering, Nature 528, 111-114 (2015).

2 Nuclear Binding Near a Quantum Phase Transition, PRL 117, 132501 (2016).

2 Ab initio calculations of the isotopic dependence of nuclear clustering.
PRL 119, 222505 (2017).

Nuclear simulations 
on lattice

Real-time nuclear dynamics

F. Bonaiti et al., Phys. Rev. C 113, 024312 (2026)

Nuclear response functions

22

Excited bound 
states Pygmy Dipole

Resonance

Giant Dipole
Resonance

Collective modes as fit observables?

29

q We are now able to see 
collective modes emerging from 
chiral forces (from both a static 
and time-dependent 
perspective).

q Can they be a useful input for 
the optimization/calibration of 
nuclear Hamiltonians?

!

from S.Bacca et al, arXiv:2604.07229 [nucl-th] + my TDCC result

+
 
iℏ d

dt
|Ψ(t)⟩ = Ĥ |Ψ(t)⟩

• NuLattice
D. Lee, Ann.Rev.Nucl.Part.Sci. 75 (2025) 1, 109-128

M. Rothman et al., Eur.Phys.J.A 62 (2026) 2, 28

• Lattice EFT
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• NuLattice

C.Kane talk @ INT-26-1

Broad classes of quantum algorithms

Mimicking “physical” evolution:

• E.g. Trotter formulas, small steps in time

• Simple circuits, no ancillary qubits

• Asymptotic scaling not optimal

Quantum calculator:

• General class of matrix functions of
Hamiltonian f (H) (including f (H) = e

iH)

• More complicated circuits, requires ancillas

• Near-optimal scaling, potentially more e!cient

Trotterqua
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A. Roggero et al., Phys.Rev.D 101 (2020) 7, 074038

D. Lee, Ann.Rev.Nucl.Part.Sci. 75 (2025) 1, 109-128

M. Rothman et al., Eur.Phys.J.A 62 (2026) 2, 28

• Lattice EFT

https://www.int.washington.edu/sites/default/files/schedule_session_files/Kane_C.pdf


• Reliable at lower momentum 
transfers 

• Uncertainty quantification 

• Relevant for benchmarks

Ab initio + factorisation

• Currently inclusive cross-sections 

• Currently no pion degrees of 
freedom 

• Non-relativistic description

18



• Reliable at lower momentum 
transfers 

• Uncertainty quantification 

• Relevant for benchmarks

Ab initio + factorisation

• Currently inclusive cross-sections 

• Currently no pion degrees of 
freedom 

• Non-relativistic description

1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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Distribution of nucleon’s momentum —- 
removal energy in the nucleus ground state

S. Pastore Phys.Rev.C 101 (2020) 4, 044612
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• Currently inclusive cross-sections 

• Currently no pion degrees of 
freedom 

• Non-relativistic description

researchmethodscommunity.sagepub.com + phenomenological add-on’s  
to account for missing physics

Mean-field 
(Hartree-Fock) Fermi Gas model
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Interaction channels
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• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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Quasi-elastic

182 Deep inelastic scattering

8.1.2 Inelastic scattering at low Q2

For electron–proton scattering at relatively low electron energies, both elastic and
inelastic scattering processes can occur. For example, Figure 8.2 shows the observed
energy distribution of electrons scattered through an angle of θ = 10◦ at a fixed-
target experiment at DESY, where electrons of energy E1 = 4.879 GeV were fired
at a liquid hydrogen target (essentially protons at rest). Because two independent
variables are required to define the kinematics of inelastic scattering, the corre-
sponding double-differential cross section is expressed in terms of two variables,
in this case d2σ/dΩ dE3.

Since the kinematics of an individual interaction are fully specified by two inde-
pendent variables, in this case the angle and energy of the scattered electron, θ
and E3, the invariant mass W of the unobserved final-state hadronic system can be
determined on an event-by-event basis using

W2 = (p2 + q)2 = p2
2 + 2p2 ·q + q2 = m2

p + 2p2 ·(p1 − p3) + (p1 − p3)2

≈
[
m2

p + 2mpE1

]
− 2

[
mp + E1(1 − cos θ)

]
E3. (8.9)

Hence, for electrons detected at a fixed scattering angle, the invariant mass W of
the hadronic system is linearly related to the energy E3 of the scattered electron.
Consequently the energy distribution of Figure 8.2 can be interpreted in terms of
W. The large peak at final-state electron energies of approximately 4.5 GeV cor-
responds to W = mp, and these electrons can be identified as coming from elastic
scattering. The peak at E3 ≈ 4.2 GeV corresponds to resonant production of a sin-
gle ∆+ baryon with mass W = 1.232 GeV (see Chapter 9). The two smaller peaks
at E3 ∼ 3.85 GeV and E3 ∼ 3.55 GeV correspond to resonant production of other
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✓ Relatively well understood

Interaction channels
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Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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8.1.2 Inelastic scattering at low Q2

For electron–proton scattering at relatively low electron energies, both elastic and
inelastic scattering processes can occur. For example, Figure 8.2 shows the observed
energy distribution of electrons scattered through an angle of θ = 10◦ at a fixed-
target experiment at DESY, where electrons of energy E1 = 4.879 GeV were fired
at a liquid hydrogen target (essentially protons at rest). Because two independent
variables are required to define the kinematics of inelastic scattering, the corre-
sponding double-differential cross section is expressed in terms of two variables,
in this case d2σ/dΩ dE3.

Since the kinematics of an individual interaction are fully specified by two inde-
pendent variables, in this case the angle and energy of the scattered electron, θ
and E3, the invariant mass W of the unobserved final-state hadronic system can be
determined on an event-by-event basis using

W2 = (p2 + q)2 = p2
2 + 2p2 ·q + q2 = m2

p + 2p2 ·(p1 − p3) + (p1 − p3)2

≈
[
m2

p + 2mpE1

]
− 2

[
mp + E1(1 − cos θ)

]
E3. (8.9)

Hence, for electrons detected at a fixed scattering angle, the invariant mass W of
the hadronic system is linearly related to the energy E3 of the scattered electron.
Consequently the energy distribution of Figure 8.2 can be interpreted in terms of
W. The large peak at final-state electron energies of approximately 4.5 GeV cor-
responds to W = mp, and these electrons can be identified as coming from elastic
scattering. The peak at E3 ≈ 4.2 GeV corresponds to resonant production of a sin-
gle ∆+ baryon with mass W = 1.232 GeV (see Chapter 9). The two smaller peaks
at E3 ∼ 3.85 GeV and E3 ∼ 3.55 GeV correspond to resonant production of other
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Hence, for electrons detected at a fixed scattering angle, the invariant mass W of
the hadronic system is linearly related to the energy E3 of the scattered electron.
Consequently the energy distribution of Figure 8.2 can be interpreted in terms of
W. The large peak at final-state electron energies of approximately 4.5 GeV cor-
responds to W = mp, and these electrons can be identified as coming from elastic
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FIG. 13. The top panel shows the final choices for the ax-
ial form factor parameterizations taken from Ref. [50]. The
bottom panel shows those same parameterizations normal-
ized to the deuterium result of Ref. [45]. The LQCD Average
fit (green dashed region) is taken from Eq. (53). The curve
labeled MINERωA (orange dot-dashed) is obtained from fit-
ting the z expansion to antineutrino-proton scattering data
in Refs. [22, 23]. The curve labeled “Deuterium (envelope)”
(blue-violet dotted) is taken from an envelope bounding two
di!erent kinematic cuts of fits to neutrino-deuterium bubble
chamber scattering data [6–14] For comparison, the result us-
ing neutrino-deuterium scattering data from Ref. [45] is plot-
ted as an unfilled region bounded by black solid lines. The
bottom panel shows the same curves, but normalized by the
result from Ref. [45].

the MINERωA or LQCD results.

A fit to the MINERωA antineutrino-proton dataset us-
ing the same set of z expansion parameters as the LQCD
is shown as the orange dot-dashed region. Like the
LQCD, the MINERωA fit exhibits a slower fallo! with
Q

2 relative to the deuterium form factor. There is still
a slight tension, at the level of about 2ε, between the
MINERωA and LQCD. A combined fit between the two
sources yields a fit that is dominated by the LQCD, ly-
ing almost entirely on top of the LQCD curve. This fit
has been omitted from the figure. A p value test with a
1 DoF ”ϑ

2 comparison demonstrates that the two form
factor constraints are consistent despite the slight ten-
sion, yielding ”ϑ

2
→ 3.2 for a p value of 0.08. For a more

comprehensive discussion of the connections to neutrino
scattering data, the reader is referred to the sister paper,
Ref. [50].

V. DISCUSSION

Precise and accurate neutrino-nuclear cross sections
are a necessity for next-generation neutrino oscillation
experiments. The nuclear models needed to predict these
cross sections are constructed from neutrino-nucleon am-
plitudes. These amplitudes are di#cult to quantify
from experiment alone. As an example, charged-current
neutrino-nucleon quasielastic scattering requires high-
statistics measurements and detection of events with
neutrons produced in the final state. Given the rel-
ative importance of this low-energy interaction mecha-
nism, it begs the question whether theory can be used to
improve constraints on poorly-understood nucleon-level
amplitudes. Of particular interest is the nucleon axial
form factor, which dominates the uncertainty budget for
neutrino-nucleon quasielastic scattering.
LQCD is a highly attractive candidate for provid-

ing theoretical inputs to neutrino-nuclear cross section
predictions. Calculations performed with LQCD con-
fer a number of advantages, such as rigorous uncertainty
quantification and systematically improvable uncertain-
ties. Recent LQCD calculations of the nucleon isovec-
tor axial form factor now pass key internal consistency
checks, and also provide a consensus on the behavior of
the form factor with respect to the momentum trans-
fer dependence. This behavior is in conflict with fits to
neutrino-deuterium scattering results but consistent with
antineutrino-hydrogen scattering, suggesting that rem-
nant nuclear e!ects may still be at play even in deuterium
scattering measurements.
LQCD results also provide precise determinations of

the form factor, leading to the appealing possibility of av-
eraging the results to obtain an averaged LQCD isovector
axial form factor more precise than the individual results.
This possibility is explored in this work. Two strategies
for averaging the results are employed to perform the
averages: first, an averaging strategy that fits to deriva-
tives of the form factor with respect to Q

2; and second, a
strategy that stochastically samples the form factor val-
ues over a set of equidistant Q2 evaluation points. Both
strategies are compared to each other and average fits are
produced.
The fit to the derivatives of the form factor takes ad-

vantage of the properties of the z expansion parameter-
ization. Defined as a power series of a small expansion
parameter z, the z expansion naturally suppresses the ef-
fects of higher-order powers of z. This leads to a form
factor that can be approximately described by a linear
function in z over some range of Q2, which suggests that
the form factor shape can be reasonably well described
by its central value and derivatives at a single point. The
ideal expansion point for this comparison is the value of
t0, which determines the value of Q

2 at which z = 0.
This strategy for averaging works remarkably well and
gives a result consistent with the typical strategy of fit-
ting to the stochastically-sampled form factors in the av-
erage, as seen in Fig. 8. This strategy can be defined

A. Meyer, arXiv: 2601.02676
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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II. MODEL FOR ONE PION PRODUCTION INDUCED BY NEUTRINOS

A. Pion production at the nucleon level

The starting point is the model of Ref. [17] for one pion production on the nucleon which is depicted diagrammatically
in Fig. 1. It contains the dominant ∆ resonance term and background terms required by chiral symmetry. In total
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FIG. 1. Model for the W
+
N → N

′
π reaction. We have direct and crossed ∆(1232)− and nucleon pole terms, contact and

pion pole contribution, and the pion-in-flight term. We denote these contributions by: ∆P , C∆P , NP , CNP , CT , PP and
PF , respectively.

we have direct and crossed ∆(1232)→ (first row) and nucleon→ (second row) pole terms, contact and pion pole
contribution (third row) and finally the pion-in-flight term. The background terms are the leading contributions
of a SU(2) nonlinear σ model. Those were supplemented with well known form factors in a way that respected
both conservation of the vector current (CVC) and PCAC hypotheses. Their contribution is sizeable even at the
∆(1232)resonance peak and it turns out to be dominant near pion threshold.
For the nucleon to ∆ weak transition matrix element the form factor parametrization of Refs. [24, 25] was

taken2 in [17]. A total of four vector and four axial form factors are needed. The three vector form factors
CV

3 (q2), CV
4 (q2), CV

5 (q2) were determined from photo and electroproduction data whereas CV
6 (q2) = 0 from CVC. The

vector form factors from Ref. [26] were used. For the axial part, Adler’s model [27] in which CA
3 (q2) = 0, CA

4 (q2) =
→CA

5 (q2)/4, and PCAC, that requires CA
6 (q2) = →CA

5 (q2)M2/(m2
π → q2) with M, mπ the nucleon and pion masses,

were used. Thus, there is only one axial form factor to be determined, namely the dominant CA
5 (q2). For the latter,

the parametrization of Ref. [28] was assumed in [17] and the unknown parameters CA
5 (0) and MA∆ were fitted to the

flux averaged, W < 1.4GeV, νµp → µ→pϑ+ q2 differential cross section measured at ANL [6]. Here, W stands for the
final pion-nucleon invariant mass.
While the results for different total and differential cross sections were in good agreement with ANL data [5, 6], the

total cross sections were smaller than the experimental data measured at BNL [7]. BNL and ANL data seemed to be
incompatible. It was pointed out in Ref. [29] that this problem might originate from two factors: First, both ANL and
BNL data were measured on deuterium. Deuteron structure effects in the νµd → µ→∆++n reaction were estimated
in Ref [8] to produce a reduction in the cross section from 5 → 10% and most analysis, including Ref. [17], neglected
that effect. Second, both experiments suffered from neutrino flux uncertainties that in Ref. [29] were estimated to
be 20% for ANL and 10% for BNL. Following the work of Ref. [29], a combined fit of CA

5 (q2) to both ANL and
BNL pϑ+ data, including in both cases full deuteron effects and the flux normalization uncertainties, was carried out
in [9]. In this latter fit, a simpler pure dipole parameterization CA

5 (q2) = CA
5 (0)/(1 → q2/M2

A∆)
2 was used obtaining

2 Note that the CA
5

sign is quoted incorrectly in Ref. [24] (see comment in Ref. [24, 25]).
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are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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Pion(s) production

3

II. MODEL FOR ONE PION PRODUCTION INDUCED BY NEUTRINOS

A. Pion production at the nucleon level

The starting point is the model of Ref. [17] for one pion production on the nucleon which is depicted diagrammatically
in Fig. 1. It contains the dominant ∆ resonance term and background terms required by chiral symmetry. In total

W W

W W
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+ +

+ +

+

+

+
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∆
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N

N’
N’

N’

N’

N’

π π

π π

π π

π
π

N’

N

N
N N’

N

N π

N N

FIG. 1. Model for the W
+
N → N

′
π reaction. We have direct and crossed ∆(1232)− and nucleon pole terms, contact and

pion pole contribution, and the pion-in-flight term. We denote these contributions by: ∆P , C∆P , NP , CNP , CT , PP and
PF , respectively.

we have direct and crossed ∆(1232)→ (first row) and nucleon→ (second row) pole terms, contact and pion pole
contribution (third row) and finally the pion-in-flight term. The background terms are the leading contributions
of a SU(2) nonlinear σ model. Those were supplemented with well known form factors in a way that respected
both conservation of the vector current (CVC) and PCAC hypotheses. Their contribution is sizeable even at the
∆(1232)resonance peak and it turns out to be dominant near pion threshold.
For the nucleon to ∆ weak transition matrix element the form factor parametrization of Refs. [24, 25] was

taken2 in [17]. A total of four vector and four axial form factors are needed. The three vector form factors
CV

3 (q2), CV
4 (q2), CV

5 (q2) were determined from photo and electroproduction data whereas CV
6 (q2) = 0 from CVC. The

vector form factors from Ref. [26] were used. For the axial part, Adler’s model [27] in which CA
3 (q2) = 0, CA

4 (q2) =
→CA

5 (q2)/4, and PCAC, that requires CA
6 (q2) = →CA

5 (q2)M2/(m2
π → q2) with M, mπ the nucleon and pion masses,

were used. Thus, there is only one axial form factor to be determined, namely the dominant CA
5 (q2). For the latter,

the parametrization of Ref. [28] was assumed in [17] and the unknown parameters CA
5 (0) and MA∆ were fitted to the

flux averaged, W < 1.4GeV, νµp → µ→pϑ+ q2 differential cross section measured at ANL [6]. Here, W stands for the
final pion-nucleon invariant mass.
While the results for different total and differential cross sections were in good agreement with ANL data [5, 6], the

total cross sections were smaller than the experimental data measured at BNL [7]. BNL and ANL data seemed to be
incompatible. It was pointed out in Ref. [29] that this problem might originate from two factors: First, both ANL and
BNL data were measured on deuterium. Deuteron structure effects in the νµd → µ→∆++n reaction were estimated
in Ref [8] to produce a reduction in the cross section from 5 → 10% and most analysis, including Ref. [17], neglected
that effect. Second, both experiments suffered from neutrino flux uncertainties that in Ref. [29] were estimated to
be 20% for ANL and 10% for BNL. Following the work of Ref. [29], a combined fit of CA

5 (q2) to both ANL and
BNL pϑ+ data, including in both cases full deuteron effects and the flux normalization uncertainties, was carried out
in [9]. In this latter fit, a simpler pure dipole parameterization CA

5 (q2) = CA
5 (0)/(1 → q2/M2

A∆)
2 was used obtaining

2 Note that the CA
5

sign is quoted incorrectly in Ref. [24] (see comment in Ref. [24, 25]).

• @nucleon level: various 
(sophisticated) models of meson 
production 

• Axial form factors poorly known 

• @nucleus: less theoretical expertise

• ANL-Osaka DCC (dynamical coupled channels), Julich-Bonn 
• MAID07, SAID ("unitary isobar model”) 
• HNV model

Over 30% of all events in DUNE!

L. L. Salcedo, E. Oset, et al. Nucl. Phys. A 484, 557 (1988).
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• DIS — perturbative QCD 

• Parametrization in terms of structure 
functions .  

• Recent phenomenological fit using ML
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this differential cross section reads

d2σνA(x,Q2, y)
dxdy

= G2
F s/2π

(
1 +Q2/m2

W

)2

[
(1 − y)F νA

2 (x,Q2) + y2xF νA
1 (x,Q2) + y

(
1 − y

2

)
xF νA

3 (x,Q2)
]
,

(2.1)

where s = 2mnEν is the neutrino-nucleon center of mass energy squared, mn the nucleon
mass, A the atomic mass number of the target nucleus, Eν the incoming neutrino energy,
and the inelasticity y is defined as

y = Q2

2xmnEν
= Q2

2xs . (2.2)

An analogous expression holds for antineutrino scattering, mediated now by the exchange
of a W− weak boson, with the only difference being a sign change in front of the parity-
violating structure function xF3,

d2σν̄A(x,Q2, y)
dxdy

= G2
F s/2π

(
1 +Q2/m2

W

)2

[
(1 − y)F ν̄A

2 (x,Q2) + y2xF ν̄A
1 (x,Q2) − y

(
1 − y

2

)
xF ν̄A

3 (x,Q2)
]
.

(2.3)

While the differential cross sections are a function of three kinematic variables, (x,Q2, y),
the structure functions themselves depend only on x and Q2. Furthermore, both the cross
sections and the structure functions depend on the atomic mass number A of the target
nucleus only through the nuclear modifications of the free-nucleon structure functions.
Kinematic considerations indicate that inelastic structure functions vanish in the elastic
limit x → 1, that is,

F νA
i (x = 1, Q2) = F ν̄A

i (x = 1, Q2) = 0 , ∀ i . (2.4)

Alternatively, eq. (2.1) can be expressed in terms of the longitudinal structure function
F νA
L (x,Q2) defined by FL = F2 − 2xF1, leading to

d2σνA(x,Q2, y)
dxdy

= G2
F s/4π

(
1 +Q2/m2

W

)2
[
Y+F

νA
2 (x,Q2) − y2F νA

L (x,Q2) + Y−xF
νA
3 (x,Q2)

]
,

(2.5)
where Y± = 1± (1 − y)2 and with the counterpart expression for anti-neutrino scattering,

d2σν̄A(x,Q2, y)
dxdy

= G2
F s/4π

(
1 +Q2/m2

W

)2
[
Y+F

ν̄A
2 (x,Q2) − y2F ν̄A

L (x,Q2) − Y−xF
ν̄A
3 (x,Q2)

]
,

(2.6)
Expressing the differential cross section as in eqs. (2.5)–(2.6) is advantageous because in
the parton model (and in perturbative QCD at leading order) the longitudinal structure
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 Above the ¢(1232) peak: 1.3<W<2 GeV: 
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Figure 6. Schematic representation of the NNSFν strategy. In the region with Q ≤ Qdat (Region
I), we adopt a data-driven approach where a neural network parametrisation is fitted to neutrino
inelastic structure function data. In the intermediate region with Qdat ≤ Q ≤ Qthr (Region II),
the same parametrisation is fitted instead to the QCD calculations provided by YADISM with
nNNPDF3.0 as input. In the high-Q region, Q > Qthr (Region III), the neural network predictions
are replaced by the outcome of the same YADISM calculation. For small-x values relevant for
UHE neutrino scattering (x ≤ 10−5), Region III is extended to cover Qmin ≤ Q ≤ Qthr with
Qmin = 2GeV, see appendix A for more details and figure 29 in particular for the analogous
division into regions at the level of the (x,Q2) plane.

In this region we parametrise the structure functions in terms of the information
provided by the available experimental data on neutrino-nucleus inelastic scatter-
ing summarised in section 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 ≃ 25GeV, 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 section 3.4.

The nNNPDF3.0 determination already includes information from neutrino mea-
surements, in particular 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 parametrisation.

• Region III. For large momentum transfers, Q " Qthr, the neural network predictions
are replaced by the direct outcome of the same YADISM calculation used to constrain
the fit in Region II. Hence, in Region III the central prediction and uncertainties of
NNSFν coincide with the YADISM ones, which extend up to Q = 10TeV and down
to x = 10−9 to cover the entire kinematic region relevant for neutrino phenomenology
including the UHE scattering.
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Figure 23. The inclusive neutrino-nucleus inelastic cross section, eq. (5.1), divided by the neutrino
energy Eν as a function of the latter. The NNSFν prediction, together with the associated 68% CL
uncertainty band, is compared with the central values of the Bodek-Yang, BGR18, and CSMS11
calculations. The top panels displays the results for neutrinos and antineutrinos scattering on
deuterium (left), iron (middle), and lead (right panel) targets. The bottom panels display the
corresponding ratios for neutrino, antineutrino, and their sum with respect to the central value of
the NNSFν baseline calculation. We display the energy region covering from Eν = 10GeV up to
Eν = 1011 GeV.

by means of an external nuclear PDF analysis within a factorised approach, but only in
the perturbative QCD region. Nuclear corrections are data-driven and model-independent
in NNSFν, while they are model-dependent and neglect the constraints from proton-ion
collisions at the LHC in the Bodek-Yang case. These nuclear effects are specially significant
for heavy nuclei such as lead, as we discuss below.

The uncertainty band of the NNSFν prediction varies from a few percent up to a
maximum of 15%, depending on Eν and the nuclear target. At low energies, it is the
largest for 2H, given the lack of direct experimental constraints on low-Q neutrino-hydrogen
structure functions. At very high energies, it is the largest in iron since both for a free
nucleon and for a lead target the nNNPDF3.0-based calculation accounts for the constraints
on small-x PDFs provided by charm production at LHCb. On the intermediate energy
region with 100GeV ! Eν ! 100TeV, uncertainties in the NNSFν calculation of the
inclusive cross-sections are at the few percent level at most.

Concerning the comparison between NNSFν and the theory predictions from other
groups, starting with the case of lead nuclei one observes agreement within uncertainties
with the Bodek-Yang calculation for Eν ! 10TeV, except for antineutrinos with very low
energies. For higher energies, NNSFν agrees with BGR18 for energies above 1TeV up
to 106TeV, with the latter overshooting the former for Eν ≥ 106TeV due to the missing
nuclear corrections related to the strong small-x quark and gluon shadowing in lead nuclei
found in nNNPDF3.0. The differences with CSMS11 at high energies are explained from
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Interaction channels

Rare processes

✓ Strangeness, charm production:  ,  

✓ suppressed by  
✓ Heavier hadrons — smaller model space 
✓ Nuclear properties of these hadrons poorly known

W− u → s d → c

Vus = 0.23

1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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e↵ect, not accounted for within the independent particle
model. As a consequence, the calculation of Wµ⌫

2p2h,11,
describing processes in which the momentum q is trans-
ferred to a single high-momentum nucleon, requires the
continuum component of the hole spectral function.

The second term in the right hand side of Eq. (7),

involving the matrix elements of the two-nucleon current,
is written in terms of the two-nucleon spectral function
[17]. The explicit expressions of Wµ⌫

2p2h,11 and Wµ⌫
2p2h,22

are reported in Ref. [16].
Finally, Wµ⌫

2p2h,12, taking into account interference con-
tributions, involves the nuclear overlaps defined in both
Eqs. (4) and (6). The resulting expression is

Wµ⌫
2p2h,12 =

Z
d3k d3⇠ d3⇠0 d3h d3h0d3p d3p0�hh0

⇠⇠0
⇤ h

�hh0p0

k hk|jµ1 |pi + �hh0p
k hk|jµ2 |p0i

i
(8)

⇥ hpp0|j⌫12|⇠, ⇠0i �(h+ h0 + q � p � p0)�(! + eh + eh0 � ep � ep0)✓(|p| � kF )✓(|p0| � kF ) + h.c. .

We have compared the results of our approach to the
measured electron-carbon cross sections in two di↵erent
kinematical setups, corresponding to momentum transfer
300 . |q| . 800 MeV. The calculations have been car-
ried out using the carbon spectral function of Ref. [18]
and the 1h contribution to the nuclear matter spectral
function of Ref. [19], as discussed in Ref. [16]. The 2h1p
amplitude, needed to evaluate the interference term, has
been also computed for nuclear matter at equilibrium
density. In the quasi elastic channel we have used the
parametrization of the vector form factors of Ref. [20],
whereas the inelastic nucleon structure functions have
been taken from Refs. [21, 22].

Figure 2 shows the electron-carbon cross section at
beam energy Ee = 680 MeV and scattering angle ✓e =
36 deg (A) , Ee = 1300 MeV and ✓e = 37.5 deg (B) .
The solid and dashed lines correspond to the results of
the full calculation and to the one-body current contribu-
tion, respectively. The pure two-body current contribu-
tion and the one arising from interference are illustrated
by the dot-dash and dotted line, respectively. In the
kinematics of panel (A) the two-body currents play an
almost negligible role. The significant lack of strength in
the �-production region, discussed in Ref. [25], is likely
to be due to inadequacy of the structure functions of
Refs. [21, 22] to describe the region of Q2 <⇠ 0.2 GeV2,
while the shift in the position of the quasi-elastic peak
has to be ascribed to the e↵ects of FSI, which are not
taken into account.

At the larger beam energy and Q2 corresponding to
panel (B), the agreement between theory and data is
significantly improved, and the contribution of the two-
nucleon current turns out to substantially increase the
cross section in the dip region.

In inclusive processes, FSI have two e↵ects: a shift of
the cross section, arising from the interaction between
the struck nucleon and the mean field generated by the
spectator particles, and a redistribution of the strength
from the quasi-elastic peak to the tails. The theoretical
approach for the description of FSI within the spectral
function formalism is discussed in Refs. [12, 13, 26].

FIG. 2. (color online) (A): Double di↵erential cross section
of the process e + 12C ! e0 + X at beam energy Ee = 680
MeV and scattering angle ✓e = 37.5 deg. The solid line shows
the result of the full calculation, while the dashed line has
been obtained including the one-body current only. The con-
tributions arising from the two-nucleon current are illustrated
by the dot-dash and dotted lines, corresponding to the pure
two-body current transition probability and to the interfer-
ence term, respectively. The experimental data are taken
from Ref. [23]. (B) same as (A) but for Ee = 1300 MeV and
✓e = 37.5 deg.The experimental data are taken from Ref. [24].

According to Ref. [26], the di↵erential cross section can
be written in the convolution form

d�FSI(!) =

Z
d!0fq(! � !0 � UV )d�(!

0) , (9)

where d� denotes the cross section in the absence of FSI,
the e↵ects of which are accounted for by the folding func-
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1 LECTURE 2: NEUTRINO SOURCES AND NEUTRINO DETECTORS

fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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describing processes in which the momentum q is trans-
ferred to a single high-momentum nucleon, requires the
continuum component of the hole spectral function.
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is written in terms of the two-nucleon spectral function
[17]. The explicit expressions of Wµ⌫
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fragments in the fission of uranium and plutonium.

235U+ n ! X1 +X2 + 2n (5)

In average, 6 ⌫e are emitted per fission from the decay of X1 and X2.

• Neutrinos from accelerators: in particle accelerators typically protons are

collided into a target (Be, Al, graphite, carbon). In these reactions ⇡’s and K’s

are emitted and neutrinos appear in their corresponding decays.

1.2. Neutrino detection

Neutrinos can be identified by measuring charged particles produced in their interactions

with matter. These interactions can be classified into neutral current and charged

current.

• Charged current: in these interactions, the lepton partner of the neutrino

appears, as for instance in:

⌫e + n ! e� + p (6)

⌫e + p ! e+ + n. (7)

The reactions happen over the exchange of W± bosons of m(W ) ⇠ 80GeV mass.

Figure 2. Diagrams for the muon decay (left), the muon scattering on electrons
(middle) and the neutral current scattering of ⌫µ on electrons (right).

• Neutral current: The electroweak theory from Glashow, Weinberg & Salam

predicted the existence of neutral current interaction. In 1973, those reactions

were discovered in the Gargamelle experiment (bubble chamber) at CERN.

⌫µ +N ! ⌫µ + hadrons. (8)

Neutral current reactions take place over the exchange of Z0 bosons of m(Z) ⇠
90GeV mass (see figure 2).
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• A lot of theoretical activity within many models: 

• Spectral function, Valencia model, Fermi Gas, 
relativistic mean-field, Ghent mean-field, super 
scaling…



Factorisation

= x x

Initial nuclear 
state

Primary vertex 
of interaction

Final state 
interactions
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• Transformation from the initial 
configuration of hadrons to the final 
configuration, i.e. hadrons which 
leave the nucleus. 

• Pions can: 

• Scatter elastically 

• Exchange charge 

• Be absorbed 

• Produce new pions (if enough 
energy) 

• Factorisation (cascade does not 
impact the outgoing lepton) 

Intra-nuclear cascade
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Nuclear de-excitations

Nuclear de-excitation model NucDeEx 

• Nuclear deexcitation plays a 
significant role in neutron emissions 
associated with neutrino-nucleus 
interactions 

• Uses TALYS model which simulates 
nuclear reactions below 200 MeV 

NEUT

S. Abe,   Phys. Rev. D 109, 036009 (2024) 
S. Abe,  Phys. Rev. D 112, 112013 (2025) 
T2K, Phys. Rev. D 112, 032003 (2025)

Branching ratios as a function of excitation 
energy calculated with TALYS

Credit : Luke Pickering
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• Implementation of more sophisticated models can benefit 
from ML techniques 

• Use normalizing flows to generate surrogate cross sections 
that closely approximate those of the original model 

Machine learning for cross-sections

Mathias El Baz et al Phys. Rev D111 113001 (2025)
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Mathias El Baz et al Phys. Rev D111 113001 (2025)

• Explore how to use electron scattering 
data to inform neutrino experiments using 
transfer learning 

• Currently used only for electron scattering 
to transfer from 12C to other targets

K. Graczyk et al. Phys. Rev. Lett. 135, 052502 (2025)
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• Toy model analysis: neural network cross-section model 
trained on near detector data 

• Oscillation analysis using this data-driven model

15

FIG. 14. Analogous CIs to Fig. 6 with true cross-section CIs
(dashed black) including flux shape uncertainties and learned
CIs including flux shape, finite ND statistics, and finite ND
energy resolution systematics as well as NN initialization sys-
tematics (blue). The true cross section 1ω contour from Fig. 6
is shown for comparison (gray dashed).

the space of possible cross sections consistent with the
data;

2. With this space quantified, explore self-consistent cal-
ibration procedures in the spirit of Feldman-Cousins
unfolding [76] and the plug-in principle from Efron’s
bootstrap [68–70] to estimate systematic uncertain-
ties.

Once a UQ procedure is defined, whether it is well-
calibrated can be assessed using closure tests, ideally per-
formed on as-close-to-physical examples as available. De-
veloping and testing a concrete UQ scheme along these
lines will require conceptual and numerical work beyond
the scope of this initial demonstration, anticipated to
comprise a major component of future work.

VII. Discussion and conclusion

We conclude that the method passes the closure test:
using a model of the neutrino-nucleus cross section based
on structure functions learned from data, oscillation pa-
rameters are inferred nearly as reliably as in the ideal
benchmark case where the cross section is known a pri-
ori.

In more traditional analyses, significant bias in oscil-
lation results can occur even after ND tuning in closure
tests involving multiple event generators [71, 77]. In com-
parison, in this closure test involving a simplified cross-
section model, oscillation parameter CIs using a data-
driven ML model subsume CIs using the true cross sec-
tion without signs of bias.

Experimental systematic uncertainties—finite ND en-

ergy resolution1 and flux shape uncertainties—can im-
pact ND training as well as FD oscillation parameter in-
ference. Additional systematic uncertainties arise from
modeling uncertainties due to finite ND statistics and
limited kinematic coverage, which in combination with
the choice of training and architecture define a space of
models consistent with the data. We quantify these ef-
fects by taking appropriate unions of the CIs resulting
from di!erent random network initializations with ex-
perimental systematics included. These ML and experi-
mental systematics are included in learned cross-section
oscillation results in Fig. 14 and compared to true cross-
section results with flux shape uncertainties incorporated
analogously. Experimental systematics lead to → 15%
and 75% broadening of 1ω CIs for sin2(2ε23) and ”m2

31,
respectively, while combined experimental and ML sys-
tematics leads to → 20% and 110% broadening in the
learned case. This suggests that cross-section systemat-
ics can be similar in magnitude to experimental system-
atics in our approach. More importantly, the model CIs
approximately subsume the exact ones, suggesting that
the modeling uncertainty estimate gives a conservative
calibration.
Further development of data-driven methods can use-

fully complement generator-based approaches: having
two independent methodologies with very di!erent mod-
eling uncertainties enables cross-validation of oscillation
analyses. Our results suggest several critical topics for fu-
ture work. Uncertainty quantification in ML approaches
to solving inverse problems, of which learning cross sec-
tions is an example, is an active topic of research across
the sciences [78] and more sophisticated methods should
be explored. Extending to more channels sensitive to dif-
ferent physics is also critical. Exclusive final-state data
will be necessary to fully exploit the unprecedented reso-
lution of the DUNE experiment. In particular, extensions
of this work to semi-inclusive processes like electroweak
pion production will be essential for leveraging the full
power of DUNE datasets. These will require general-
ized structure function parameterizations involving low-
energy versions of transverse-momentum-dependent par-
ton distribution functions (TMDPDFs). It is notewor-
thy that an inclusive analysis alone may already be suf-
ficient for other experiments including T2K and Hyper-
Kamiokande (although di!erences in ND and FD com-
position add other complications for these cases).
Incorporation of electron data is expected to resolve

the octant degeneracy [3]. It will moreover resolve the de-
generacies between the five structure functions in Eq. (1),
potentially allowing a better extraction of these quanti-
ties as physics targets in their own right. The situation
is more complicated for simultaneously analyzing neu-

1
Finite FD energy resolution can also a!ect oscillation studies but

is subdominant in practice and has similar e!ects for the true and

model cross-sections; see Sec. VIB. It is not included in Fig. 14

for computational expediency.

D. Hackett et al., Phys.Rev.D 112 (2025) 11, 113005



• Multi-scale problem which requires broad expertise 

• Many developments: 

• Theoretical (2-body currents) 

• Data-driven (using available data on electron, neutrino, 
other probes) 

• Numerical (ML tools, model implementations to MC) 

• Including de-excitation models to MC generators 

• To do: assessment of theoretical uncertainties

Summary



Thank you!
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Ghent group  
(Hartree-Fock) 

• Meson exchange 
currents 

• Short-range correlations

2p2h
Recent developments: mean-field approaches

40Ca electromagnetic inclusive cross section

Data: discovery.phys.virginia.edu/research/groups/qes-archive/data/40Ca.html
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JLab Hall A data
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! The choice of the different
central correlation functions

modifies the QE peak strength

(GD–stronger, VMC–weaker)

! Modifying the �-propagator governs
the overlap between MEC and SPP

around the � peak
(Re �–only the real part)
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Meson-exchange currents
Explicit two-body currents contributing
to both 1p1h and 2p2h final-states:

! Seagull currents ! Pion-in-flight current
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! �-isobar degrees of freedom
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Relativistic mean-field 

• Meson exchange 
currents in particle-
hole excitations

Meson exchange currents
• We include one-pion exchange effects by 
incorporating two-body meson-exchange currents 
with a final paticle-hole state.

𝐽ℎ𝑎𝑑
𝜇 = 𝐽ℎ𝑎𝑑,1𝑏

𝜇 + 𝐽ℎ𝑎𝑑,2𝑏
𝜇

NuInt 2024 - Sao Paulo, Brasil Tania Franco Muñoz 23

(K. Niewczas, NuInt2024)

(T. Franco Muñoz, NuInt2024)
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Relativistic mean-field + Short-range correlations 

• Calculation of interference of 1-body and 2-body currents 

• Next step: adding short-range correlations for neutrino 
scattering

2p2h
Recent developments: results for neutrino scattering

Spectral function approach 

• Meson-exchange currents 

• Interference between 1-body and 2-body

Valencia model 

• Meson exchange current with effective interaction 

• Uncertainty estimation: treatment of  self-energyΔ

Comparison with MiniBooNE CCQE on 12C

JES., J. Nieves Phys.Rev.C 111 (2025) 2, 025502 

A.Lovato, N.Rocco, et al Phys.Rev.C 112 (2025) 4, 045501

36 P.R.Casale et al. Phys.Rev.C 112 (2025) 6, 065502



• Dipole ansatz    
 

• Deuterium data:  
• Recent results: 

• LQCD calculations 

• MINER A measurement on 
hydrogen

FA(Q2) = gA (1 + Q2

m2
A )

−2

mA = 1014(14) MeV

ν

Axial form factor

37

Hydrogen–Deuterium Comparison Summary
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Hydrogen

RQCD 20 [LQCD]

Mainz 22 [LQCD]

NME 22 [LQCD] (prelim)

PNDME 23 [LQCD]

Deuterium [Phys.Rev.D 93 (2016)]

LQCD “prediction”: deuterium fits underestimate axial form factor at high Q
2

Unphysical deuterium fit degerancy between floating normalization, axial form factor
Independent of norm degeneracy, hydrogen & deuterium shapes mutually incompatible
We need more modern hydrogen data!

Aaron S. Meyer Section: Combined Hydrogen–Deuterium Fits 23/ 25

Ann.Rev.Nucl.Part.Sci. 72 (2022) 205-232

Free Nucleon Cross Section

[Ann.Rev.Nucl.Part. 72 (2022)]
with Callum Wilkinson, André Walker-Loud
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Borah et al.

LQCD prefers 30-40% enhancement of ‹µ CCQE cross section
recent Monte Carlo tunes require 20% enhancement of QE

[Phys.Rev.D 105 (2022)] [2206.11050 [hep-ph]]

Sensitive to vector form factor tension with improved precision [Phys.Rev.D 102 (2020)] [Nucl.Phys.B Proc.Suppl. 159 (2006)]

(red uncertainty vs black≠blue di�erence)
=∆ vector form factors will limit precision in near future

Aaron S. Meyer Section: LQCD Survey and Implications 14/ 25

 difference coming from the LQCD form-factor∼ 30 %

 fitted to 
deuterium data
FA(Q2)

(T. Cai et al. Nature  614, 48–53 (2023))



Introduction

3

INCL is an intranuclear 
cascade model developed 
in Liège.
• Primarily tested against 

hadron scattering data
• It includes features that 

GENIE does not have.
• Δ re-scattering: Δ 

collides with a 
nucleon

• Multi-nucleon 
clusters production
• d, t, h, 𝛼 

• De-excitation of the 
remnant nucleus

Workflow of GENIE INCL interface
1. Use nucleon from INCL 

nuclear model as the initial 
state in neutrino primary 
interaction

2. Put hadrons from neutrino 
primary interaction back to 
INCL model and do cascade 
interactions

3. Simulate nuclear de-
excitations

Alternative cascade model

(Slide taken from: New Perspectives 2025 by L. Liu, S. Gardiner, and S. Dytman)

 scattering with 
MicroBooNE flux

νμ −40 Ar


