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Neutrino-nucleus cross sections -- Plan

• First lecture: generalities (theory and experiment)

• Second lecture: results and perspectives

M. Martini,  GIF 2022
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Some Books 

M. Martini,  GIF 2022
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Some Review papers 

2206.13792.pdf (arxiv.org)

1706.03621.pdf (arxiv.org)

1611.07770.pdf (arxiv.org)

1305.7513.pdf (arxiv.org)

M. Martini,  GIF 2022

https://arxiv.org/pdf/2206.13792.pdf
https://arxiv.org/pdf/1706.03621.pdf
https://arxiv.org/pdf/1611.07770.pdf
https://arxiv.org/pdf/1305.7513.pdf
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Appetizer:

Neutrino (interactions) 
(pre)history

M. Martini,  GIF 2022
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Historical papers (in2p3.fr)

Nuclear Beta Decay

Electron energy spectrum in Nuclear Beta Decay is continuous (J. Chadwick 1914)

C. D. Ellis and W. A. Wooster (1927) 

83
210𝐵𝑖 → 84

210𝑃𝑜 + 𝑒−

Two-body final state

⇓
Electron should have a 

unique energy value

Puzzle

Niels Bohr      questioned 
the strict validity of 
energy conservation 

in subatomic processes

M. Martini,  GIF 2022

https://neutrino-history.in2p3.fr/historical-papers/
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meitner_0393.pdf (cern.ch)

Pauli Archives - CERN Document Server
Neutrino invention | symmetry magazine

Dear Radioactive Ladies and Gentlemen! 
As the bearer of these lines, to whom I graciously ask you to 
listen, will explain to you in more detail, because of the 
"wrong" statistics of the N- and Li-6 nuclei and the continuous 
beta spectrum, I have hit upon a desperate remedy to save
the "exchange theorem" (1) of statistics and the law of 
conservation of energy. Namely, the possibility that in the 
nuclei there could exist electrically neutral particles, which I 
will call neutrons [now neutrinos], that have spin 1/2 and 
obey the exclusion principle…
The continuous beta spectrum would then make sense with 
the assumption that in beta decay, in addition to the electron, 
a neutron is emitted such that the sum of the energies of 
neutron and electron is constant…
But so far, I do not dare to publish anything about this idea, 
and trustfully turn first to you, dear radioactive ones, with the 
question of how likely it is to find experimental evidence for 
such a neutron…
I admit that my remedy may seem almost improbable because 
one probably would have seen those neutrons, if they exist, 
for a long time. But nothing ventured, nothing gained…
Thus, dear radioactive ones, scrutinize and judge. 
Unfortunately, I cannot personally appear in Tübingen since I 
am indispensable here in Zürich because of a ball on the 
night from December 6 to 7.

4 December 1930: Neutrino birth – W. Pauli    letter 
83
210𝐵𝑖 → 84

210𝑃𝑜 + 𝑒− + "𝑛𝑒𝑢𝑡𝑟𝑜𝑛"

https://cds.cern.ch/record/83282/files/meitner_0393.pdf
https://cds.cern.ch/collection/Pauli%20Archives?ln=en
https://www.symmetrymagazine.org/article/march-2007/neutrino-invention
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To avoid confusion with the neutron, discovered in 1932 by J. Chadwick , E. Fermi in his theory of
weak interactions (1933-34) called this particle neutrino, meaning little neutron in Italian. This term was
coined by E. Amaldi, one of the young members of Fermi’s group (« I Ragazzi di Via Panisperna » ).

Neutrino naming and the Fermi theory of Weak Interactions  

A quantitative theory of β-rays emission is proposed
in which the existence of the ≪neutrino≫ is
admitted; electrons and neutrinos emission from a
nucleus at a β decay is treated with a procedure
similar to the one followed for radiation theory to
describe a light quantum emission by an excited
atom. Formulae are derived for the mean life and
for the distribution of the β-rays continuum
spectrum, which are compared with experimental
data.

An attempt to a β rays theory

E. Fermi, Nuovo Cimento 11 (1934) 1 FB.dvi (uniroma3.it)

8 Scientific Papers That Were Rejected Before 
Going on to Win a Nobel Prize (sciencealert.com)

Rejected from Nature for being ‘too removed from reality’

Theory of the emission of β rays by radioactive
substances, based on the hypothesis that the
electrons emitted by nuclei do not exist before
the disintegration but are formed, together with a
neutrino, in a way which is analogous to the
formation of a quantum of light which accompany
a quantum jump of an atom. Comparison of theory
with experience

E. Fermi, Ricerca Scientifica 4 (1933) 491

(𝑍, 𝐴) → (𝑍 + 1, 𝐴) + 𝑒− + തν𝑒
𝑛 → 𝑝 + 𝑒− + തν𝑒

http://ricerca.matfis.uniroma3.it/ipparco/pagine/deposito/2011/FB.pdf
https://www.sciencealert.com/these-8-papers-were-rejected-before-going-on-to-win-the-nobel-prize
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Neutrino interaction and neutrino detection

Penetrating power: 10^16 km ≈ 10^3 light-year

σ ∼ 10^−44 cm2 ↔ Probability ∼ 10^ − 18 to interact in a solid detector of 1m thickness 
↔ Probability ∼ 10^−11 to interact inside the Earth along a trajectory passing through its center

!!

For many years no one thought about how to detect the neutrinos

ν𝑒 + 𝑛 → 𝑝 + 𝑒−

തν𝑒 + 𝑝 → 𝑛 + 𝑒+
ν𝑒 + (𝑍, 𝐴) → (𝑍 + 1, 𝐴) + 𝑒−

തν𝑒 + (𝑍, 𝐴) → (𝑍 − 1, 𝐴) + 𝑒+

The “Neutrino”, Nature 133 (1934) 532
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1956: C. Cowan and F. Reines detect (anti)neutrinos 

• A typical reactor emits ∼ 2 × 1020 ത𝑒/𝑠 per each GW of the thermal energy power ; 𝐸തν~𝑀𝑒𝑉

• Antineutrinos were produced by the Savannah River nuclear reactor

Reines: I confronted Bethe, with this pronouncement 
some 20 years later and with his characteristic good 
humor he said, "Well you shouldn't believe 
everything you read in the papers."

Nature 133 (1934) 532

Neutrinos detected at last! | 
timeline.web.cern.ch

തν𝑒 + 𝑝 → 𝑛 + 𝑒+

𝜎 = 6 × 10−44cm2

Experimental discovery
(in2p3.fr)

Frederick Reines - Nobel Lecture 
(nobelprize.org)

https://timeline.web.cern.ch/neutrinos-detected-last
https://neutrino-history.in2p3.fr/experimental-discovery/
https://www.nobelprize.org/uploads/2018/06/reines-lecture.pdf
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Example of (simple) evaluation of the cross section 
തν𝑒 + 𝑝 → 𝑛 + 𝑒+ P. Vogel and J. F. Beacom, Phys. Rev. D 60, 053003 (1999)
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Neutrino-nucleon (quasielastic) cross section at different ν energies 

ν𝑒 + 𝑛 → 𝑝 + 𝑒−

തν𝑒 + 𝑝 → 𝑛 + 𝑒+
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P. Vogel and J. F. Beacom, Phys. Rev. D 60, 053003 (1999)

A. Strumia and F. Vissani, Phys. Lett. B 564, 42-54 (2003)

C. H. Llewellyn Smith, Phys. Rept. 3, 261-379 (1972)

G. Ricciardi, N. Vignaroli and F. Vissani, JHEP 08 212 (2022)

M. Martini,  GIF 2022
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J. A. Formaggio, G. P. Zeller

Accelerator

M. Martini,  GIF 2022



14

Neutrino-nucleus 
cross sections

(for ν oscillation experiments 
↔ at accelerator energies )

Generalities

M. Martini,  GIF 2022



Neutrino oscillation experiments

 flux  cross 
section 

Detector 
efficiency 

 oscillation probability

• The neutrino energy is reconstructed
from the final states

• Nuclear targets (C, O, Ar, Fe…)

Modern accelerator-based neutrino oscillation experiments: 

μ

ν

X

A

the knowledge of the neutrino-nucleus 
cross section is crucial 

 Source 

Detector

E L

Migration 
matrix  

15

Number of 
detected events

Reconstructed 
ν energy

True 
ν energy

M. Martini,  GIF 2022



• Different reaction mechanisms contribute

Some crucial points of the accelerator-based  experiment

• The neutrino energy is reconstructed 
from the final states of the reaction
(often from CCQE events)

16

• Neutrino beams are not monochromatic 
(at difference with respect to electron beams) 

T2K

Formaggio, Zeller, 
Rev. Mod. Phys. (2012)

Katori, Martini, J. Phys. G (2018)

M. Martini,  GIF 2022



In these lectures: Neutrino - nucleus interaction @ E~ O(1 GeV) 
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knock-out
(2p-2h)

Incoherent
π production

Coherent
π production
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π
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Quasielastic
(QE)

Different processes are entangled
17M. Martini,  GIF 2022
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Cross Section generalities - textbook definitions

)θE
E’

• Definition: The Cross Section is a measure 
for the probability of a process to happen

• Dimensions: Area
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Neutrino flux integrated double differential cross sections  

pp n
nn

pp
n p

p nn
ν

Tμ

μ )θμ

Number of 
observed events 

Background 
contribution

Unfolding matrix to 
remove detector effects 

Efficiency Bin widthsTotal integrated flux Number of target 
nucleons in the 
Fiducial Volume

Experimental 
Definition 

Flux-integrated differential cross section is where theorists and experimentalists meet for ν interaction  

Theory
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(cosθµ , Tµ) distributions of  neutrino flux integrated CCQE generated events  

detector angular acceptance

MiniBooNE

MINERvA

T2K 

T2K  

ν

തν

ν

ν

Katori, Martini, J. Phys. G (2018)
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Cross Section generalities - Theory

Transition matrix element Density of final states

Quantum Mechanics (Time-dependent perturbation theory) 

Reaction rate per target particle and per beam particle: 

Fermi’s golden rule

(see equations 
slide 18) 

M. Martini,  GIF 2022
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𝑝1 + 𝑝2 → 𝑝𝑓1 + 𝑝𝑓2 +⋯+ 𝑝𝑓𝑁

Invariant squared amplitude
averaged and summed over 

initial and final states 

Lorentz invariant 
phase space factor dQ

Lorentz invariant general expression of differential Cross Section

𝑑𝜎 =
𝑀 2

𝐹𝑙𝑢𝑥
𝑑𝑄

Scattering of 2 particles leading to N outgoing particles

Invariant flux

M. Martini,  GIF 2022
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Standard Model of electroweak interaction
Electroweak interaction Lagrangian

Feynman Rules 

• Photon (γ)

• Massive vector bosons (W,Z)

Gauge Bosons Propagators 

Fermion Vertices

• Electromagnetic

• Weak (W exchange) 

γ , W , Z

• c = 1 for leptons
• c = Cabibbo-mixing matrix element for quarks

𝑄𝑓
• 𝑄𝑒− = −1,𝑄𝑢𝑝 = Τ2 3, …
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Electroweak transition matrix elements

Electromagnetic transition

Charged current transition 

l(k) 

X(p’)

N(p)

l'(k’) 

HadronLepton

e.m. lepton current

weak lepton current

Fermi coupling constant 
Cabibbo angle 

−(𝑖𝑒)2

hadronic current (Vector)

−𝑖𝑔

2 2

2

cos 𝜃𝐶

hadronic current (Vector-Axial)

−𝑖

−𝑖

q= (𝜔, Ԧ𝑞)

M. Martini,  GIF 2022
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Invariant squared amplitude (and Cross Section) in terms of
Leptonic and Hadronic tensors

Leptonic tensor

Hadronic tensor

𝑒2

A universal structure, valid for any lepton and hadron and maintained at different energy scales  
M. Martini,  GIF 2022
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The leptonic tensor

EM

CC and NC

തν

ν

Leptonic component of the electroweak current

l(k) 

l'(k’) 

Electron scattering 

Neutrino scattering 

p.s. In literature L is defined with different multiplicative and normalization factors
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The hadronic tensor

hadronic initial state

hadronic final state

Hadronic component of the electroweak current

The hadronic tensor contains all the information on the target response

ۧ|0

q

ۧ|𝑓

A general expression
• valid for different degrees of freedom (quark, nucleon, nucleon resonances, nucleus) 
• valid for different currents (electromagnetic, weak; one-body, two-body,…)  

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium
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Parenthesis: Nuclear physics and strong interaction

QCD is non-perturbative at low energies

Currently there is no knowledge on how to use it 
directly in a system as complex as the atomic nucleus

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DoF = quarks and gluons

• QCD

Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DoF = valence quarks and gluons

• Low energy QCD, Effective Theories

Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DoF = baryons and mesons

• Effective Field Theories

Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DoF = Nucleons

• Nuclear Many Body Physics

Choice of appropriated Degrees of Freedom

p
pp n

n
n

pp
n

p

p
n

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DoF = nucleonic densities and currents

• Nuclear Many Body Physics

Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

• DOF = collective coordinates

• Macroscopic models

Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022



collective coordinates

0.043
rotational state

in uranium

In the following:
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Quasielastic 2p-2h RES  production

M. Martini,  GIF 2022
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Choice of appropriated Degrees of Freedom

M. Martini,  GIF 2022
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The hadronic tensor

hadronic initial state

hadronic final state

Hadronic component of the electroweak current

The hadronic tensor contains all the information on the target response

ۧ|0

q

ۧ|𝑓

A general expression
• valid for different degrees of freedom (quark, nucleon, nucleon resonances, nucleus) 
• valid for different currents (electromagnetic, weak; one-body, two-body,…)  

Let’s start by considering the single nucleon electroweak current  

M. Martini,  GIF 2022
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The single nucleon electroweak current  

𝜎𝜇ν =
𝑖

2
𝛾𝜇, 𝛾ν

Electromagnetic current - Electron scattering 

Weak current – CC neutrino scattering 

Vector – Axial 

Vector  

Axial 

Partially Conserved Axial Current (PCAC) and pion-pole dominance ⇓

Conserved Vector Current (CVC) and isospin symmetry ⇓
M. Martini,  GIF 2022
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The form factors are corrections to “point-like coupling’’
They reflect the fact that the nucleon has an internal structure and a finite size

F1 and F2 can be written as a combination of the Electric and Magnetic form factors GE and GM

The nucleon form factors 

Electron-nucleon cross section τ

Global dipole-like behavior 
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Form factor and spatial distribution  

Form factors and spatial distributions 
(charge, magnetization) 

are Fourier pairs

M. Martini,  GIF 2022
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An example of hadronic tensor for the nucleus excitations: 
Quasielastic (1p-1h) excitation in the Relativistic Fermi Gas (RFG)

• Relativistic Fermi Gas: Nucleus as ensemble of non interacting fermions (nucleons) 

p

pp n

n
n

pp
n

p

p
n

• In the RFG ground state all the momenta p with |p| < kF (Fermi momentum) are filled

Step function 

𝑝

𝑛(𝑝)

EW current approximated by 
1-body operator, which can 
produce only 1particle--1hole 
(1p1h) excitations

RFG 1p-1h (QE) hadronic tensor

Single-nucleon 
hadronic tensor

see slide 38 for the expressions of  

J.E. Amaro et al. J.Phys.G 47 (2020) 12, 124001

M. Martini,  GIF 2022



Charged current neutrino-nucleus cross section

42

X

ν
W

A
k

k'
𝑞 = (𝜔, Ԧ𝑞)

l' 

differential solid angle in the direction specified by the charged-lepton momentum k’ 

Lab frame

initial and final lepton 4-momenta four-momentum transfer energy transfer

The charged current cross section is a linear combination of five contributions

• The notation {00; 03; 33; 11; 12} is often replaced by {00; 0z; zz; xx; xy} or {CC;CL; LL;T; T’} where the letters C, L and T 
stand for Coulomb, Longitudinal and Transverse respectively

• The explicit expression of the lepton coefficients L (which depend only on lepton kinematics) and of the 
components of the hadronic tensor W can be found in many books and articles. For example: 
Walecka, J. D. (1995), “Theoretical nuclear and subnuclear physics”, Oxford Stud. Nucl. Phys., 16

O’ Connell et al. PRC 6 719–733 (1972); Nieves et al. PRC 70 055503 (2004);  Amaro et al. PRC C 71 065501 (2005); 
Martini et al. PRC 80 065501 (2009); Shen et al.  PRC 86 035503 (2012)
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A simplified expressions particularly useful for illustration
• Final lepton mass contributions ignored (ml=0)

• Obtained by keeping only the leading terms for the hadronic tensor in the development of the 
hadronic current in p/MN

Explicitly appear: 
1. The different kinematic variables (related to the leptonic tensor)
2. The nucleon Electric, Magnetic, and Axial form factors (↔ nucleon properties)
3. The nuclear response functions (↔ nuclear dynamics)

Nuclear response functions R(q,):

Isovector R Isospin Spin-Longitudinal R(L) Isospin Spin-Transverse R(T)



Free (or bare) nuclear response function

(q,ω)

Ext. perturbation

N’

N

• Free nucleon at rest:
Response functions   δ(ω-q2/2mN)

• Fermi motion spreads δ distribution

response 
region 

• Nucleon inside the nucleus: 

N

F

NN

F

N m

qk

m

q

m

qk

m

q
+−

22

22



Nm

q

2

2

=

NN mmq −+=
22

relativistic:

q fixed

44

Nucleon-Nucleon interaction switched off ↔ Nucleons respond individually

• Pauli blocking cuts part of the low q and ω response

Fermi Gas Quasielastic Response



Nuclear Responses for different excitations 

ph π

∆
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∆

p p

1p-1h
Quasielastic

1p-1h
(Δ→πN) 1π production

h h

2p-2h:
two examples

45

p ph h

Δ-MEC NN SRC

M. Martini,  GIF 2022



np-nh enlarges the region of response
to the whole (ω,q) plane

QE

(N) np-nh

total

QE
1p-1h

np-nh

Δ(πN)

12C
q=600 MeV

2p-2h MEC

Nuclear responses and neutrino cross sections at fixed kinematics  

QE peak:

Δ peak:

np-nh excitations fill the DIP region 

46

DIP
region
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Examples of electron scattering cross section on 12C   
Remind: monochromatic beam

M. Martini,  GIF 2022



Remark: flux-integrated .vs. monochromatic beam cross sections 

In the flux-integrated cross sections the different channels are entangled

48

Neutrino flux-integrated d2σ Monochromatic d2σ

M. Martini,  GIF 2022



Switching on the nucleon- nucleon interaction

q=300 MeV/c

• External force acting on one nucleon is transmitted to the neighbors by the interaction –
Long Range Correlations 

• The nuclear response becomes collective

Random Phase 
Approximation 

(RPA) 

• Shift of the peak with respect to Fermi Gas, decrease, increase depending on the channels of excitation 

RPA

RPA

Fermi 
Gas

Fermi 
Gas

N-h Δ-h

Fermi Gas

RPA

QE Delta

49

12C

Infinite Nuclear Matter

QE

M. Martini,  GIF 2022



Neutrino scattering  - Effects of the RPA in the genuine quasielastic channel

QE totally dominated by isospin spin-transverse response Rστ(T)

RPA reduction

•expected from the repulsive character of p-h interaction in T channel 
•also due to interference term RNΔ < 0 
(Lorentz-Lorenz or Ericson-Ericson effect [M.Ericson, T. Ericson, Ann. Phys. 36, 323 (1966)])

Lowest order contribution to QE:

RNN RN∆ RΔ∆
QE QE QE

50M. Martini,  GIF 2022
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Bare vs RPA for MiniBooNE flux integrated d2 (genuine QE)

Martini, Ericson, Chanfray, Phys. Rev. C 84 055502  (2011)

RPA produces a quenching and some shift towards larger angles 

M. Martini,  GIF 2022
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The Hartree Fock + Continuum RPA for giant resonances and QE

Pandey et al. Phys.Rev. C94 054609 (2016) 

HF+CRPA (Ghent)

• Shell effects and giant resonances
• Different multipolar excitations

Comparison between LFG+RPA and HF+CRPA approaches

• The two approaches are essentially in agreement
• In the low energy part the LFG+RPA results represent the average of the HF+CRPA ones

M. Martini et al., Phys. Rev. C 94 015501 (2016)
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Several models to calculate the responses and the ν cross sections 
• Local Fermi Gas + Random Phase Approximation

• Hartree-Fock + (Continuum) Random Phase Approximation

• Spectral function approach

• SuSAv2 superscaling/relativistic mean field

• Relativistic Green’s function

• Green’s function Monte Carlo (“ab initio”)

• GiBUU transport theory

Lyon

p.s. only one representative reference for each approach (not necessarily the founding paper) 

M. Martini, M. Ericson, G. Chanfray, J. Marteau, Phys. Rev. C 80 065501 (2009)

Valencia J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas, Phys. Rev. C 83 045501 (2011)   

Ghent V. Pandey, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C 92 024606 (2015) 

Roma

Other groups focused on giant resonances and below   Kolbe et al. ; Volpe et al.; Co’ et al.; … 

N. Rocco, C. Barbieri, O. Benhar, A. De Pace, A. Lovato, Phys. Rev. C 99 025502 (2019)

Granada, Madrid, MIT, Sevilla, Torino 
G.D. Megias, J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly, I. Ruiz Simo, PRD 94 093004 (2016)

Pavia A. Meucci, C. Giusti, F. D. Pacati,  Nucl.Phys.A 739 277-290 (2004)

Argonne, Los Alamos A. Lovato, J. Carlson, S. Gandolfi, N. Rocco, R. Schiavilla, PRX 10 031068 (2020)

Giessen O. Buss, T. Gaitanos, K. Gallmeister, H. van Hees, M. Kaskulov, O. Lalakulich, 
A.B. Larionov, T. Leitner, J. Weil, U. Mosel, Phys.Rept. 512 1-124 (2012)

For discussions and comparisons of different models see for example:  
• G.T. Garvey, D.A. Harris, H.A. Tanaka, R. Tayloe, G.P. Zeller, Phys.Rept. 580 (2015) 1-45
• T. Katori, M. Martini, J.Phys.G 45 (2018) 1, 013001
• M. Sajjad Athar, A. Fatima, S. K. Singh arxiv. 2206.13792
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Simple nuclear models in introductory books 

• Protons and neutrons move freely within the 
nuclear volume V

• Retained only statistical correlations (Pauli principle) 

• In the nuclear ground state, the lowest states are 
all occupied up to a maximal momentum called 
Fermi momentum kF

𝑍

𝑉
= 𝜌𝑝 =

𝑘𝐹
𝑝 3

3𝜋2
𝑁

𝑉
= 𝜌𝑛 =

𝑘𝐹
𝑛 3

3𝜋2

• The nucleons move inside a mean field 
potential produced by the other nucleons

• Discrete energy levels arise which are 
filled up according to the Pauli principle

Fermi Gas Shell Model
Independent particles models 

𝐴

𝑉
= ρ =

2𝑘𝐹
3

3𝜋2

𝑘𝐹(𝑟) = [3/2 𝜋2𝜌(𝑟)]1/3

Local Fermi Gas

Local Density approximation
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More sophisticated models in advanced books 

• Hartree-Fock
• RPA
• Relativistic Mean Field
• Quantum Hadrodynamics

• Hartree-Fock
• Scaling
• Spectral function

• Spectral function
• Green’s function methods
• Monte Carlo methods
• Variational methods (CBF, FHNC)
• Relativistic Mean Field

M. Martini,  GIF 2022
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Monte Carlo Event Generators 

Monte Carlo event generators connects theoretical models to experimental measurements

Main Event Generators for neutrino interactions:

NEUT

L. Alvarez-Ruso et al., 
EPJ Spec. Top. 230, 4449 (2021)

T. Golan et al., 
NPB 229–232, 499 (2012)

Y. Hayato and L. Pickering, 
EPJ Spec. Top. 230, 4469 (2021)

O. Buss et al., 
Phys.Rept. 512 1-124 (2012)

Main models implemented for the quasielastic (and 2p-2h):
• Relativistic global and local Fermi Gas
• RPA
• Spectral Function
• SuperScaling (SuSAv2)

We have already rapidly illustrated the Fermi Gas and the RPA.  
In the following the SuperScaling and the spectral function will be briefly sketched 
2p-2h will be discussed in the second lecture  
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SuperScaling
• The basic idea of the approach [J.E. Amaro et al., PRC71 (2005) 015501] is to exploit electron scattering 

in order to predict the neutrino scattering cross section based on the “superscaling” properties of 
inclusive electron scattering data, extensively analysed in the 90s [Day et al., Ann.Rev.Nucl.Part.Sci.40 
(1990); Donnelly and Sick, PRL82; PRC60 (1999)]

• Extract a SuperScaling function from 
electron scattering inclusive data

• Plot it as function of a Scaling variable 
which is a combination of q and ω

• SuperScaling is realized if: →
I) f is independent of the kinematics (q) for a given nucleus (scaling of firs kind)
II) f is independent of the nucleus (kF) for given kinematics (scaling of second kind)

The SuperScaling function f is a universal function encoding the nuclear dynamics. 
It can be extracted from electron scattering experiment or calculated within a model.

• Final step: Use the SuperScaling function 
to predict the neutrino cross sections

M. Martini,  GIF 2022
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SuperScaling of inclusive electron scattering data 
• How well and at which kinematics does SuperScaling work? 

Day et al., Ann.Rev.Nucl.Part.Sci.40 (1990); Donnelly and Sick, PRL82; PRC60 (1999)

I kind: fixed target, varying kinematics II kind: fixed kinematics, varying target

• SuperScaling is well realized below the Quasi Elastic Peak
• Scaling violations occur beyond the Quasi Elastic Peak

M. Martini,  GIF 2022
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Donnelly et al. PRC 60 ’99

Scaling violations: longitudinal and transverse Superscaling

• The longitudinal response scales
• Scaling violations are mainly transverse (2p-2h, Δ resonance and other inelastic processes)

LONGITUDINAL TRANSVERSE

M. Martini,  GIF 2022
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The SuSA and SuSAv2 models in the quasielastic region 

• One scaling function extracted from 
longitudinal inclusive (e,e’) data

SuSA model - phenomenological
J.E. Amaro et al., PRC71 (2005) 015501

R. Gonzalez-Jimenez et al., PRC90 (2014) 035501

SuSAv2 model - microscopic

• Based on Relativistic Mean Field calculation
• A set of scaling functions in L,T and isospin 

channels

The scaling function(s) are used to describe simultaneously electron and neutrino scattering

M. Martini,  GIF 2022
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• The spectral function S(Em,pm) represents the joint probability of removing a nucleon of given 
momentum pm from the nuclear ground state A leaving the residual nucleus A-1 in a state characterized 
by missing energy Em

The Spectral Function  

• This approach has been largely used in the electron scattering experiments 
where the energy and the momentum transferred to the nucleus (ω,q) are 
measured. In particular it has been used in the (e,e’p) exclusive experiments 
where pm and Em can be selected by fixing the outgoing nucleon kinematics 

• Assuming that the interaction occurs on a single nucleon and that the 
energy and momentum of the outgoing nucleon are not modified by 
FSI (Plane Wave Impulse Approximation), pm and Em are the impulse 
and kinetic energy of the struck nucleon inside the nucleus

J. Mougey et al, Nucl. Phys. A 262 (1976)

1s1/2

1p3/2

1p 1s

𝐸𝑚 = 𝜔 − 𝑇𝑁 − 𝑇𝐴−1

𝒑𝑚 = 𝒒 − 𝒑𝑁 = 𝒑𝐴−1

Missing Energy

Missing momentum

p.s. Often in literature the sign is opposite : 𝒑𝑚 = 𝒑𝑁 − 𝒒 = −𝒑𝐴−1

recoil momentum

1p

1s

M. Martini,  GIF 2022
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Different 16O Theoretical Spectral Functions  

12C exp

𝑆𝐶𝐵𝐹 𝑝𝑚, 𝐸𝑚 = 𝑆𝑀𝐹 𝑝𝑚, 𝐸𝑚 + 𝑆𝑐𝑜𝑟𝑟 𝑝𝑚, 𝐸𝑚

Independent-particle 
models

J. M. Franco Patino et al, 
PRC 102 064626 (2020) 

Figures from M. B. Barbaro talk 
@NUFACT 2021 

Correlated Basis 
Functions O. Benhar, A. Fabrocini, and S. Fantoni, Nucl. Phys. A505, 267 (1989)

Figures from N. Rocco talk @ESNT-CEA workshop 2016

Short Range Correlated 
pairs

MF
FG
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Nucleon momentum distribution  

MF

MF + SRC

Y. Hayato and L. Pickering, 
EPJ ST. 230, 4469 (2021)

O. Benhar et al. Nucl.Phys. A 579 (1994)
J. M. Franco Patino et al, PRC 102 064626 (2020) 

12C

12C

SF (MF+SRC)

L. Alvarez-Ruso et al.New J.Phys. 16075015 (2014)

M. Martini,  GIF 2022
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Final State Interactions   

• FSI between the knocked-out nucleon and the residual nucleus can be theoretically 
treated using different approaches: Optical Potential, RMF, Energy-Dependent RMF

• FSI describe the propagation of the particles produced at the interaction vertex through the 
nucleus

• FSI include both elastic and inelastic reactions: elastic scattering with energy change, 
charge exchange, production of new particles, absorption

• Monte Carlo event generators includes different models of intra-nuclear cascades: 
particles are assumed to be classical and move along a straight line

• The inclusion of FSI effects is extremely important for the description of semi-inclusive data

• Different interaction vertices can lead to the same final state due to FSI 

FSI between the knocked-out particle(s) and the residual nucleus

FSI

Figure by T. Golan

• Some recent references: R. Gonzalez-Jimenez et al., PRC 101, 015503 (2020) ; 
J. Isaacson et al., PRC 103 015502 (2021); A. Nikolakopoulos et al. PRC 105, 054603 (2022); 
A. Ershova et al., PRD 106 032009 (2022)
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Neutrino-nucleus 
cross sections

Second Lecture

Results and Perspectives

M. Martini,  GIF 2022
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A simplified expressions particularly useful for illustration

Explicitly appear: 
1. The different kinematic variables (related to the leptonic tensor)
2. The nucleon Electric, Magnetic, and Axial form factors (↔ nucleon properties)
3. The nuclear response functions (↔ nuclear dynamics)

The charged current inclusive cross section is a linear combination of five contributions

Charged current neutrino-nucleus cross section (remind)

Lab frame



2222 )/1()( −+= AAA MQgQG

22222 )/1()/()()( −+=−= VnpME MQQGQG 
Vector 

Standard dipole parameterization

Axial

26.1=Ag

2/)021.0026.1( cGeVM A =

from neutron  decay

from -deuterium CCQE 
and 

from   electroproduction  

67

The Form Factors

V. . Bernard, J.Phys. G28 (2002) R1-R35

(see slide 39)

M. Martini,  GIF 2022



CCQE, CCQE-like and CC0π

M. Martini,  GIF 2022



MiniBooNE CC Quasielastic cross section on Carbon and the MA puzzle   

Comparison with a prediction based on RFG using MA=1.03 GeV (standard value) 
reveals a discrepancy

In the Relativistic Fermi Gas (RFG) model an axial mass of 1.35 GeV is needed to account for data

AIP Conf. Proc. 1189: 139-144 (2009); Phys. Rev. D 81, 092005 (2010) 

puzzle??  
69M. Martini,  GIF 2022



Comparison of different theoretical models for Quasielastic

L. Alvarez-Ruso , arXiv:1012.3871 (Neutrino 2010) 

70

puzzle??  
M. Martini,  GIF 2022



An explanation of this puzzle   

M. Martini, M. Ericson, G. Chanfray, J. Marteau, Phys. Rev. C 80 065501 (2009)

Agreement with MiniBooNE without increasing MA

N

N’
μ

ν
W+

μ

W+

N N

N’ N’

p

ppn
nn
pp

np

pn

p

p

ppn
nn
pp

np

pnn

Genuine CCQE   

Two particles-two holes (2p-2h)   

W+ absorbed by a pair of nucleons    

CCQE-like = Genuine CCQE + np-nh

71

Inclusion of the multinucleon emission channel 
(np-nh = 2p-2h + 3p-3h)

ν

MiniBooNE measured CCQE-like, not genuine CCQE   
M. Martini,  GIF 2022
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pp n
n

n
pp

n p

p n μ

Tracking detectors
e.g. NOMAD, MINERvA, 
T2KND280, MicroBooNE

p
p

pp n
n

n
pp

n p

p n
n

μ

p

pp n
n

n
pp

n p

p n μ
+ +...

Cherenkov detectors
e.g. MiniBooNE, SuperKamiokande

CCQE and CCQE-like

• Cherenkov detectors measure “CCQE-like” which includes np-nh contributions
• After MiniBooNE: CCQE-like = CCQE + np-nh
• Very recently [e.g. MicroBooNE PRL 125, 201803, 2020] “CCQE-like” has been used with another meaning
• After MiniBooNE it has become more popular to present the data in terms of final state particles 

ν N

N’
μ

W+

CCQE interaction 
vertex  



• Function of two measured variables  

Flux-integrated double differential cross section 

pp n
nn

pp
n p

p nn
ν

Tμ

μ )θμ

• Less model dependent than (E): free from the neutrino energy reconstruction problem (see later) 

• Flux dependent  
Flux-integrated differential cross section is where theorists and experimentalists meet for ν interaction  

(see slide 19)

M. Martini,  GIF 2022



Martini, Ericson, Chanfray, 
Phys. Rev. C 84 055502  (2011)

• Good agreement with data once multinucleon contributions are included
• Similar conclusions obtained by different theoretical calculations (see later) 

MiniBooNE CCQE-like flux-integrated double differential cross section 
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ν
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Similar conclusion also for the MiniBooNE CCQE-like antineutrino cross sections 

MiniBooNE CCQE-like flux-integrated double differential cross section 

pp n
nn

pp
n p

p nnν
Tμ

μ )θμ

ν

MiniBooNE,  Phys. Rev. D 88  032001 (2013)

Martini, Ericson, Phys. Rev. C 87 065501 (2013)

M. Martini,  GIF 2022
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CC0 = CCQE-like without subtraction of  absorption background (CC0π ≥ CCQE-like)

Including np-nh
Without np-nh

The CC0 measurement
After MiniBooNE, it has become more popular to present the data in terms of final state particles

Better agreement including np-nh
M. Martini,  GIF 2022
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CC0 = CCQE-like without subtraction of  absorption background

Martini et al. 
Nieves et al. 

The CC0 measurement
After MiniBooNE, it has become more popular to present the data in terms of final state particles

• Two theoretical models including np-nh are compatible with data 
• Differences between models’ predictions
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The T2K CC0 data and the Monte Carlo predictions

M. Martini,  GIF 2022



The multinucleon emission channel (or np-nh, or 2p-2h)

• Explanation of the axial mass puzzle

• The effort to include this np-nh channel in 
several Monte Carlo is still in progress

• A lot of interest in these last 13 years (starting 
from the explanation of MiniBooNE CCQE-like)

• Before MiniBooNE it was not included in
the generators used for the analyses of 
cross sections and oscillations experiments

0.5 MA [ GeV]1 1.5

-nucleus
experiments

• Several theoretical calculations agree on
its crucial role but there are differences
on the results obtained for this channel

• One of the most important source of the
cross section uncertainties (systematic
errors in oscillation experiments)

79

A. Branca et al. Symmetry 13 (2021) 9, 1625

M. Martini,  GIF 2022



Some theoretical details on 2p-2h

M. Martini,  GIF 2022 80



Three equivalent representations of the same process   

Final state: two particles-two holes   

2 body current 2p-2h matrix element 2p-2h response

Cut 
(optical theorem)

p ph h

Two particle-two hole sector (2p-2h)   

81M. Martini,  GIF 2022



Diagrams for 2 body currents

Nucleon-Nucleon Correlations (SRC)

Meson Exchange Currents (MEC)

Pion in flight Seagull or 
Contact

Delta

Jcorr

JMEC

• An additional two-body current to be included in the framework of 
independent particle models such as LFG or Hartree-Fock. 

• Absent in the approaches which start from the description of the nucleus in 
terms of correlated wave functions (such as CBF spectral function or GFMC) 
since the matrix elements of the one body current already includes this 
contribution.

• There is a risk of a double counting of SRC in the Monte Carlo if different 
contributions to the neutrino cross sections are taken from different models.

off-shell pion

π

Pion pole
(purely axial)



Some two-body currents
Electromagnetic

Weak
• CC Seagull

83

Amaro et al. Phys.Rev.C 82 044601 (2010) 

( )

Ruiz-Simo et al. Phys.Rev.D 90 033012 (2014); J.Phys.G 44 065105 (2017)    



Some diagrams for 2p-2h responses

NN correlation-MEC 
interference

MECNN correlations

Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984) 

M. Martini,  GIF 2022



85

MEC contributions

-MEC

Pionic

-
interference  

De Pace, Nardi, Alberico, Donnelly, Molinari, NPA741 (2004)  

M. Martini,  GIF 2022
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Separation of np-nh contributions in the nuclear responses

also called NN SRC; part of 1-body current contribution in 
correlated nuclear wave functions approaches, like SF or GFMC

Δ mediated MEC

NΔ interference, also called NN correlation-ΔMEC interference  
or 1-body—2-body interference  

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004)  

  - intf. 
M. Martini,  GIF 2022
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Direct and exchange MEC contributions 

Direct Exchange

Fully relativistic calculation of  

3000 direct terms More than 100 000 exchange terms 

De Pace, Nardi, Alberico, Donnelly, Molinari, NPA741 (2004):  

M. Martini,  GIF 2022



Main difficulties in the np-nh sector

• Huge number of diagrams and terms

Computing very demanding

• 7-dimensional integrals 

• Calculations for all the kinematics compatible with the experimental neutrino flux  

• Divergences (angular distribution;  NN correlations contributions)  

Hence different approximations by different groups:

- reduce the dimension of the integrals 
(7D --> 2D if non relativistic; 7D -->1D if h1 = h2 =0)

- choice of subset of diagrams and terms; 

- different prescriptions to regularize the divergences; 

of thousands of terms

 Different final results by different groups

matrix elements 

88 M. Martini,  GIF 2022



Approach Vector Axial 
NN 

correlations
MEC

NN-MEC
interference

Relativistic

RPA Lyon 
Martini et al. 

Yes Yes
Yes

(Only 
 MEC)

Yes
Some

ingredients
No

RPA Valencia
Nieves et al. 

Yes Yes Yes Yes
Approximations

in the WNN
vertex

No

SuSAv2 Yes Yes

Already in 
Superscaling

function 
(1p-1h part)

Yes No Fully Relativistic Yes

π,g’

π,,g’

Different approximations for the 2p-2h calculations 

•Divergences in NN correlations, prescriptions: 
-nucleon propagator only off the mass shell (Alberico et al. Ann. Phys. 1984 )

-kinematical constraints + nucleon self energy in the medium (Nieves et al PRC 83 )

- regularization parameter taking into account the finite size of the nucleus
to be fitted to data (Amaro et al. PRC 82 044601 2010)

89

T. Katori, M. Martini, J.Phys.G 45 (2018) 1, 013001
M. Martini,  GIF 2022



Example of different results for 2p-2h in the (q,ω) or (q0,q3) plane

90

GENIE 

MEC 

MEC 

SRC+MEC 

SRC+MEC 

Nieves et al.

Lyon  Martini et al.

T. Katori, M. Martini, J.Phys.G 45 (2018) 1, 013001

S. Dolan, G.D. Megias, S. Bolognesi, Phys.Rev.D 101 033003 (2020) 

M. Martini,  GIF 2022
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 .vs.  and  .vs. e

M. Martini,  GIF 2022
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ν

ν

A precise and simultaneous knowledge of the four cross sections is important in connection to 
the oscillation experiments aiming at the search for CP violation in the lepton sector.

P( ) P( )?
What about  vs  interaction? And  vs e? 

T2K Nature (2020) 



Neutrino vs Antineutrino interactions
The  and anti  cross sections differ by the sign of the V-A interference term

Vector-Axial interference 

Vector-Axial interference: 
basic asymmetry from weak interaction theory

different sign in the Leptonic tensor

93

തν

ν

Even neglecting nuclear effects, the absolute value and the kinematic
behavior of neutrino and antineutrino cross sections are different

M. Martini,  GIF 2022



dσ/dcosθ Q2 distribution 

• Antineutrino cross section falls more 
rapidly than the neutrino one

• Antineutrino Q2 distribution peaks at 
smaller Q2 values than the neutrino one

94

T. Katori, M. Martini, J.Phys.G 45 (2018) 1, 013001

M. Martini,  GIF 2022



Neutrino vs Antineutrino interactions and nuclear effects

Vector-Axial interference 

9595

The  and anti  interactions differ by the sign of the V-A interference term

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 81 045502 (2010)

Rστ ν

Rστ ν

Rτ

ν

ν

𝑛𝑝 − 𝑛ℎ

𝑄𝐸

QE

→the relative weight of the different nuclear responses is different for neutrinos and antineutrinos

→the relative role of np-nh contributions is different for neutrinos and antineutrinos

Nuclear effects generate an asymmetry 
unrelated to CP violation 
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ν ν
Lyon RPA
Martini et al.

Valencia RPA
Nieves et al.

black: QE RPA+2p2h

red: QE RPA

Exp. data x 0.9 

SuSAv2 

PRC 84  (2011) PRC 87  (2013)

PLB 707  (2012) PLB 721  (2013)

PRD 94  (2016) PRD 94  (2016)
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The relative role of np-nh for neutrinos and antineutrinos is different in different approaches

T. Katori, M. Martini, J.Phys.G 45 (2018) 1, 013001
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e cross sections 

Megias et al., PRD 94 (2016) Gallmeister et al.PRC 94(2016)Martini et al., PRC 94  (2016)   

- Similarity of the theoretical results for the inclusive d
- Theoretical results agree with data

• There are few published results on e cross sections. This is essentially due the relatively
small component of e fluxes with respect to the  ones hence to small statistics.

• The e experimental published results essentially concern inclusive cross sections
T2K flux-integrated e CC inclusive differential cross sections on carbon 
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e and  total and double differential cross sections  

Due to the different kinematic limits, the νe cross sections are expected to be larger than the νµ ones
M. Martini,  GIF 2022
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Ratio e/ for d/dcos in different channels  

Martini et al., 
PRC 94  (2016)   

Due to the different kinematic limits, the νe cross sections are expected to be larger than the νµ ones. 
However for forward scattering angles this hierarchy is opposite in the QE channel. 
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A theoretical study (HF+CRPA Ghent)  of the  and e d2

Due to the different kinematic limits, the νe cross sections are expected to be larger than the νµ ones. 
However for forward scattering angles this hierarchy is opposite. 
The only difference between νμ and νe cross sections is the mass of the outgoing lepton. 
But the mass affects the three momentum transfer which enters into the kinematics as well as the 
dynamics of the nuclear model 

M. Martini et al., Phys. Rev. C 94 015501 (2016)

Further studies: A Nikolakopoulos et al. , PRL 123, 052501 (2019); R. González-Jiménez, PRC, 100, 045501 (2019)
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The only difference between νμ and νe cross sections is the mass of the outgoing lepton. 
But the mass affects the three-momentum transfer which enters into the kinematics as well as the 
dynamics of the nuclear model 

Momentum transfer q versus transferred energy ω for   and e d2

Kinematical 
conditions of 
the previous 

slide

𝑞2 = 𝐸𝜈
2 + 𝑝𝑙

2 − 2𝐸𝜈𝑝𝑙 cos 𝜃 𝑝𝑙
2 = 𝐸𝑙

2 −𝑚𝑙
2 = 𝐸ν − 𝜔 2 −𝑚𝑙

2

M. Martini et al., Phys. Rev. C 94 015501 (2016)
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Neutrino energy reconstruction 

M. Martini,  GIF 2022
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 flux  cross 
section 

Detector 
efficiency 

 oscillation probability Migration 
matrix  

Number of 
detected events

Reconstructed 
ν energy

True 
ν energy

Two methods for  energy reconstruction

Tracking detectors

• Use all the detected particles  
• Calorimetric method

Cherenkov detectors
• Use only lepton  
• Quasielastic-based method

Energy reconstruction in neutrino oscillation experiments

M. Martini,  GIF 2022
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Quasielastic-based neutrino energy reconstruction 

νμ beam θ

μ

ppn
nn
pp

np

pnn
Eμ and θ

measured

νμ n → μ- p   CCQE
Reconstructed neutrino energy

via two-body 
kinematics

reconstructed neutrino energy true neutrino energy
?

=
is exact only for CCQE with free nucleon

M. Martini,  GIF 2022
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QE Scattering with free nucleon at rest: two-body kinematics 

The nuclear response function is proportional 
to the delta distribution

The intercept of the hyperbola with the QE 
line fixes the possible ω and q values for 

given Eμ and θ.

Hence the neutrino energy is determined

hyperbola

QE line

Eμ and θ
fixed

ω
in

te
rc

e
p

t
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QE Scattering with nucleon inside the nucleus  

Fermi motion spreads δ distribution 

Pauli blocking cuts part of the nuclear response

The intercept of the hyperbola with the 
response region gives several possible ω response 

region Broadening of the neutrino energy

p

ppn
nn
pp

np

pn

Nuclear effects in genuine CCQE (1p-1h)  

)( ,q




Eμ and θ
fixed

ωmax

ωmin

)( maxmin  += EE

Long Range Correlations (RPA collective effects)
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Binding energy EB

Final State interactions (FSI)
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P.S. QE Response region and hyperbolas for several Tμ and θ

𝜔
(𝑀

𝑒𝑉
)
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QE

np-nh

Δ(πN)

12C
q=600 MeV

np-nh creates a high energy tail
above the QE peak

QE

(N)

np-nh

T. Katori, M. Martini, J. Phys. G 45 1, 013001 (2018)

np-nh enlarges the
region of response to
the whole (ω,q) plane

no reason to fulfill the QE relation for Eν reconstruction

Multinucleon emission
p

p

pp n
nn
pp

n p

p nn
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True ν energy 

?
?
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e

n
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Reconstructed ν energy 

Experiment Experiment

Ev
e

n
ts

True ν energy 

?
?

Ev
e

n
ts

Reconstructed ν energy 

Theory Theory
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• Crucial role of np-nh: low energy tail 

True energy 

From true neutrino energy to reconstructed neutrino energy

corresponds to the product 
(E) (E) but in terms of 

reconstructed neutrino energy

The quantity 

M. Martini,  M. Ericson, G. Chanfray
- Phys. Rev. D 85 093012 (2012)
- Phys. Rev. D 87 013009 (2013)

• Distributions not symmetrical around Eν

111

ν energy migration matrix

M. Martini,  GIF 2022
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QE-based neutrino energy reconstruction and neutrino oscillations

M. Martini,  M. Ericson, G. Chanfray
Phys. Rev. D 85 093012 (2012); Phys. Rev. D 87 013009 (2013)

νμ disappearance T2K

Neutrino energy reconstruction and neutrino oscillation analysis are affected by np-nh

Before oscillation

oscillation

νe appearance T2K

The reconstruction correction tends to make events 
leak outside the high flux region,  especially towards 
the low energy side

• Near Detector: 
clear low energy enhancement

• Far Detector: 
low energy tail and 
the middle hole is largely filled 

After reconstruction: 

Similar results in: 
- Nieves, Sanchez, Simo, Vicente Vacas PRD 85 113008 (2012)  
- Lalakulich,  Mosel, Gallmeister, PRC 86 054606 (2012)

M. Martini,  GIF 2022



Impact of 2p-2h modeling on T2K oscillation analysis 

T2K Phys.Rev.D 96 (2017) 9, 092006
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νe app.

νμ disapp.

See S. Bolognesi and S. Lavignac lectures
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NOvA

S. Bolognesi slide

!!



νμ disappearance in DUNE

Mosel et al. Phys. Rev. Lett. 112 151802 (2014)

Solid: E true
Dashed: E rec

ND 

ND 

FD

FD

Major improvement in 0 + 1p + Xn sample, events down by only factor 3
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QE-based E reconstruction using proton information

CP=-/2

CP=-/2

CP=/2

CP=/2

νe appearance in DUNE
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Electron-beam energy reconstruction for ν oscillation measurements

QE-based
(e,e’)

Calorimetric
-based
(e,e’p)

Nature 599 (2021) 7886, 565-570
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1π production

M. Martini,  GIF 2022
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The one pion production channel
pp n

n
n

pp
n p

p n
n π

n
Important for two reasons:

• NC10 can mimic in Cherenkov detectors 
electron-like signal in →e oscillation search 

• CC1 can mimic CCQE if 
the pion is not detected 

M. Martini,  GIF 2022
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The 1π production via Δ(1232) resonance excitation and decay

At energies of our interest, it is the 
dominant mechanism of the reaction

Hadron
matrix element

Electroweak vertex

can be extracted from single-pion electro-production data
Vector form 

factors

Axial form 
factors PCAC Adler

Small, 
usually 
neglected

Δ propagator

Spin 3/2 projection 
operator

NΔπ coupling

E. Hernandez et al. Phys. Rev.  D 76, 033005 (2007)
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1π production in neutrino deuteron scattering

• “Old” deuteron bubble-chamber experiments (Argonne ANL and Brookhaven BNL)  
[Campbell J et al 1973 Phys. Rev. Lett. 30 335; Radecky G et al 1982 Phys. Rev. D 25 1161; Kitagaki T et al 1986 Phys. Rev. D 34 2554]

• Both ANL and BNL data suffer from a large flux-normalization error

There is also a strong desire to repeat bubble-chamber 
experiments to better determine the C5

A  form factor

E. Hernandez et al. Phys. Rev.  D 87, 113009 (2013)

Nowadays due to the tighter safety regulations of modern
experiments, hydrogen or deuteron bubble-chamber 
experiments are not easily approved, especially underground, 
where most of neutrino beams are located.



CC1+ flux-integrated differential cross sections on carbon

M. Martini, M. Ericson, Phys. Rev. C 90 025501 (2014) 
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Results in terms of muon variables

MiniBooNE

T2K 

MINERvA

M. Buizza Avanzini et al. PRD 105, 092004 (2022)

Reasonable agreement between models and data

M. Martini,  GIF 2022
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CC1 results in terms of pion variables

Rodrigues, AIP Conf. Proc. 1663 (2015) Eberly et al. , PRD 92 (2015)

MiniBooNE MINERvA MiniBooNE - MINERvA

Abe et al. , PRD 95 (2017)

T2K 
• models .vs. data ??
• models .vs. models??
• data .vs. data (through models)?? 

Historically many tensions

the 1π puzzle

M. Martini,  GIF 2022
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M. Betancourt et al.
Phys.Rept. 773-774 (2018) 1-28 

Pion puzzle – Tension 2016 Workshop
Old New (after Tension)

M
in

iB
o

o
N

E
M

IN
ER

vA

- Same models, correct signal definition, proper flux averaging

- Updated flux prediction from MINERvA

Better normalization agreement but shape discrepancies remain
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Tune Monte Carlo to 
simultaneously fit 4 datasets 

The tuning improves the model,  but tensions remain

Pion puzzle – Tuning GENIE with MINERvA data (2019)

ν𝜇𝐶𝐶1𝜋
+

ν𝜇𝐶𝐶𝑁𝜋
+

ν𝜇𝐶𝐶1𝜋
0

ν𝜇𝐶𝐶1𝜋
0

P. Stowell et al. PRD 100 (2019) 7, 072005
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• The generators used to extract the cross section  is often the one with the best description of the data

Tensions remain

• Experimental collaborations have more advanced analyses in progress

• None of the common event generators include nuclear medium effects for the Δ

Pion puzzle – T2K and MINERvA data .vs. Monte Carlo (2022)
M. Buizza Avanzini et al. PRD 105, 092004 (2022)

• These studies are Δ dominated interactions
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• The complications of pion data analyses lay not only 
on the modeling of primary production and pion FSI 
but also on the fact that all hadronic processes 
related to shallow inelastic scattering (SIS) and DIS 
regions must be modeled correctly

A. Ankowski

Δ 

SIS DIS 

Beyond Δ resonance

• Another major challenge important in 
particular for DUNE

• SIS and DIS have been minimally studied both 
experimentally and theoretically with neutrino 
scattering 

M. Sajjad Athar, J. G. Morfín, J.Phys. G 48, 034001 (2021)

T. Katori, M. Martini, J.Phys.G 45 1, 013001 (2018) 
L. Alvarez-Ruso et al. Prog. Part. Nucl. Phys. 100, 1–68 (2018)

M. Martini,  GIF 2022
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pp n
n

n
pp

n p

p n
n

l'

π



A

ν
W

A
k

k'l' 
π

The coherent 1 production

Relatively rare interaction channel, but can mimic oscillation signals

Production of 1 pion with the nucleus remaining in its ground state

Cross sections reshaped by nuclear collective effects

coherent

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

W π

M. Martini,  GIF 2022
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Coherent 1 production experimental results
K2K and SciBooNE did not observe coherent π+ production at neutrino energies ∼1GeV

MINERA and ArgoNeut see evidence for CC coherent pion production

PRL 113, 261802 (2014)

π+ coh. CC

π0 coh. NC
=1.5 ~ 2 

Theoretical models:

π+ coh. CC

π0 coh. NC

30.0

28.014.0 +

−=

SciBooNE:

Kurimoto et al, PRD 81 (2010) 

CC/NC

Boyd S. et al. AIP Conf. Proc. 1189 60 (2009) 

Coherent puzzle at E 1 GeV 

PRD 78 ,112004 (2008)
PRL 95, 252301 (2005)

Preliminary T2K cross section measurement: coherent π+ production at neutrino energies ∼1GeV 

Andrew Cudd –T2K  @NUFACT2022

M. Martini,  GIF 2022
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Recent hot topics and perspectives
• Different nuclear targets, in particular 

Argon
• Semi-inclusive processes (proton 

detection)
• Single Transverse Kinematics Imbalance 

M. Martini,  GIF 2022
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Present Future

Carbon: T2K(ND) and NOvA

Oxygen (water): T2K (SuperK) and Hyper-K

Argon: DUNE

Nuclear targets of present and future LBL oscillation experiments

In the last 15 years many cross sections measurements and theoretical studies have been 
performed for Carbon (12C). Less for Oxygen (16O) and Argon (40Ar) 

M. Martini,  GIF 2022
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T2K CC0π d2σ cross sections on oxygen and carbon
Ratio 16O/12C per nucleon SuSAv2+MEC

Megias et al., JPG46 (2019)T2K PRD 101 (2020)
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MINERvA CC0π1p(at least) Q2distributions  for carbon, iron, lead

M. Buizza Avanzini et al. PRD 105, 092004 (2022)

56Fe

208Pb

CH

• The spread of distributions predicted by generators increases from carbon to lead

• Most significant deviations are at low Q2 where nuclear effects are more important



First MicroBooNE measurement on Argon: inclusive d2σ/dpµdcosθµ

• Inclusive measurements are less affected by background subtraction with respect to exclusive ones
• CC Inclusive: only the charged lepton is detected. All reaction mechanisms contribute

• Inclusive measurements accumulate more rapidly enough statistics of events

133
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Results also with SuSA
Barbaro et al. Universe 7 (2021)

Gonzalez-Rosa et al. PRD 105 (2022)

SuSAv2

• At backward angles the predictions of the different  models are slightly shifted to lower values of 
pµ , whereas the reverse occurs at forward angles

M. Martini, M. Ericson, G. Chanfray, PRC 106 (2022) 

RPA
Total = QE + np-nh + 1π inc.+ 1π coh. 

• Reasonable overall agreement, though not as good as in the 12C T2K inclusive case (see next slide)

RPA and SuSAv2 calculations of MicroBooNE inclusive d2σ on agon

M. Martini,  GIF 2022



Remarkable agreement
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M. Martini, M. Ericson, G. Chanfray, PRC 106, 015503 (2022) 

RPA and Monte Carlos calculations of T2K inclusive d2σ on carbon

RPA Monte Carlo
M. Buizza Avanzini et al. PRD 105, 092004 (2022)

M. Martini,  GIF 2022
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Recent energy-dependent inclusive MicroBooNE cross sections on argon 

Experimental results presented for the first time as a function of true neutrino energy Eνand 
transferred energy (ν or ω)
This has been made possible by a new procedure (based on the comparison between the data and the 
Monte Carlo predictions constrained on the lepton kinematics) allowing the mapping between the true 
Eν and ω on one hand, and the reconstructed neutrino energy Eν

rec and hadronic energy Ehad
rec on the 

other hand

M. Martini,  GIF 2022
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MicroBooNE flux-averaged inclusive dσ/dEµ and dσ/dω on argon
M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022) PRL 128,  151801 (2022)

dσ/dω allows a better separation of the different channels
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• RPA χ2/ndf=17.2/8. Comparable with the one of GiBUU and better than all the Monte Carlo predictions
• A possible reason is that GENIEv3, MicroBooNE MC, NEUT and NuWro implement np-nh contribution 

deduced by Nieves et al. model. This contribution is smaller than the one of other evaluations (GiBUU, 
Martini et al,…) 

Quantitative analysis of MicroBooNE inclusive dσ/dω on argon

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022) 

PRL 128,  151801 (2022)

χ2/ndf = 17.2/8 

σ𝑠𝑚𝑒𝑎𝑟𝑒𝑑 = 𝑀𝑎𝑑𝑑_𝑠𝑚𝑟 × σ𝑚𝑜𝑑𝑒𝑙

Additional Smearing Matrix Covariant Matrix

MicroBooNE shared additional smearing and covariant matrices for quantitative analysis

M. Martini,  GIF 2022
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MicroBooNE semi-inclusive CC0π1p on argon

?! CCQE-like with another meaning 
than in the past

Overestimation in the muon  forward direction

J. M. Franco-Patino et al. PRD 104 (2021) 7, 073008

RPWIA (NO FSI)

DWIA (FSI)

A.V. Butkevich PRC 105 (2022) 2, 025501

MicroBooNE PRL 125(2020)

M. Martini,  GIF 2022
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MicroBooNE semi-inclusive CC0π1p on argon versus proton variables

MicroBooNE PRL 125(2020) A.V. Butkevich PRC 105 (2022) 2, 025501

DWIA (FSI)

How good are the approximations (use inclusive models, factorization) of the present MC?

• Poor Monte Carlo – data agreement

• Spread of Monte Carlo predictions

M. Martini,  GIF 2022
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M. B. Barbaro talk @NUFACT 2021 

There is a rapidly increasing interest on semi-inclusive cross sections 

Theoretical situation:
- few models and papers for genuine CCQE [J. M. Franco Patino et al, PRC 102 (2020); PRD 104 (2021), 2207.02086; A. V. 
Butkevich PRC 105 (2022)]
- one (incomplete due to the absence of Δ-MEC) model for 2p-2h [T. Van Cuyck et al. PRC 94 (2016); PRC 95 (2017)] 

The semi-inclusive neutrino cross section

Figures by J. M. Franco Patino et al. 

M. Martini,  GIF 2022
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Semi-inclusive cross section: impact of different initial state modeling
M. Barbaro
talk @IPSA 
2022 



MINERvA data

T2K data

Semi-inclusive CC0π cross section on carbon: role of proton FSI

FSI

RPWIA: no FSI
GENIE-SuSAv2: include FSI but from inclusive model (factorization)
ED-RMF, rROP, ROP: different theoretical approaches for FSI
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• FSI improve the agreement with data 
respect to the RPWIA prediction

• Ambiguity in the way of implementing 
FSI, which the data error bars are not 
sufficient to resolve

• 2p2h give non-negligible contribution

Adapted from M. Barbaro talk @IPSA 2022 

J. M. Franco-Patino et al. , arXiv 2207.02086
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Scattering on a free nucleon at rest

Transverse projections equal and opposite 
due to momentum conservation

Single Transverse Kinematic Variables

S_Dolan_Talk_ECT_2018
M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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Single Transverse Kinematic imbalance (STKI)

Scattering on nucleus

Imbalance due to initial nucleon motion 
and other nuclear effects

S_Dolan_Talk_ECT_2018

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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Single Transverse Variables (STV) 

M. Martini,  GIF 2022
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Single Transverse Kinematic imbalance (STKI) – 3 variables (STV)

S_Dolan_Talk_ECT_2018

M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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S_Dolan_Talk_ECT_2018
M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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S_Dolan_Talk_ECT_2018

M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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S_Dolan_Talk_ECT_2018

M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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S_Dolan_Talk_ECT_2018

M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf


152S_Dolan_Talk_ECT_2018 M. Martini,  GIF 2022

https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf
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• FSI improve the agreement with data respect to the RPWIA prediction
• STKI Variables helps to discriminate between different FSI models: data (at least T2K) seem to 

prefer ROP
• 2p2h give non-negligible contribution

RPWIA: no FSI
GENIE-SuSAv2: include FSI but from inclusive model (factorization)
ED-RMF, rROP, ROP: different theoretical approaches for FSI

J. M. Franco-Patino et al. , arXiv 2207.02086

Semi-inclusive CC0π dσ on carbon versus STKI Variables: 
discrimination of FSI modeling

A very recent theoretical study
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A_Eguchi_T2KND280upgrade_NuFACT2022 (fnal.gov)

The T2K ND280 Upgrade

M. Martini,  GIF 2022

see also S. Bolognesi lecture 

https://indico.fnal.gov/event/53004/contributions/245852/attachments/158405/207833/220804_NuFACT_upgrade.pdf
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The Upgrade opens the door to new multi-dimensional analyses (e.g. 𝛿p𝖳 in bins of 𝛿𝛼𝖳) 

• More mass, more data, better acceptance

• Improved reconstruction at high and backward lepton angles

• Better reconstruction of outgoing nucleons 

Significant decrease of the nuclear effects uncertainties 

The T2K ND280 Upgrade – Physics sensitivity studies

FSI 1p-1h np-nh

M. Martini,  GIF 2022
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Summary and conclusions 

Neutrino-nucleus cross sections: exciting, surprising, “incontournable”

In the precision era of neutrino physics new intriguing results, like CP violation, 
necessary passes through a precise knowledge of neutrino-nucleus cross sections 

M. Martini,  GIF 2022
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Electron-nucleon scattering

Scattering on a point-like spinless target

Scattering on a point-like spin ½  target

Scattering on spin ½ particle with an internal structure (protons and neutrons): 
electric and magnetic form factors



159



160



161



162



163

Direct

De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004)  

Exchange

Direct

Exchange

Total Total

Electromagnetic 2p-2h MEC response



2p-2h phase space integral

Ruiz Simo, Albertus, Amaro, Barbaro, Caballero, Donnelly 
Phys. Rev. D 90 033012 (2014) 
Phys. Rev. D 90 053010 (2014) 
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Angular distribution of ejected nucleons

Lab

CM

Ruiz Simo, Albertus, Amaro, Barbaro, Caballero, Donnelly 
Phys. Rev. D 90 033012 (2014) 
Phys. Rev. D 90 053010 (2014) 
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Difference of  and anti cross sections and the VA interference term

We calculate the sum and the difference using real and mean MiniBooNE fluxes results  

The mean flux contribution is dominant  

The VA interference term is
experimentally accessible in  MBdata

Need for the multinucleon component 
in the VA interference    

𝑑𝜎~𝑑𝜎𝐿 + 𝑑𝜎𝑇 ± 𝑑𝜎𝑉𝐴 𝑑𝜎 − 𝑑𝜎ഥ ↔ 2𝑑𝜎𝑉𝐴

Problem: flux dependence of d

We  introduce the mean flux   





M. Ericson, M. Martini Phys. Rev. C 91 035501 (2015) 

?   

Difference gives only the VA term for identical   and anti flux 



 and e CCQE d2 in CRPA 
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M. Martini et al., Phys. Rev. C 94 015501 (2016)
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MINERvA “calorimetric” measurement
Aim: isolate the different contributions (in particular np-nh) in the (,q) phase space, as in (e,e’) scattering  

np-nh

QE

total

Δ(πN)

Martini, J.Phys.Conf.Ser. 408 (2013) 012041

The addition of np-nh excitations via a GENIE implementation of the model of Nieves et al. reduces the discrepancy
between simulation and data in the dip region, but more np-nh events would further improve the agreement with data

)( ,q




P. A. Rodrigues et al., PRL 116, 071802 (2016)

total

QE

np-nh

Δ(πN)

q=600 MeV
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Theoretical studies on hadron information – Isospin content
I. Ruiz Simo et al. Phys. Lett.B762, 124 (2016)

MEC NN SRC
T. Van Cuyck et al. PRC 94, 024611(2016)

• The pp channel final state 
(np in the initial state) 
dominates in MEC and SRC

Final state

Initial state

• The pp/np ratio depends on 
the kinematics 
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Acciari et al. Phys.Rev. D90 (2014) 012008
ArgoNeut

Exclusive processes ( , -+2p)

NN SRC ? -MEC ?

 absorption ?

Hammer events 

Theoretical studies 

T. Van Cuyck et al. 
PRC 94, 024611(2016)

• Modeling the coincidence reactions is in demand by the experimental 
community but it is a very challenging task

• Many models used up to now to compare with the neutrino flux-
integrated differential cross sections function of the charged lepton 
variables are not applicable for exclusive  studies. More nuclear 
response functions contribute to the cross section



The distributions are 
not symmetrical around Ēν.

The asymmetry favors higher 
energies at low Ēν and smaller 

energies for large Ēν.

Energy reconstruction: Probability distributions F(Eν,Ēν) for several Ēν

using three different neutrino fluxes
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Crucial role of neutrino flux.

M. Martini,  M. Ericson, G. Chanfray, Phys. Rev. D 85 093012 (2012)



CCQE-like cross sections as a function of real (continuous line) 
and reconstructed (dashed line) neutrino energy 

ν

ν
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M. Martini,  M. Ericson, G. Chanfray, Phys. Rev. D 87 013009 (2013)

Martini, Ericson, Phys. Rev. C 87 065501 (2013)
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Quantitative analysis

Taking into account np-nh allows a slightly better fit of the 
MiniBooNE low-energy excess

Taking into account np-nh induces a shift of the allowed
region towards smaller values of sin22ϑ and larger values of
∆m2 in the framework of 2 oscillations

Taking into account np-nh leads to a decrease of the
appearance-disappearance tension but not enough to solve
the problem in the global fit of short-baseline  oscillation data

M.Ericson, M.V.Garzelli, C.Giunti, M.Martini, 
Phys. Rev. D 93, 073008 (2016)

+ np-nh + np-nh + np-nh

+ np-nh

The role of np-nh in the νμ─›νе MiniBooNE low-energy anomaly 



1 Pion production controversy  

Best theories (with  medium effects and pion rescattering) do not agree with pion KE spectrum 

Data prefer calculations with no Final State Interaction for the pion

Hernandez et al. 
Phys.Rev. D87 (2013) 113009

Lalakulich, Mosel , Phys.Rev. C 87 (2013) 014602

Valencia GiBUU
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Delta in the nuclear medium

Mass

Width

Self energy

Δ→π N Pauli correction (FP)

Pion distortion (CQ)

2p-2h 3p-3h

E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987)
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Coherent Elastic neutrino Nucleus Scattering (CEνNS)
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