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• A detailed understanding of neutrino-nucleus interactions is 
pivotal for the accuracy of accelerator-based oscillation studies 

• Near detector studies of neutrino cross sections provide 
valuable information about weak interactions and the axial 
structure of the nucleus



Reconstructed energy

Oscillation analysis in a near/far detector experiment : 𝑃ν𝑖→ν𝑗
= 𝑠𝑖𝑛22𝜃𝑠𝑖𝑛2
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Accelerator neutrinos  
: broad energy 

distribution 

• Cross section, flux, detector efficiency, and oscillation probability are all energy 
dependent

• Energy dependent cross section information is needed
• Tension between event topology and genuine interaction mode
• Performant models need a consistent treatment of all relevant reaction 

mechanisms



Coherent elastic scattering

• Scattering off the nucleus as a whole
• Small nuclear recoil
• Important for neutral current neutrino scattering

Science, September 2017

Nucleus form factor

Probing the nucleus 



Low energy collective excitations

• Long-range correlations 
are correlations over 
the whole size of the 
nucleus

• They can redistribute 
the incoming energy 
transfer to the nucleus 
over all the nuclear 
constituents. 

• They manifest 
themselves in collective 
excitations such as giant 
resonances

• Breaking the impulse 
approximation

Probing the nucleus 



Probing the nucleus 
Scattering off a nucleon bound in the nucleus = quasi-elastic scattering

Energy transfer



Pion production in the delta 

region and beyond

At sufficiently high energy transfers, nucleon excitations become important

Probing the nucleus 



Deep Inelastic Scattering

Probing the nucleus 



DUNE

BNBeam @ Fermilab :MiniBooNe,MicroBooNE, SBND

JParc T2K, HK, MicroBooNE, SBND

CEνNS

FASERν @ CERN

NuMI Beam @ Fermilab : MINERvA, NOvA

T. Katori & M. Martini, JPhysG 45, 013001 (2018)



→ For neutrinos, we simply have to work a bit harder ... !

(One of) The real challenge(s) : modeling and interpreting a flux-averaged signal

• In neutrino-nucleus interactions 
the incoming neutrino energy is 
unknown

• For different incoming energies, 
different reaction mechanisms 
contribute to the ‘same’ final 
state

• It is difficult to identify the 
reaction mechanism and 
reconstruct the energy transfer 
at the primary vertex

• Reconstructing the incoming 
neutrino energy is crucial for 
the oscillation analysis ! O. Benhar                   

e-scattering spectral function calculation :



This is what my lectures will focus on

From Teppei Katori’s lectures last week :



I. Understanding the force keeping 
nuclei together



https://www.energy.gov/science/doe-explainsnuclei



The nucleus is a mesoscopic system :
  -usually too big for few-body techniqes
  -usually too small for statistical methods 

Nuclear physics is hard work !

Modeling the nucleus
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Modeling the nucleus



Z

N

Modeling the nucleus



• B/A~8MeV
• Saturation
• Peaks around A~56

Modeling the nucleus



▪ The nucleons inside the nucleus are bound via the nuclear force. This force is understood as a 

residual effect of the strong force, which is the force that binds quarks together to form the 

nucleons. 

The nucleon-nucleon interaction

And (quite) a bit by the Coulomb interaction



Nuclear interaction = residue of strong force 

• At relatively long distances, the interaction is dominated by 1-pion exchange resulting
 in a pseudoscalar field
• At distances of about 1 fm, the exchange of pion pairs introduces a scalar interaction field
• At even shorter distances, heavier vector mesons mediate the interaction between nucleons

The nucleon-nucleon interaction



Nuclear Force
• Short range

• Rutherford experiment
• Saturation of binding energy curve

NN-potential

The nucleon-nucleon interaction



Nuclear Force
• Short range
• Repulsive core

NN-potential

• Saturation
• ~constant binding energy per nucleon
• constant average distance between nucleons
• ~constant density of nuclear matter

V~A
R=1.2fm  A1/3

The nucleon-nucleon interaction



Nuclear Force
• Short range
• Repulsive core
• Charge independence

• n-n,n-p,p-p interactions (almost) identical
• But : 

• Coulomb
• Pauli exclusion

The nucleon-nucleon interaction



• Isospin symmetry : ‘nucleon’ N

• Approximately conserved in nuclei 

Nuclear Force
• Short range
• Repulsive core
• Charge independence
• Spin dependence

• n-n,n-p,p-p interactions almost identical
• But : 

• Coulomb
• Pauli exclusion

(             )

The nucleon-nucleon interaction



Nuclear Force
• Short range
• Repulsive core
• Charge symmetry & 

independence
• Spin dependence

• n-n,n-p,p-p interactions almost identical
• But : 

• Coulomb
• Fermions : Pauli exclusion

• nn, pp : T=1
➢Must have S=0
➢Marginally unbound

• np : T=0
➢S=0 (unbound as in nn and pp systems)
➢S=1 stronger nucleon force : deuteron

The nucleon-nucleon interaction

Average force between n-p > force  between n-n or p-p in a nucleus



Nuclear Force
• Short range
• Repulsive core
• Charge independence
• Spin dependence

• n-p force stronger in S=1 state

BE=2.2 MeV

The nucleon-nucleon interaction



Nuclear Force
• Short range
• Repulsive core
• Charge independence
• Spin dependence
• Spin-orbit contribution

• n-p force stronger in S=1 state
• Spin-orbit force L.S

• Attractive when L and S are parallel
• Repulsive when L and S are antiparallel 

BE=2.2 MeV

The nucleon-nucleon interaction



Nuclear Force
• Short range
• Repulsive core
• Charge independence
• Spin dependence
• Spin-orbit contribution
• Tensor contribution

BE=2.2 MeV

Deuteron quadrupole moment

The nucleon-nucleon interaction



• Boson field theory is limited in its predictive power – and a lot of approximations have to be made
• Phenomenological potentials provide an efficient way to describe the interaction between 2 nucleons
• Constrained by invariance laws : rotation, reflection, time reversal
• Limiting the description to terms depending only linearly on spin, isospin and momentum :

X X

→  0     for    

Phenomenological Potentials



• Below the pion production threshold, the 
2-nucleon system will either bind or 
scatter elastically and all r-dependence 
will be real

• A repulsive core can be added for r<~0.5 
fm

Phenomenological Potentials



→ Extensive expressions fit to large datasets os scattering data and phase shifts
 e.g. Nijmegen, Reid, Urbana V14, Argonne V18

Realistic interactions



II. From the nucleon-nucleon 
interaction to understanding the 

nucleus



Bulk description of the nucleus

Liquid drop of uniform density

Binding energy

Very approximate : (Almost) no correlations

The Liquid Drop Model



Volume term
• Binding energy per nucleon is ~constant for stable 

nuclei over the whole mass table
• The nuclear force is attractive, short-range and 

saturated
•    

1.2 fm A1/3

Bethe-Weiszäcker Mass Formula

The Liquid Drop Model



Surface term
• Nucleons at the surface are not surrounded by other 

nucleons to attract
• Surface nucleons have reduced binding compared to 

those in the nuclear interior

The Liquid Drop Model



Bethe-Weiszäcker Mass Formula

• Volume term
• Surface term
• Coulomb term
• Symmetry term
• Pairing

~Q2/R

The Liquid Drop Model



Bethe-Weiszäcker Mass Formula

• Volume term
• Surface term
• Coulomb term
• Symmetry term
• Pairing Charge symmetry of nucleon-nucleon force + Pauli principle

Effective force between n-p > force  between n-n or p-p

The Liquid Drop Model



Bethe-Weiszäcker Mass Formula

• Volume term
• Surface term
• Coulomb term
• Symmetry term
• Pairing • Short-range interaction

• Nucleons prefer to couple to spatial spin zero pairs to 
maximize overlap in spatial wave functions

The Liquid Drop Model



The Liquid Drop Model



Most basic microscopic independent particle model

εF,n

Slightly less approximate : Still (Almost) no correlations

The Fermi Gas model



Evidence for Shell Structure

Excitation 
energy first 
excited state

The Nuclear Shell Model



→ solve Schrödinger equation for a nucleon in the nuclear potential

Harmonic oscillator potential

Spherical Harmonics

The Nuclear Shell Model

?



Solution : Spin-orbit coupling (Mayer & Jensen 1949)

• Spin-orbit term in nucleon-nucleon force
• Influence has to be added on top of the mean field

ʘ
ʘ

ʘ

Spins :

x : spin // orbital angular momentum
Relative orbital momentum x-a and x-b are in opposite direction : SOx-a and SOx-b  attractive vs repulsive
֜ in nuclear interior SO effects will cancel

֜  at the surface there will be less nucleons at larger radii (more a than b from the viewpoint of x), resulting in a net SO

force, attractive for spins parallel to l, repulsive for pairs with spin opposite to l

SO attraction

SO repulsion

• Little influence on depth of potential
• Affects width of the potential

-VSO(r) l.s.

The Nuclear Shell Model



The Nuclear Shell Model



→Work harder : add spin-orbit term

J=l-1/2

J=l+1/2

The Nuclear Shell Model

40Ar single-particle
Wave functionsHe, Oxygen, Calcium, Lead, ....



Mean-field potential
• First approximation : nucleons are 

moving (quasi)independently in a mean 
field potential

• The correlations are encoded in the 
mean field potential i.e. the averaged 
potential generated by all individual 
nucleon-nucleon interactions

• Pauli exclusion makes this description as 
independent particles possible

The Nuclear Shell Model



Woods-Saxon potential :

𝑉(𝑟) =
−𝑉0

1 + 𝑒
𝑟−𝑅

𝑎

Diffuseness ~0.6 fm

R=1.2 A1/3 fm

Depth of the well ~50 MeV

The Nuclear Shell Model : Woods-Saxon potential



• Single-particle shells progressively filled 
by nucleons

• Full shells result in 0+ nuclear states
• Even-even nuclei have 0+ ground state
• Extra nucleons (on top of the closed 

shells)  couple in 0+pairs
• Uncoupled nucleons determine ground 

state quantum numbers 

The Nuclear Shell Model



The Nuclear Shell Model

• Between closed shells the valence
nucleons give rise to deformation

• Deformed nuclei can exhibit vibration
and rotation

http://radware.phy.ornl.gov/movies.html


III. Beyond mean-field 
correlations



Packing fraction ~0.012

C. Colle, PhD, UGent 2017 

Short range correlations



▪ The short-range repulsive character of this 

force, which correlates with the Pauli exclusion 

principle, results in a large mean free path of 

the nucleons with respect to the size of the 

nucleus

▪ In an independent particle model nucleons 

move independently from each other in a mean 

field

▪ This approach fails to capture short-range 

features of nucleon-nucleon correlations

▪ SRC : short-range repulsive, tensor 
component of the nuclear force

▪ Individual nucleons receive large 
momenta compared to the Fermi 
momentum

IPM single-particle orbitals are depleted by SRC 

and higher energy levels are populated

Short range correlations



Independent particle model

Two-body density :

Correlation function

Compare :

Short range correlations



• Long-range correlations are correlations over 

the whole size of the nucleus

• In an interaction,they can redistribute the 

incoming energy transfer to the nucleus over 

all the nuclear constituents in a coherent way

• They manifest themselves in collective 

excitations such as giant resonances

• Especially important for the description of 

processes in the tens of MeVs range

• Included in Continuum Random Phase 

Approximation calculations

Long range correlations : probing collective effects



https://cyclotron.tamu.edu/research/nuclear-structure/

Long range correlations : probing collective effects
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