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What can we learn from low energy neutrinos  ?

Å Nuclear structure information
Å Electroweak tests
Å Neutrino oscillations
Å Astrophysical neutrinos : a.o.core-collapse supernovae
Å Neutrinonucleosynthesis
Å BSM physics

How can we learn from these neutrinos ?

Å Study their interactions : theory + experiment
Å Detect them

Á Neutrino-electron scattering
Á Neutrino-hadron scattering
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Neutrino-hadron scattering ?

Ålittle experimental data is available 

- small cross sections

- (almost) no monochromatic neutrino beams

N.J. et al, PRC66, 065501 (2002) ; 
E. Kolbe et al, PRC63, 025802 (2001) ; 
J. Engel et al, PRD67, 013005 (2001)   

ωone has to rely on theoretical predictions,
ωuncertainties induced by model dependence
ωŀƴŘ ƳƻǊŜ ŦǳƴŘŀƳŜƴǘŀƭ ǳƴŎŜǊǘŀƛƴǘƛŜǎ Χ

Uncertainties:

208Pb

Neutrinos ..... 

N. Jachowicz                                                                                                                 MITP Mainz, June 26 2023



Neutrino-hadron scattering ?

Ålittle experimental data is available 

- small cross sections

- (almost) no monochromatic neutrino beams

ωone has to rely on theoretical predictions,
ωuncertainties induced by model dependence
ωŀƴŘ ƳƻǊŜ ŦǳƴŘŀƳŜƴǘŀƭ ǳƴŎŜǊǘŀƛƴǘƛŜǎ Χ

Uncertainties:

Neutrinos ..... 

N. Jachowicz                                                                                                                 MITP Mainz, June 26 2023

Coherent Collaboration, arXiv2305.19594

Coherent Collaboration, arXiv2212.11295



Hadron current 
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Modeling low-energy inelastic neutrino-nucleus scattering 
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Q2 dependence : dipole or BBBA 
parametrization :

Neutrino-nucleus cross sections 
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Neutrino-nucleus cross sections 
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Electron versus neutrino scattering Neutrino-nucleus cross sections 
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Packing fraction ~0.012

C. Colle, PhD, UGent 2017 

Ҧ LŘŜƴǘƛŦȅ ǘƘŜ ǊƛƎƘǘ ŘŜƎǊŜŜǎ ƻŦ ŦǊŜŜŘƻƳ ŀƴŘ Ƴŀƛƴ 
effects for each kinematic region
Ҧ LŘŜƴǘƛŦȅ ǘƘŜ ǊŜƭŜǾŀƴǘ ŎƻǊǊŜŎǘƛƻƴǎΣ ŎƻǊǊŜƭŀǘƛƻƴǎ ǘƻ ōŜ 
taken into account 

A model for the nucleus 
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ωStarting point : mean-field nucleus with Hartree-Fock
single-particle wave functions 

ωSkyrmeSkE2 force used to build the potential

ωPauli blocking

ωbinding

A model for the nucleus 
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Å Mean field already contains correlations !
Å Nucleons feel the presence of the others through the
averaged field

Hartree-Fock mean field 
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ωCorrelations over the whole size of the nucleus
ωRedistribute the incoming energy transfer to the nucleus 

over all the nuclear constituents. 
ωThey manifest themselves in collective excitations such as 

giant resonances

Long-range RPA correlations 

https://cyclotron.tamu.edu/research/nuclear-structure/
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ωDǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ŀǇǇǊƻŀŎƘ

ωSkyrmeSkE2 residual interaction

ωself-consistent calculations

Long-range RPA correlations 
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Solving the RPA equations in coordinate space

What we really need is transition densities :

So in the end we have to solve a set of coupled equations, that after discretizing on a mesh in coordinate space, translates 
into a matrix inversion :

Hartree-Fock-CRPA  
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Å Final state interactions : 

-taken into account through the calculations of the wave function of the outgoing nucleon in the (real) nuclear 
potential generated using the Skyrmeforce

-influence of the spreading width of the particle states is implemented through a folding procedure

Bare RPA
folding

Hartree-Fock-CRPA  
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ÅCoulomb correction for the outgoing lepton in charged-current interactions :

V Low energies : Fermi function

V High energies : modifiedeffective momentum approximation (J. Engel, PRC57,2004 (1998))

Uncorrected
MEMA

Hartree-Fock-CRPA  
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HF-CRPA : comparison with electron scattering data

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

Comparison with electron scattering data  



isovector

isoscalar

Inelastic neutrino cross sections 

16O, 50 MeV, NC
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Contribution of different single-particle channels in  12C

Inelastic neutrino cross sections 
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neutrinos

antineutrinos

16O 50 MeV

16O

Inelastic neutrino cross sections 
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Inelastic neutrino cross sections 
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Higher order multipoles important :

16O, 50 MeV

Multipole decomposition  
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Multipole decomposition  
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Multipole decomposition  
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Angular dependence  
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Angular dependence  
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Angular dependence  
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Å weakinteractionsareimportant
Å neutrinos are produced in the neutronization processes

characterizingthe gravitationalcollapse
Å neutrinos are responsiblefor the cooling of the proto-neutron

star
Å neutrinonucleosynthesis
Å energydepositionby neutrinos might reheat the stalled shock

waveandcausea delayedexplosion
Å terrestrialdetectionof supernovaneutrinos

H.-T. Jankaastro-ph/0008432

Supernovaneutrinos

Core-collapse supernova
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Supernovaneutrino : Energy spectra 

Fermi-Dirac spectra
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Supernova neutrino spectra :

Michel spectra :

Supernovaneutrino : Energy spectra 
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Folded cross sections supernova neutrino spectra :
ҦǎǘǊƻƴƎ ŘŜǇŜƴŘŜƴŎŜ ƻƴ ŀǾŜǊŀƎŜ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ǎǇŜŎǘǊǳƳ

Supernovaneutrino cross sections 
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Cumulative folded cross sections:

spectrum<Ů>=18MeV, w=.7

spectrum<Ů>=18MeV, w=.9

folded cross section ɤ=12 MeV

cumulative folded cross section

Supernovaneutrino cross sections 

N. Jachowicz                                                                                                                 MITP Mainz, June 26 2023



A. Nikolakopoulos,V. Spitz, V. Pandey,NJ,
PRC103, 064603(2021)

Monochromatic KDAR neutrinos @ 236 MeV 



A. Nikolakopoulos,V. Spitz, V. Pandey,NJ,
PRC103, 064603(2021)

Monochromatic KDAR neutrinos @ 236 MeV 



Axial form factor :

Axial form factor  
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Q2 dependence axial form factor :

T. Caiet al,Nature64(2023)



Axial form factor :

Axial Form Factor 
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S. Pastoreet al., PRC97,022501(2018)

Quenching

W.T. Chou, E.K. Warburton, B.A.
Brown,PRC47,163(1993)



Axial form factor :

Weak vector form factors :

Strangeness  
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TCaiet a;. Nature614, 48



Using polarized electrons, one gets access to parity violating electron scattering 
(HAPPEX, G0, SAMPLE, A4)
Å Axial-vector interference terms 
Å Information about axial vector form factor
Å Information about strangeness in the nucleon in the vector as well as axial sector
Å Larger cross sections
Å Prone to radiative corrections 

HAPPEX

Parity violating asymmetry : 

Parity violating electron scattering can provide important informationParity violating electron scattering  

N. Jachowicz                                                                                                                 MITP Mainz, June 26 2023



ωstrangeness contribution to the weak vector formfactors: Parity Violating Electron 
{ŎŀǘǘŜǊƛƴƎ ό{ŀƳǇƭŜΣ I!tt9·Σ DлΣ Χύ

ωstrangeness contribution to the axial current: neutrino scattering

Traditionally :

-vector current contributions are 
suppressed

-no radiative corrections

Strangeness  
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ωstrangeness contribution to the weak vector formfactors: Parity Violating Electron 
{ŎŀǘǘŜǊƛƴƎ ό{ŀƳǇƭŜΣ I!tt9·Σ DлΣ Χύ

ωstrangeness contribution to the axial current: neutrino scattering

Traditionally :

-vector current contributions are 
suppressed

-no radiative corrections

Correlated !

N.J., P. Vancraeyveld, P.
Lava, J. Ryckebusch,
PRC76, 055501(2007).

Strangeness  
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ÅGenerally : net strangeness effect 
vanishes for isoscalartargets 

Åclose to particle knockout threshold 
the influence becomes larger due 
to binding energy differences 
between protons and neutrons

Ådifferential cross sections differ, 
energy of reaction products can be 
very different

16O

Influence of strangeness on neutrino cross sections
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ωdifferences up to 20% 

ωopposite effect for 
protons and neutrons

16O

Influence of strangeness on p/n neutrino cross sections
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Electron vs muon neutrino CC cross sections 
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A. Nikolakopoulos, N.J, N. Van Dessel, K. Niewczas, R. Gonzalez-Jimenez, J.M. Udias, V. Pandey, Phys. Rev. Lett. 123, 052501 (2019) 

Electron vs muon neutrino CC cross sections 
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Coherent Scattering                                                                          

Science, September 2017 : The First 
Observation of Coherent Elastic 
Neutrino Nucleus Scattering



Coherent cross section as a function of nuclear recoil energy : 

Mainly sensitive to neutron distributions

Coherent Scattering                                                                          
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Weak form factor : Model comparison

Coherent Scattering                                                                          
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N. VanDessel, V. Pandey,NJ,Universe9, 5 (2023)



Weak form factor : Model comparison

Coherent Scattering                                                                          
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Full calculation

Dashed : pointlike form factor

Coherent Scattering                                                                          
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16O12C 40Ar

Å Strong mass dependence of coherent cross section
Å Coherent process stronger than inelastic over a large kinematic range

Coherent Scattering                                                                          
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