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Outline

Overview of inelastic neutrino-nucleus scattering  
• Multipole decomposition of the hadronic current 
• Irreducible tensor operators  

Formalism in terms of nuclear recoil energy 
• Lepton traces 
• Inelastic cross section 

Shell Model calculations 
• Inelastic neutrino scattering off Thallium isotopes 
• Inelastic event rates induced by solar neutrinos



Inelastic neutrino-nucleus scattering 



Inelastic neutrino-nucleus scattering 

Final state nucleus 
not in the ground state

 excitation energyω :



Inelastic neutrino-nucleus scattering 

Leptonic current Hadronic current



Leptonic and hadronic currents
The cross section from an initial  to a final   

nuclear state will be proportional to  
| i⟩ | f⟩

σ ∝ ⟨ f | Ĥeff | i⟩
2



Leptonic and hadronic currents

The hadronic current can be written  
as a sum over nucleons

The cross section from an initial  to a final   
nuclear state will be proportional to  

| i⟩ | f⟩

σ ∝ ⟨ f | Ĥeff | i⟩
2

The leptonic current is

With the matrix element being



Leptonic and hadronic matrix elements



Leptonic and hadronic matrix elements

leptonic matrix element 



Leptonic and hadronic matrix elements

leptonic matrix element 

hadronic matrix element 



Leptonic and hadronic matrix elements

leptonic matrix element 

hadronic matrix element 

Putting everything together



Donnelly-Walecka multipole decomposition

Define a complete 
orthonormal set of unit 

spatial vectors 

Then any 3-vector can be 
written in this basis as

need to expand in plane waves 
 the following quantities
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Tensor operators
The matrix element of the interaction Hamiltonian finally becomes

Eight irreducible tensor operators



 : are the lepton traces


 : is the spin of the initial nuclear state

 magnetic quantum numbers of the nuclear state


lil*j
Ji
Mi,f :

- Coulomb, 

- Longitudinal, 

- Transverse electric

- Transverse magnetic 


Irreducible tensor operators 
(Calculated using Shell Model)

Describing nuclear transitions in semileptonic processes



Describing nuclear transitions in semileptonic processes

- Coulomb, 

- Longitudinal, 

- Transverse electric

- Transverse magnetic 


Irreducible tensor operators 
(Calculated using Shell Model)

Lepton traces for neutrino-nucleus scattering



Inelastic neutrino-nucleus scattering

Coulomb-Longitudinal contribution 

Transverse Electric/Magnetic contribution 



Inelastic neutrino-nucleus scattering

Coulomb-Longitudinal contribution 

Transverse Electric/Magnetic contribution 

CEvNS! 
(Vector)

CEvNS! 
(Axial vector)

If  => CEvNSω = 0



Expressions in terms of the nuclear recoil energy T

kinematics

Change of variables

ω ≡ Eexc

Lepton traces in terms of T, ω



Expressions in terms of the nuclear recoil energy T

Lepton traces in terms of T, ω



Expressions in terms of the nuclear recoil energy T

Let’s understand these a bit better!
Lepton traces in terms of T, ω
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Expressions in terms of the nuclear recoil energy T

Let’s understand these a bit better!
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doubly 
Suppressed



Expressions in terms of the nuclear recoil energy T

Let’s understand these a bit better!
Suppressed

Always larger

Lepton traces in terms of T, ω

doubly 
Suppressed



Expressions in terms of the nuclear recoil energy T

On the other hand… 
if T → Tmin = > ω ≈ |q |

 and 
 
l0l*0 ≈ l3l*0 ≈ l3l*3
(l ⋅ l − l3l*3 ) ≪ l0l*0

Lepton traces in terms of T, ω



Shell Model Spectra

Calculated using NuShellX@MSU 

assuming the jj56pn model space 
and khhe interaction

About 100K states for Tl-203

           1393 states for Tl-205



Cross sections results

 is assumedTthres = 0



Relative contributions to the cross section

At about   CL becomes dominantEν ∼ 35 MeV Transverse is always dominant



Multipole contributions to the cross 
section

-  transitions dominate up to 

- For  transitions dominate

J = 1 Eν ∼ 20 MeV
Eν > 20 MeV, J = 2

-  transitions dominate up to 

- For  transitions dominate

J = 1 Eν ∼ 40 MeV
Eν > 40 MeV, J = 2



Inelastic vs CEvNS

CEvNS dominates by far



Inelastic vs CEvNS

CEvNS and inelastic scattering

become comparable



Vector vs axial vector

Inelastic cross section dominated

 by axial vector contribution and  transitionsJ = 1



Solar neutrino-nucleus scattering spectra

Usual CEvNS spectra



CEvNS vs Inelastic spectra

Solar neutrino-nucleus scattering spectra



CEvNS vs Inelastic spectra

Solar neutrino-nucleus scattering spectra



Summary

Overview of Donnelly Walecka spherical decomposition method 

Shell Model calculations for evaluating the nuclear matrix elements 

Formalism in terms of recoil energy 

Inelastic solar neutrino scattering of stable Thallium isotopes 

Compared to CEvNS, inelastic contributions are found to be rather suppressed 
(this might be different for other nuclei) 



Thank you 
for your attention
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Multipole expansion of the hadronic current



Tensor operators



Required nuclear matrix elements



Multipole decomposition



The seven basic nuclear operators



Coherent vs incoherent rates



Coherent vs incoherent rates


