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Phenomenological models calculations

❖ Neutrinos-12C & 13C cross-sections calculations with phenomenological  models 

    

Neutrinos-12C cross-sections from different models

Shell Model (SM)

Random Phase Approximation (RPA) 

Quasi-particle RPA (QRPA) 

Continuum RPA (CRPA)

Volpe et al., Phys. Rev. C (2000)

a: C.Athanassopoulos and the LSND  

     collaboration, Phys. Rev. C (1997),

b: R.C.Allen et al., Phys. Rev. Lett (1990),

c: C.Athanassopoulos and the LSND  

    collaboration, Phys. Rev. C (1997),  

d: B.E.Bodmann and the KARMEN   

     collaboration, Phys. Lett. B (1994)

The results from RPA calculations are far away from experimental data, while the SM 

calculations are much closer to experimental data



Phenomenological models calculations

❖  Neutrinos-12C & 13C cross-sections calculations with shell model 

    

T. Suzuki et al., Phys. Rev. C (2012)

T. Suzuki et al., Phys. Rev. C (2019)

Neutrino-12C charge 

current cross-sections 

from shell model with 

SFO interaction had a 

good agreement with 

experimental data

B(M1) and B(GT) strengths of 13C from shell 

model with SFO & CK interaction were still a 

little far away from experimental data



What is Ab Initio in nuclear physics?



Challenges

➢ Self bound quantum many-body problem,
      with 3A degrees of freedom in coordinate (or momentum) space, 

      as well as spin degree of freedom

➢ Strong interactions, with both short-range and long-range 

pieces

➢ Not only 2-body interactions, but also intrinsic 3-body 

interactions and possibly  4- and higher N-body interactions

➢ Uncertainty quantification for calculations needed
• for comparison with experiments

• for comparison between different methods



Computational Methods for Nuclear Structure

➢ Few-body methods 

➢ Faddeev Equation for A=3 system

➢ typically in momentum space

➢ Faddeev-Yakuboski Equations for A=4 system

➢ can nowadays be pushed to A=5 and 6 (Lazauskas)

➢ Hyperspherical Harmonics

➢ Up to A=6

➢ Many-body methods

➢ Variational Monte-Carlo (A<=12) 

➢ Green’s Function Monte-Carlo (A<=12)

➢ Configuration Interaction (CI) methods (NCSM (A<=20), Coupled Cluster 
(A<=100))

➢ Nuclear Lattice Simulations (A<=32)

➢ All few- and many-body methods need some levels of High-
Performance Computing



Nuclear Interactions

➢ Nuclear interactions not well-determined
• In principle calculable from QCD

• In practice constrained by (fitting to) 

     experimental (NN scattering) data

➢Alphabet of realistic interactions
• Argonne potentials

• Bonn potenitals

• Chiral EFT interactions

• Daejeon16 (based on Idaho-N3LO)

• …

➢Most NN potentials need 3N forces for agreement with 

experiments



LENPIC chiral EFT NN potential up to N4LO

LENPIC Collaboration, 
Phys. Rev. C 106, 064002 (2022)



Introduction of NCSM

➢  Given a Hamiltonian operator

 𝑯 = σ𝒊<𝒋
(𝒑𝒊−𝒑𝒋)

𝟐𝒎𝑨
+ σ𝒊<𝒋

𝑨 𝑽𝒊𝒋 + σ𝒊<𝒋<𝒌 𝑽𝒊𝒋𝒌 + ⋯

➢  Solve the eigenvalue problem for wavefunction of A nucleons

 𝑯𝜳𝜶𝟏⋯𝜶𝑨
= 𝐄𝜳𝜶𝟏⋯𝜶𝑨

➢  Expand wavefunction in basis states 𝝍 = σ ෝ𝒂𝒋 𝝓𝒊

➢  Express Hamiltonian in basis 𝝓𝒋
𝑯 𝝓𝒊 = 𝑯𝒊𝒋

➢  Diagonalize Hamiltonian matrix 𝑯𝒊𝒋

➢  No-Core: All A nucleons are treated equally

➢  Complete basis ---- exact result

➢  In practice

      1. truncate basis

      2. study behavior of observables as function of truncation

➢  Computational challenge

      1. construct large (1010  1010) sparse symmetric matrix 𝑯𝒊𝒋

      2. obtain lowest eigenvalues & eigenvectors corresponding to low-

          lying spectrum and eigenstates

❖ No-Core Configuration Interaction / No-Core Shell Model calculations

Barrett et al., Progress in Particle and Nuclear Physics (2013)

P. Maris, NCSM_NICC_YTT(2021)







Previous calculations from ab initio NCSM

❖  Neutrino-12C cross-sections calculations with NCSM

    

Experimental and calculated B(M1;0+0 → 1+1) values for 12C

Predicted weak interaction rates of 12C.  The 
units are 10-42 cm2 for the (ν𝑒 , 𝑒− ) DAR cross 
section, 10-42 cm2 for the (νµ, µ− ) DIF cross

section, and 103 sec-1 for muon capture

A. C. Hayes, P. Navrátil, and J. P. Vary, Phys. Rev. Lett. 91, 012502 (2003)

The B(M1) calculated values from 

AV8’, CD-Bonn, AV8’ + TM’(99) were 

still a little far away from 

experimental data

a:LSND Collaboration, L. B. Auerbach et al.,  

Phys. Rev. C 64, 065501 (2001). 

b:LSND Collaboration, L. B. Auerbach et al., 

Phys. Rev. C 66, 015501 (2002).

c: G. H. Miller et al., Phys. Lett. B 41, 50    

(1972);

AV8’: NN potential

CD-Bonn: NN potential

AV8’ + TM’(99): 

NN potential + 3N NN potential

Barrett et al., , Progress in Particle and Nuclear Physics (2013)



Improvements of our calculations

From the previous NCSM calculations of neutrino-12C scattering, we can infer that 
the precision of neutrino-12C cross-sections with Ab initio NCSM/NCCI, could be 
improved by applying new interaction(with the contributions from 3N force), 
increasing the basis space, including more reaction channels and excited states.

❖ Highlights in our calculations 

     1. New interaction – Daejeon16

     2. Larger basis space for calculations(up to Nmax=10) 

     3. Higher excitation energy (at least 20 MeV~ 30 states)

     4. More channels(neutral current, charged current, nucleon knock-out)

     5. Theoretical uncertainty

     6. Extrapolation tools (Traditional and machine learning ANN)

     7. Calculations of cross sections at reactor neutrino energies

Dimensions of many body matrix in 

Nmax6: 3.26x107; Nmax10: 7.83x109



Current progress

❖ Ground state energy from Daejeon16
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NCSM+Daejeon16 has good performance 

on the calculations of binding energies
We use a simple 3-point exponential extrapolation 

from the reference paper 

P. Maris et al., Phys. Rev. C (2021)



Present Progress

❖ Energy spectra from Daejeon16
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The low lying spectra of  12C & 13C from Daejeon16 

have good agreement with experimental data



Present Progress

❖ Point Proton Radii of ground state from Daejeon16

We get the estimations and uncertainties of  point proton radii from the “crossing points”

The  point proton radii values from Deajeon16 quite close to experimental data
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Present Progress

❖ Comparisons on ground state energies and point proton radii

     between Daejeon16 and other Chiral EFT interactions

Ground state energies and point proton radii of Carbon-11, 12, 13  from Deajeon16 

in good agreement with experiment, even better than NN + NNN interaction.

P. Maris et al., Phys. Rev. C (2021)

P. Navrátil et al., Phys. Rev. Lett (2007)



Present Progress

❖ Comparisons on ground state energies and point proton radii

     between Daejeon16 and other Chiral EFT interactions

Ground state energies and point proton radii of Boron 11, 12, 13 & Nitrogen 12, 13 from 

Deajeon16 in good agreement with experiment, even better than chiral N3LO interaction.

P. Maris et al., Phys. Rev. C (2021)

M.Mosavi et al., New Astronomy (2018)



Present Progress

❖ Comparisons on M1 and E2 transitions between 

     NCCI-Daejeon16 and other calculations
The CK-POT, CK, SFO 

interactions were performed in 

shell model calculations

Electromagnetic transitions of Carbon12 & 13 from 

Deajeon16 are not so close to experiment, but reasonable.

Hw = 15 MeV in Daejeon16 and chiral interactions

P. Navrátil et al., Phys. Rev. Lett (2007)

T. Suzuki et al., Phys. Rev. C (2012)

H. Sagawa et al., EPJ Web of Conferences (2018)



Next plan

4.   7 basic operators)
 

1. Cross section

3. The multipole operators in the equation of 

charged-current cross section can be expressed 
in terms of the 7 basic operators 

2. The multipole operators in the equation of 
charged-current cross section are defined by

Haxton et al., Comput. Phys. Commun(2008)



Computer Resources

• 1. Perlmutter (3072 CPU nodes, 1536 GPU nodes)

• 2. Nova (ISU, ~250 CPU nodes)

• 3. ￥7.5 million (HAUST, 70-80 CPU nodes)

• Future ?



Conclusions

➢  Ground state energies and spectra of stable p-shell nuclei from 
Daejeon16 in good agreement with experiment; electromagnetic 
transitions are reasonable

➢ Improve the accuracy of calculations: increasing the basis space 

➢  Demanding computer resources

➢ Theoretical uncertainty

➢  Comparison with future experimental data
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