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Outline

§ Ab initio nuclear theory – no-core shell model (NCSM) & NCSM with continuum (NCSMC)

§ Precision chiral EFT NN + 3N forces 

§ Applications of NCSM to electroweak processes

§ Superallowed Fermi transitions – electroweak radiative correction δNS

§ Muonic atoms – two-photon exchange nuclear correction

§ Applications of NCSMC with chiral EFT forces to nuclear scattering and reactions

§ Nucleon - 𝛼	 scattering

§ DT fusion – 3H(d,n)4He 

§ Structure of 6Li and 2H(𝛼,𝛾)6Li radiative capture

§ Internal pair creation and the X17 anomaly - 7Li(p,e+e-)8Be

§ Conclusions                      
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Ab initio nuclear theory - 
no-core shell model (NCSM)



4

Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics
(QCD)

Quantum 
Chromodynamics
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Chiral Effective 
Field Theory
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory

Quantum Chromodynamics
(QCD)

Many-body ab initio 
nuclear theory

Quantum 
Chromodynamics

𝜋!

Chiral Effective 
Field Theory

No Core Shell Model with continuum 
(NCSMC)
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Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

§ Basis expansion method (CI)

§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)

§ Why HO basis? 
§ Lowest filled HO shells match magic numbers of light nuclei 

(2, 8, 20 – 4He, 16O, 40Ca)
§ Equivalent description in relative(Jacobi)-coordinate and 

Slater determinant basis – nuclei self-bound, [H,PCM]=0
§ Exact factorization of CM and intrinsic eigenfunctions       

at each Nmax

§ Good for well-bound states, approximation of weakly-bound states 
and narrow resonances 2→2

N = 2
N = 3

6→8
12→20

20→40
N = 2n + l

l = 1,3
l = 0,2

l = 1

l = 0

N = 1
N = 0

𝐸 = (2𝑛 + 𝑙 +
3
2)𝔥Ω

!"#$ += !!
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Precision chiral EFT NN + 3N forces 



8Nuclear forces from chiral Effective Field Theory

§ Modern approach
§ Based on the symmetries of QCD

§ Chiral symmetry of QCD (mu»md»0), spontaneously 
broken with pion as the Goldstone boson

§ Degrees of freedom: nucleons + pions
§ Systematic low-momentum expansion to a given 

order (Q/Λχ)
§ Hierarchy
§ Consistency
§ Low energy constants (LEC)

§ Fitted to data
§ Can be calculated by lattice QCD

Λχ~1 GeV : 
Chiral symmetry breaking scale



9Why three-nucleon forces?

§ Leading three-nucleon force terms
§ Long-range two-pion exchange 
§ Medium-range one-pion exchange + two-nucleon contact 
§ Short range three-nucleon contact 

– Fujita & Miyazawa (1957)Two-pion exchange with virtual D excitation

Nucleons are not 
fundamental particles,       
have internal structure
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NN N3LO + 3Nlnl Hamiltonian



11Binding energies of atomic nuclei from nuclear forces from chiral Effective Field Theory

§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Medium mass nuclei – Self-Consistent Green’s Function method 

1.8/2.0 (EM) results: J. Simonis, S. R. Stroberg, K. Hebeler, 
J. D. Holt, and A. Schwenk, Phys. Rev. C 96, 014303 (2017). 

NN N3LO (Entem-Machleidt 2003)
3N N2LO w local/non-local regulator
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§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Heavy nuclei – HF-MBPT(3) 

NN N3LO (Entem-Machleidt 2003)
3N N2LO w local/non-local regulator

132Sn

HF-MBPT(3)

Binding energies of atomic nuclei from nuclear forces from chiral Effective Field Theory
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§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Denoted as NN N3LO + 3Nlnl

NN N3LO (Entem-Machleidt 2003)
3N N2LO w local/non-local regulator

Binding and excitation energies of atomic nuclei from nuclear forces from chiral Effective Field Theory
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§ Quite reasonable description of binding energies across the nuclear charts becomes feasible
§ The Hamiltonian fully determined in A=2 and A=3,4 systems

§ Nucleon–nucleon scattering, deuteron properties, 3H and 4He binding energy, 3H half life
§ Light nuclei – NCSM
§ Denoted as NN N3LO + 3Nlnl

NN N3LO (Entem-Machleidt 2003)
3N N2LO w local/non-local regulator

Excitation energies of atomic nuclei from nuclear forces from chiral Effective Field Theory
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NN N4LO + 3NlnlE7 Hamiltonian       

with a sub-leading 3N interaction term
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§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)

§ 3N N2LO plus a sub-leading spin-orbit enhancing term with 
a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, 

and 6Li systems
§ Nucleon–nucleon scattering, deuteron properties, 

3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve 6Li excitation 

levels

§ Denoted as NN N4LO + 3NlnlE7

Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term
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§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)

§ 3N N2LO plus a sub-leading spin-orbit enhancing term with 
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§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, 
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term
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§ NN N4LO 500 interaction by Entem-Machleidt-Nosyk (2017)

§ 3N N2LO plus a sub-leading spin-orbit enhancing term with 
a new LEC (E7) – Girlanda 2011 

§ local/non-local regulator
§ The Hamiltonian fully determined in A=2, A=3,4, 

and 6Li systems
§ Nucleon–nucleon scattering, deuteron properties, 

3H and 4He binding energy, 3H half life
§ New LEC (E7) fitted to improve 6Li excitation 

levels

§ Denoted as NN N4LO + 3NlnlE7

Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Excitation energies of light nuclei – NCSM (HO basis)

NN N4LO + 3NlnlE7
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Excitation energies of light nuclei – NCSM (HO basis)

NN N4LO + 3NlnlE7

All excited states are resonances
2+ 0 and 1+ 0 are broad

NCSMC calculation shown later   
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Excitation energies of light nuclei – NCSM (HO basis)

NN N4LO + 3NlnlE7
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Excitation energies of light nuclei – NCSM (HO basis)

NN N4LO + 3NlnlE7

Hoyle state – 8Be+𝛼 cluster structure

Difficult (impossible) to describe                   
in harmonic oscillator basis
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Precision chiral EFT Hamiltonian with a sub-leading 3N interaction term

§ Muon capture rate on 12C – NCSM (HO basis) 

Improvement for 12C muon capture 
rate compared to other interactions
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Superallowed Fermi transitions - 
electroweak radiative correction δNS
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V!" element of CKM matrix

§ Precise V"# from superallowed Fermi transitions

ℒ"" = −
𝑔
2
)𝑢# , ̅𝑐# , ̅𝑡# 𝛾$𝑊$!𝑉"%&

𝑑#
𝑠#
𝑏#

+ ℎ. 𝑐.

‒ hadronic matrix elements modified by nuclear environment
‒ Fermi matrix element renormalized by isospin non–conserving forces

𝐺' ≡ Fermi coupling constant 
determined from muon 𝛽 decay
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Δ#$ and 𝛿%&

§ Tree level beta decay amplitude

§ Hadronic correction in forward scattering limit

[6] Seng et al. (2023)

Leptonic current
NME of charged 

weak current
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Nonrelativistic Compton amplitude

§ Goal: Non-relativistic currents in momentum space
§ Rewrite currents with 𝐴-body propagators
§ Fourier transform currents into momentum space
§ General multipole expansion of currents
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§ Goal: Non-relativistic currents in momentum space
§ Rewrite currents with 𝐴-body propagators
§ Fourier transform currents into momentum space
§ General multipole expansion of currents

Nonrelativistic Compton amplitude

NCSM & Lanczos strength method 
to compute nuclear Green’s functions
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Superallowed Fermi transitions - electroweak radiative correction δNS
 10C → 10B Fermi transition

§ 𝛿NS parametrizes correction to free 𝛾W box

§ Ab initio no-core shell model (NCSM) 
§ A very good convergence – consistent with what used in latest 

evaluation with a substantially reduced theoretical uncertainties

Nuclear Green’s function (propagator)
→ Lanczos strength method
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Superallowed Fermi transitions - electroweak radiative correction δNS
 14O → 14N Fermi transition

§ 𝛿NS parametrizes correction to free 𝛾W box

§ Ab initio no-core shell model (NCSM) 
§ A very good convergence – consistent with what used in latest 

evaluation with a substantially reduced theoretical uncertainties

Nuclear Green’s function (propagator)
→ Lanczos strength methodPreliminary Preliminary

Calculations led by 
Michael Gennari (Mainz)

Manuscript in preparation
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Superallowed Fermi transitions - electroweak radiative correction δNS
 14O → 14N Fermi transition

§ 𝛿NS parametrizes correction to free 𝛾W box

§ Ab initio no-core shell model (NCSM) 
§ A very good convergence – consistent with what used in latest 

evaluation with a substantially reduced theoretical uncertainties

Nuclear Green’s function (propagator)
→ Lanczos strength methodPreliminary

Calculations led by 
Michael Gennari (Mainz)

Manuscript in preparation

Preliminary

NCSM applicable also to 18Ne → 18F and possibly 22Mg → 22Na
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Muonic atoms –                                   
two-photon exchange nuclear correction



The two-photon exchange nuclear correction – X-rays in muonic atoms

Experiments at PSI by QUARTET collaboration

X-ray spectroscopy of light muonic atoms to get 
charge radius with unprecedented precision

Ben Ohayon et al.  MDPI Physics, 6(1):206–215, 2024.
Daniel Unger et al. J. Low Temp. Phys., 216(1-2):344–351, 2024.



The two-photon exchange nuclear correction – X-rays in muonic atoms

Two photon polarizability contributions
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The two-photon exchange nuclear correction – X-rays in muonic atoms

Two photon polarizability contributions
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The two-photon exchange nuclear correction – X-rays in muonic atoms

Two photon polarizability contributions



The two-photon exchange nuclear correction – X-rays in muonic atoms

Two photon polarizability contributions

Nuclear Green’s function (propagator)
→ Lanczos strength method

Preliminary

NCSM with Lanczos strength method
Input – chiral NN+3N forces

7Li

7Li calculations led by Mehdi Drissi (TU Darmstadt)

Challenging calculations – 𝛿,-./  for 6Li, 9Be, 10,11B in progress
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Ab initio nuclear theory - 
no-core shell model with 

continuum (NCSMC)



40Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

(A)

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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No-Core Shell Model with Continuum (NCSMC)

(A)

!"#$ += !!

Static solutions for aggregate system,
describe all nucleons close together

Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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No-Core Shell Model with Continuum (NCSMC)

(A)

!"#$ += !!

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target

Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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No-Core Shell Model with Continuum (NCSMC)

(A)

!"#$ += !!

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target

Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states

NCSM NCSM

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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No-Core Shell Model with Continuum (NCSMC)

(A)

!"#$ += !!

Static solutions for aggregate system,
describe all nucleons close together

Continuous microscopic cluster states,
describe long-range projectile-target

Unknowns

Ab initio calculations of structure including weakly bound halo states, scattering, reactions 
Unified approach to bound & continuum states

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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Coupled NCSMC equations

(A)

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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Coupled NCSMC equations

(A)

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).Bound state 𝛾( 𝑟 	~	𝐶(	𝑊(𝑘(𝑟)
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Coupled NCSMC equations

(A)

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).Scattering state 𝛾( 𝑟 	~	𝛿() 	𝐼 𝑘(𝑟 −	𝑆() 	𝑂 𝑘(𝑟
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Coupled NCSMC equations

(A)

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).Scattering state 𝛾( 𝑟 	~	𝛿() 	𝐼 𝑘(𝑟 −	𝑆() 	𝑂 𝑘(𝑟 Scattering matrix
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Nucleon-4He scattering



50n-4He scattering within NCSMC

n-4He scattering phase shifts from chiral N3LO NN interaction                                         

4He
n

Benchmark:
NCSMC vs. Faddeev-Yakubovsky method - Rimantas Lazauskas



51n-4He scattering within NCSMC
4He

n

n-4He scattering phase shifts from 
 chiral NN and NN+3N500 potential

Total n-4He cross section with NN and NN+3N potentials

NN+3N-full

x
NN+3N-ind ≈ bare NN

Expt.
3N force enhances 

1/2- ßà 3/2- 

splitting: Essential at 
low energies! 



52p-4He scattering within NCSMC
4He

p

p-4He scattering phase shifts from NN+3N500 potential: 
Convergence

Differential p-4He cross section with NN+3N 
potentials

Predictive power in the 3/2- resonance region:
Applications to material science

NCSM/RGM



53p-4He scattering within NCSMC
4He

p

The NCSMC 4He(p,p) differential cross sections used by 
SNO+ collaboration for their background model 

Differential p-4He cross section with NN+3N 
potentials

Predictive power in the 3/2- resonance region:
Applications to material science

NCSM/RGM

When incorporated into the 
background model, these 
spectra improve the 
agreement of the model 
with detector data.
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DT fusion



55Deuterium-Tritium fusion

§ The d+3H®n+4He reaction
§ The most promising to produce fusion energy in the near future
§ Used to achieve inertial-confinement (laser-induced) fusion at NIF, and 

magnetic-confinement fusion at ITER
§ With its mirror reaction, 3He(d,p)4He, important for Big Bang nucleosynthesis NIF

ITER
Resonance at Ecm =48 keV (Ed=105 keV) 
in the J=3/2+ channel
Cross section at the peak: 4.88 b

17.64 MeV energy released:
14.1 MeV neutron and 3.5 MeV alpha



56NCSMC calculation of the DT fusion

§ 2x7 static 5He eigenstates computed with the NCSM 
§ Continuous D-T(g.s.) cluster states (entrance channel)

§ Including positive-energy eigenstates of D to account for distortion 
§ Continuous n-4He(g.s.) cluster states (exit channel) 
§ Chiral NN N3LO + 3N(500) interaction



57n-4He scattering and 3H+d fusion within NCSMC

n-4He and d+3H scattering phase-shifts

FY: Faddeev-Yakubovsky method - Rimantas Lazauskas

4He
n

The d-3H fusion takes place through a transition
 of d+3H is S-wave to n+4He in D-wave: 
Importance of the tensor and 3N force

4He+n

4He+n ↔ 3H+d

4S3/2

2D3/2



583H(d,n)4He with chiral NN N3LO + 3N(500) interaction



593H(d,n)4He with chiral NN N3LO + 3N(500) interaction

§ While the DT fusion rate has been measured 
extensively, a fundamental understanding of the 
process is still missing 

§ Very little is known experimentally of how the 
polarization of the reactants’ spins affects the reaction 

Assuming the fusion proceeds only in S-wave 
with spins of D and T completely aligned: 

Polarized cross section 50% higher than unpolarized



603H(d,n)4He with chiral NN N3LO + 3N(500) interaction

Polarized fusion

𝜕𝜎!"#
𝜕Ωc.m.

𝜃$.&. =
𝜕𝜎'(!"#
𝜕Ωc.m.

𝜃$.&. 1 +
1
2
𝑝))𝐴))

* 𝜃$.&. +
3
2
𝑝)𝑞)𝐶),) 𝜃$.&.

NCSMC calculation demonstrates impact of partial waves with l > 0 
as well as the contribution of l = 0 J𝜋 = ½+ channel
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 Nuclear structure of 6Li
&

radiative capture of deuterons      
on 4He 



62Nuclear structure of 6Li

§ Application of NCSMC
§ Trial wave function

6Li ↔ 4He+d investigated 
within NCSMC in the past
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§ New NCSMC calculations with chiral NN+3N interaction – minor improvements

Ground state properties:
Energy

Asymptotic normalization constants
Magnetic moment 

4He+d threshold

Nuclear structure of 6Li



64Radiative capture of deuterons on 4He

§ NCSMC calculations with chiral NN+3N interaction

Elastic scattering 4He(d,d)4He cross section
at the deuteron back scattered angle 164o 

Structure of 6Li



65

§ Three orders of magnitude discrepancy between BBN 
predictions and observations
§ Problem with astronomical observations?
§ Problem with our understanding of the reaction rate?
§ New physics?

§ NCSMC calculations with chiral NN+3N interaction

§ Radiative capture S-factor
§ Dominated by E2
§ M1 significant at low energy
§ E1 negligible – isospin supressed (T=0 → T=0)

§ Thermonuclear reaction rate
§ Smaller than NACRE II evaluation
§ Agreement with LUNA result with reduced 

uncertainty

Radiative capture of deuterons on 4He
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7Li(p,e+e-)8Be internal pair creation 
and the X17 anomaly



67X17 Anomaly

Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be
Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He
Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 



68X17 Anomaly

New experiments: 
 MEG-II  – x
       PADME – ✓

Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be
Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He
Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 



69X17 Anomaly

New experiments: 
 MEG-II  – x
       PADME – ✓

Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be
Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He
Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 

Analogous to 
DarkLight @ TRIUMF , MAGIX @ Mainz



70X17 Anomaly

Can ab initio nuclear theory help interpret the anomaly?
Fig. from PLB 813, 136061 (2021)

Angle between e- and e+

Phys. Rev. Lett. 116, 042501 (2016) – 7Li+p -> 8Be
Phys. Rev. C 104, 044003 (2021)     – 3H+p -> 4He
Phys. Rev. C 106, L061601 (2022)   – 11B+p ->12C 



71NCSMC calculations of 8Be structure and 7Li+p scattering and capture

§ Wave function ansatz

§ 3/2-, 1/2-, 7/2-, 5/2-, 5/2- 7Li and 7Be states in cluster basis
§ 15 positive and 15 negative parity states in 8Be composite 

state basis



72NCSMC calculations of 8Be structure and 7Li+p scattering and capture

§ Wave function ansatz

§ 3/2-, 1/2-, 7/2-, 5/2-, 5/2- 7Li and 7Be states in cluster basis
§ 15 positive and 15 negative parity states in 8Be composite 

state basis

§ 4He+4He cluster not included for technical reasons
§ Limited importance for the proton capture on 7Li
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture 

Dominated by
T=1 Dominated by

T=0

§ No-core shell model with continuum (NCSMC) with wave function ansatz
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture 

Dominated by
T=1 Dominated by

T=0

§ No-core shell model with continuum (NCSMC) with wave function ansatz

Data: Zahnow et al.
Z.Phys.A 351 229-236 (1995) 
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Ab initio calculations of 7Li(p,e+e-)8Be pair production 

NCSMC directly predicts the relative importance of different multipoles – E1, M1 etc.

Calculating properly the pair production cross section
 with the interference of different multipoles improves description.

 
A reasonable although not perfect agreement with ATOMKI data

Internal electron-positron pair conversion correlation

Angle between e- and e+

M1 E1
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Ab initio calculations of 7Li(p,𝛾)8Be radiative capture, 7Li(p,e+e-)8Be pair production 

N. J. Sas et al., “Observation of the X17 anomaly in the 7Li(p,e+ e− )8Be direct proton-capture reaction,” arXiv:2205.07744 

New ATOMKI measurements in-between & at resonance energies

Angle between e- and e+

NCSMC calculations match well resonance data.
Disagree in-between resonances – flat E1 distribution.

Proton slow-down in the thick target?

Ec.m. Ep
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Conclusions



78Conclusions

§ Ab initio nuclear theory 
§ Makes connections between the low-energy QCD and many-nucleon systems
§ With chiral EFT based NN and 3N forces, it is a predictive theory of nuclear properties

§ Sensitivity to the details of nuclear Hamiltonian – feedback on the quality of NN+3N forces

§ Applications of ab initio no-core shell model and the Lanczos strength method
§ Electroweak radiative correction δNS  for 10C and 14O Fermi transitions – reduced theoretical uncertainty
§ Two-photon exchange nuclear correction to muonic X-ray transitions in Li, Be, B isotopes in progress

§ Applications of ab initio no-core shell model with continuum to nuclear scattering and reactions
§ Nucleon - 𝛼 scattering  - cross section at resonance well reproduced – used by SNO+ collaboration 
§ DT fusion – importance of the near threshold 3/2+ S-wave resonance
§ 2H(𝛼,𝛾)6Li – agreement with latest LUNA experimental data
§ Searches for new physics (X17)

EIC connection – ab initio calculations of electron scattering on light nuclei planned
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