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Theoretical challenge:  0.1 eV uncertainty on 1S∼
Nuclear physics: -atom reference  Isotopic chainμ ⇒
On-going puzzles:  for  isotope shift∼ 3.5σ 3−4He

[Unger et al. J. Low Temp. Phys. (2024)]

QUARTET collaboration 
๏ Improving energy resolution with MMC 

⚬ Quantum sensor detector to reach low-Z nuclei 
⚬ Data taken at PSI with  targetsLi, Be, B [Li Muli, Richardson, Bacca, PRL (2025)]

[QUARTET, Collaboration Meeting on Muonic X-ray (2025)]
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Example: finite-size corrections
[Pachucki et al. Review of Modern Physics (2024)]
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Model used for nuclear many-body state

๏ Ab initio nuclear interaction 
⚬ Two chiral interactions considered 
⚬ N4LO-E7 and N3LO 

➡ Estimate interaction uncertainty

๏ Model space 
⚬ Harmonic oscillator Slater determinant 
⚬ Vary many-body basis:  

➡ Estimate model space truncation uncertainty

(Ω, Nmax)

๏ Many-body approximation 
⚬ No-Core Shell Model 
⚬ More details in next section 

➡ Negligible many-body approximation uncertainty

[Entem et al. (2017)] [Somà et al. (2020)]
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๏ Recursion: ,  and  

⚬  

⚬  and  st  

๏ Output: 
⚬ Lanczos basis and coefficients  

⚬ Lanczos basis  orthonormal basis in Krylov space 

|ϕ1⟩
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Application to nuclear structure 

๏  Efficient calculation of spectra 
⚬ Selection rules sparsity  Fast matrix-vector multiplication 
⚬ In practice:  is sufficient to converge low-lying states 
⚬ Cost of diagonalization of the tridiagonal matrix is negligible 

⇒
NL ∼ 100 − 200

Application to lithium isotopes  

๏ Parameters of many-body calculation 
⚬  for  to  

๏ Results 
⚬Ground-state of    Starting point for  

NL = 200 Nmax = 1 9

Li |Ψ⟩ ⇒ δA
pol

Anti-symmetrized products of 
many-body HO states
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๏ We need to compute for each eigenstate and operator: 

⚬ Eigenvalues:  

⚬ Overlaps:  

๏ Lanczos strength algorithm 
⚬ Variant of Lanczos: ensure convergence of sum rules

EN

|⟨N |O |Ψ⟩ |2

|⟨N |O |Ψ⟩ |2

∼ 10 − 100 MeV EN

Converged eigenstates
Too expansive 

to converge all of them !!
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Numerical calculations 

๏   and  

๏   different operators for  

➡ 700 NCSM calculations at 

qmax = 700 MeV Δq = 10 MeV

10 Jmax = 3

Nmax = 7

Observations
๏ Contribution repartitions 

⚬ Well-known dipole dominance 
⚬ Charge contributions are dominant

๏ Negligible contributions 
⚬ TM is negligible for any  

⚬ TE is relevant only for  
➡ Only half the operators are relevant

J

J = 1
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Results 

๏ Here shown for  and N4LO-E7 

๏ All other cases are similar 

➡ Fast exponential convergence

Nmax = 7

ϵJmax
≲ 1 meV

Multipole truncation  Negligible uncertainty⇒
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Multipole dependence 

➡ Similar spreading among multipoles 

➡ Again negligible uncertainty at  Jmax = 3

Numerical result 
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๏Nuclear polarization: reaching precision ab initio 
⚬  Critical nuclear theory input for:  
⚬  Theory Goal:  precision on 1S 

E1S → ⟨r2
c ⟩

0.1 eV δTPE

๏Promising on going results for : 
⚬  Weak dependence between EFT interactions 
➡ NCSM: seems to converge within 0.1 - 0.2 eV

6−7Li

χ

Outlook
๏Completing on-going ab initio calculation 

⚬ Add current uncertainty quantification 
⚬ Elastic component:  with NCSMC 
⚬ Extension to   ref for a new isotopic chain

δA
el

9Be ⇒

๏Future modelling improvements 
⚬ Nuclear physics: higher-order currents 
⚬ Atomic physics: three-photon exchange 
⚬ Hadronic physics: more realistic model

๏Towards better controlling theoretical uncertainty 
⚬ Shifting from pheno towards EFT approach 
⚬ EFT based on potential-NRQED for Z > 1

[Peset et al., EPJA (2015)]
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From energy levels to nuclear structure
18Converting experimental data 

๏ What to do once precise value of energy levels is known ? 
⚬ Can be used to test fundamental constants like  
⚬ Can be used to extract nuclear structure information like  
⚬ Can be used to test validity of many-body calculations 

๏ Example in practice: Lamb shift in meV  (  in fm)

R∞, α, me
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2S1/2 − 2P1/2 rx

[Antognini et al, SciPost (2021)]
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q2

M2
V )

−2

F(T)
1,2 (q) = F(T)

1,2 (0) fSN(q)
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๏Multipole decomposition of nuclear currents 
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⚬  

➡ Truncation at 

MJMJ;TMT
(q) ≡ ∫ d3x MMJ

J (qx)J0(x)TMT

TE
JMJ;TMT

(q) ≡ ∫ d3x [ 1
q

∇ × M⃗MJ
JJ (qx)] . ⃗J(x)TMT

TM
JMJ;TMT

(q) ≡ ∫ d3xM⃗MJ
JJ (qx) . ⃗J(x)TMT

J = 3

[Donnelly, Haxton, Atomic and Nuclear Data Tables (1979)]
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Model used for nuclear many-body state

๏ Ab initio nuclear interaction 
⚬ Two chiral interactions considered 
⚬ N4LO-E7 and N3LO 

➡ Estimate interaction uncertainty

[Entem et al. (2017)] [Somà et al. (2020)]
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Model used for nuclear many-body state

๏ Ab initio nuclear interaction 
⚬ Two chiral interactions considered 
⚬ N4LO-E7 and N3LO 

➡ Estimate interaction uncertainty

๏ Model space 
⚬ Harmonic oscillator Slater determinant 
⚬ Vary many-body basis:  

➡ Estimate model space truncation uncertainty

(Ω, Nmax)

[Entem et al. (2017)] [Somà et al. (2020)]
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Model used for nuclear many-body state

๏ Ab initio nuclear interaction 
⚬ Two chiral interactions considered 
⚬ N4LO-E7 and N3LO 

➡ Estimate interaction uncertainty

๏ Model space 
⚬ Harmonic oscillator Slater determinant 
⚬ Vary many-body basis:  

➡ Estimate model space truncation uncertainty

(Ω, Nmax)

๏ Many-body approximation 
⚬ No-Core Shell Model 
⚬ More details in next section 

➡ Negligible many-body approximation uncertainty

[Entem et al. (2017)] [Somà et al. (2020)]
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Nuclear spectrum for Li isotopes


