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Ab initio nuclear theory

• Solves the -body Schrödinger equation 
starting form protons and neutrons 

• Includes many-body correlations: is not 
limited to plane-wave, impulse and 
mean-field approximations 

• Employs nuclear Hamiltonian and 
electroweak currents that are consistent 
with each other and with symmetries of 
QCD & EW theory 

• Makes only controlled approximations: 
‣  allows uncertainty quantification 

‣   is systematically improvable
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Ab initio nuclear theory
• not ab initio: 

‣ Shell Model 

‣ (Traditional) Hartree-Fock 

• ab initio (exponential scaling with ): 

‣ No-Core Shell Model 

‣ Green’s Function Monte Carlo 

• ab initio (polynomial scaling with ): 

‣ Coupled Cluster 

‣ In-Medium Similarity Renormalization Group 

‣ Self-Consistent Green’s Function 

‣ Auxiliary Field Diffusion Monte Carlo 
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How does a nucleus look to a lepton?
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Chiral effective field theory ( EFT)χ
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Momentum 
expansion 

around chiral 
limit

Consistent 
interactions 
and currents 

LECs fit to data 
(πN, NN, 3H…)

Solve the 
quantum  

many-body 
problem

Effective 
Lagrangian 
with QCD 

symmetries 

H H
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Nuclear electroweak response functions

• Vector part of the weak current,  , tested on electron-scattering data 

 

• Response functions contain all information about the nuclear system and can also 
be compared with other observables (photodissociation, muon capture …)  

Jα ≡ Vα + Aα

dσ
dΩ dq

ν/ν̄

= v00R00 − v0zR0z + vzzRzz + vxxRxx ∓ vxyRxy

dσ
dΩ dq

e−

= vLRL + vT RT

Rαβ(ν, q) = ∑
f

⟨Ψ |J†
α |Ψf⟩⟨Ψf |Jβ |Ψ⟩ δ(Ef + q2/2M − E − ν)
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Coupled-cluster theory
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T1

Reference

T2

Singles Reference Doubles

• Solves the -body Schrödinger equation by normal ordering with respect to a 
mean-field reference state 

• The reference state is just a starting point for an expansion 

• Exact solution (for employed Hamiltonian and Hilbert space) obtained if one 
includes all excitations up to . Often truncated at  (and part of  when needed)
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The Lorentz integral transform method
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• Define an integral transform  

• Can calculate  as a ground-state expectation value 

• Invert  to obtain the response 

R(ν, q) = ∑
f

⟨Ψ |J†(q) |Ψf⟩⟨Ψf |J(q) |Ψ⟩ δ(Ef + q2/2M − E − ν)

Iλ(σ, q) = ∫ dν
λ
π

1
(ν − σ)2 + λ2

R(ν, q)

Iλ(σ, q)

Iλ(σ, q) R(ν, q)



Longitudinal electromagnetic response function: 4He

9

R L
(ν

,q
)[

M
eV

−
1 ]

ν [MeV]

J E Sobczyk, BA, S Bacca and G Hagen, Phys. Rev. Lett. 127 (2021) 072501



Longitudinal electromagnetic response functions:  40Ca
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1-body transverse electromagnetic response functions: 4He
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FIG. 4. 40Ca results for transverse sum rule for N2LOsat and
~! = 22 MeV. The shadowed region shows the contribution
of the electric multipoles.

matics q = 300, 400, 500 MeV. For all the cases there is
a missing strength, which can be prescribed to the lack
of two-body currents.

The results for 40Ca, gathered in Figs. 7 and 8 di↵er
qualitatively from 4He.

In Fig. 8 we show together the longitudinal and trans-
verse responses for q = 400 MeV. For this kinematics we
could compare our results with two sets of data []. Saclay
data corresponds to q = 410 MeV, however the 10 MeV
di↵erence would shift the curve only by a few percent.

In CCSD, the obtained ground-state energies E0

(proton separation energies !th) are 300.1 (6.32) MeV
and 322.12 (6.12) MeV for the NNLOsat and the
�NNLOGO(450) potential, respectively.

The 40Ca longitudinal response function — We now
turn to our ab initio calculation of RL in 40Ca where the
full final state interaction is considered. We choose 40Ca
because we can compare our calculations with existing
data, and it is also a stepping stone for coupled-cluster
computations of neutrino scattering on 40Ar.

IV. CONCLUSIONS
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FIG. 5. Asia We need to include 1-body GFMC result
for 300, 400 MeV. Should we keep MTI-III? I’m not sure if
we want to keep 500 MeV. Transverse response of 4He for
q = 300, 400, 500 MeV/c for NNLOsat. Experimental data
taken from .
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1-body transverse electromagnetic response functions:  40Ca
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FIG. 7. Transverse response of 40Ca for q = 300, 500 MeV/c
for NNLOsat and �NNLOGO(450) potentials. Experimental
data taken from [42].

FIG. 8. Transverse and longitudinal response of 40Ca for
q = 400, MeV/cforNNLOsat and �NNLOGO(450) poten-
tials. Experimental data taken from [42].
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1-body weak response functions: ν +16 O → l− + 16X+
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Current and near-future directions

• Extension to the  nucleus: projection after variation vs double-charge-
exchange EoM vs fractional occupation number… 

• Include matrix elements of 2-body currents: derived and tested to high precision  

• Addressing needs of experiment/event generators:  
‣ fast and accurate emulators  

‣ Bayesian Model Mixing with other theories (e.g. extended factorization scheme, relativistic mean field) to 
include relativistic effects … 

‣ exclusive channels 

• Novel alternatives to the integral transform  

40Ar
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