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What is a nuclear EFT?

3

• Modern nuclear force constructions are 
based on the Effective Field Theory

• Theoretical foundation of EFT is the 
Wilsonian renormalization group:
• High-momentum details can be 

integrated out & hidden in LECs
• Low-momentum physics kept invariant 

under ren. group transformations



Lattice EFT: A many-body EFT solver

◼ Solve the non-perturbative 
nuclear many-body problem
by sampling all configurations



Lattice EFT: A many-body EFT solver



Lattice EFT: A many-body EFT solver

In lattice EFT, solving a general Hamiltonian
consists of 5 steps:
1. Rewrite expectation value as a path integral

using auxiliary field transformation.
2. For each field configuration,

calculate the amplitude.
3. Integrate over the field variables using 

Monte Carlo algorithms.
4. Take the limit 𝜏 → ∞ to find the true ground state.
5. Take the limit 𝐿 → ∞ to eliminate 

the finite volume effects.



Compare Lattice EFT and Lattice QCD
• Lattice EFT share a lot of common features

with Lattice QCD. However,
• Non-rel. → particle number conservation
• Quadratic dispersion relation

→ no Fermion doubling problem
• EFT contains non-renormalizable terms

→ no continuum limit



Nuclear binding near a quantum phase transition

• The nuclear force can be either local (position-dependent)
or non-local (velocity-dependent).

• Locality is an essential element for nuclear binding.





Lu, Li, Elhatisari, Lee, Epelbaum, Meissner, Phys. Lett. B 797 (2019) 134863



Nuclear mass Model

Nolocal density operator :

To better describe shell evolution, we introduce the spin-orbit coupling 

interaction without the problem.

With small coupling constants and appropriate auxiliary field 

transformations, the introduction of the spin-orbit coupling term 

does not lead to sign problems.



Experimental data is required to determine five fitting parameters.

Difficulties：1.Each calculation consumes a lot of computing resources.

2.The order of magnitude of parameters varies greatly.

3.Monte Carlo calculations involve statistical errors.

Nuclear mass Model

Loss function :

Determine the parameters by minimizing the loss function.



We consider using the gradient descent method.

Measure derivatives

MC method
measure

Operatorsimultaneously

where 𝜃𝑖 is the fitting parameters.

Therefore, we can directly measure
𝜕𝐸

𝜕𝜃𝑖
as an operator in the Monte 

Carlo calculations, providing an exact derivative.



The Gredient Descending Method

Implementation：We implemented the Gradient Descending algorithm simply by 

introducing strategies such as feature scaling and adaptive learning rates.

The plot shows a significant decrease in the 

loss function with successive iterations.

Target nucleus



Nuclear binding energies with spin-orbit term (preliminary)
• Average error for 76 even-even nuclei: 2.932 MeV

Applicable to light/medium mass nuclei
Zhong-Wang Niu, B.L., in preparation

• Errors in other models
• Relativistic mean field (PC-PK1): 2.258 MeV 

Peng-Wei Zhao et al., PRC82, 054319 (2010)
• Non-rel. mean field (UNDEF1): 3.380 MeV 

Kortelainen et al., PRC 85, 024304 (2012).  
• Finite range droplet model: 1.142 MeV

P. Moller et al., Atom. Data Nucl. Data Tables 109, 1 (2016)

• Spin-orbit term is essential for shell evolutions.
(proper SL term do not induce sign problem)

• SU(4) + SL Hamiltonian, 5 parameters optimized
with masses of 4He, 16O, 24Mg, 28Si, 40Ca, etc.



Precision lattice chiral nuclear forces

⚫ High-precision fit to N-N scattering phase shifts at N3LO
Alarcon et al., EPJA 53, 83 (2017)
Li et al., PRC 98, 044002 (2018)

Implementation in
lattice calculations:

• Wave function 
matching method
Elhatisari et al., 
Nature 630, 59 (2024)

• Perturbative quantum
Monte Carlo method
Lu et al., 
PRL 128, 242501 (2022)

• Rank-one operator
method
Ma et al., 
PRL 132, 232502 (2024)



Perturbative quantum Monte Carlo
◼ Projection QMC targets the ground

states, excited states are expensive
◼ Conventional Rayleigh-Schrodinger

perturbation theory requires
excited states

PRL 128, 242501 (2022) propose a
novel perturbative QMC algorithm
(ptQMC) that efficiently calculate the
Second-order corrections.

In some cases, the second-order
corrections are unexpectedly large!



Perturbative QMC for chiral forces

• We generate a chain of chiral Hamiltonian
with progressively increasing precision

• The Hamiltonian converge and their difference
are suppressed by powers of the momentum scale

J. Liu, T. Wang, B.L., arXiv:2502.13565 (2025)



Double expansion for N3LO chiral forces

The true wave function can be expanded
into a series in correction term

The partial amplitudes can be calculated
efficiently with complexification of the field
Variables.



N2LO ptQMC calculation with 3NF

N2LO calculation with three-body interaction
Phys. Rev. Lett. 128, 242501 (2022)



NLO ptQMC calculation for 2H in a 7 fm box

Deuteron energy can be expanded using Cauchy integral formula



Comparison with Rayleigh-Schrodinger scheme



Perturbative expansion from random initial Hamiltonians

• The strength of the SU4
Interaction is rescaled by
a constant kappa

• The convergence is 
universal, exact binding
energies can be recovered
with any initial guess!

• The precision can be
enhanced by carefully
finding a optimized H0



Tjon line from ptQMC calculations at N3LO

J. Liu, T. Wang, B.L., arXiv:2502.13565 (2025)

• He4 energies are calculated with ptQMC
• H3 energies are calculated with exact diagonalization

• Cancellations of various perturbative corrections locate 
the He4 energies on the Tjon line

300, 350 and 400 denotes the momentum cutoff in MeV



Summary and Perspective

• Perturbative Quantum Monte Carlo method is an efficient tool for 
solving nuclear many-body problems.
• We need a high-quality zeroth order Hamiltonian without the sign problem, 

which can be constructed by fitting to finite nuclei.
• We need a careful decomposition of the interaction, either by power counting 

or the feasibility for the Monte Carlo calculations.

• Things to do:
• Uncertainty quantifications
• Higher order perturbative corrections, especially for shallow bound states
• Higher order corrections for density, radius, etc.
• Benchmark with other ab initio methods
• …

Thank you for you attention!
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