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            Abstract
The axial coupling of the nucleon, gA, is the strength of its coupling to the weak axial current of the standard model of particle physics, in much the same way as the electric charge is the strength of the coupling to the electromagnetic current. This axial coupling dictates the rate at which neutrons decay to protons, the strength of the attractive long-range force between nucleons and other features of nuclear physics. Precision tests of the standard model in nuclear environments require a quantitative understanding of  nuclear physics that is rooted in quantum chromodynamics, a pillar of the standard model. The importance of gA makes it a benchmark quantity to determine theoreticallyโ��a difficult task because quantum chromodynamics is non-perturbative, precluding known analytical methods. Lattice quantum chromodynamics provides a rigorous, non-perturbative definition of quantum chromodynamics that can be implemented numerically. It has been estimated that a precision of two per cent would be possible by 2020 if two challenges are overcome1,2: contamination of gA from excited states must be controlled in the calculations and statistical precision must be improved markedly2,3,4,5,6,7,8,9,10. Here we use an unconventional method11 inspired by the Feynmanโ��Hellmann theorem that overcomes these challenges. We calculate a gA value of 1.271ย ยฑย 0.013, which has a precision of about one per cent.
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                    Fig. 1: Feynman diagrams of gA.[image: ]


Fig. 2: Demonstration of the improved method11 on an ensemble with lattice spacing aย โ��ย 0.09ย fm and mฯ�ย โ��ย 220ย MeV.[image: ]


Fig. 3: Physical-point extrapolation for this work and summary of gA values calculated with LQCD.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Correlator fit quality and stability.
aโ��c, Fit results for the effective mass (meff), axial (\({g}_{{\rm{A}}}^{{\rm{eff}}}\)) and vector (\({g}_{{\rm{V}}}^{{\rm{eff}}}\)) Feynmanโ��Hellmann ratios overlayed on top of correlator data. The black and white filled data points are ground state values determined by subtracting the excited state contributions from the raw correlation functions under bootstrap resampling. d, The distribution of gA/gV after 5,000 bootstrap resamplings. The green-shaded regions correspond to the 68% (dark green) and 95% (light green) confidence intervals. All 5,000 bootstraps are shown, with no evidence of outliers. e, f, Stability of the correlation function analysis under varying tmin and tmax for meff, \({g}_{{\rm{A}}}^{{\rm{eff}}}\) andย \({g}_{{\rm{V}}}^{{\rm{eff}}}\).The corresponding P values are shown in the bottom panel. The preferred simultaneous fit is highlighted by the solid black symbols. Uncertainties are one s.e.m.


Extended Data Fig. 2 Infinite-volume extrapolation of gA.
a, The three data points correspond to the aย โ��ย 0.12ย fm and mฯ�ย โ��ย 220ย MeV ensembles with mฯ�Lย =ย {5.36,ย 4.30,ย 3.25}. The next-to-leading order (NLO) finite-volume dependence predicted from the model-averaged extrapolation (to all 16 data points) is shown by the green band, with the central value indicated by the dashed green curve. b, Model-averaged extrapolation with finite-volume-adjusted data (coloured points). The central values of the raw data are denoted by a small black dash and, in all but one case, lie within one standard deviation of the finite-volume-adjusted result. Uncertainties are one s.e.m.


Extended Data Fig. 3 Continuum extrapolation of gA.
The nucleon axial coupling as a function of \({\varepsilon }_{{\rm{a}}}^{2}={a}^{2}/(4{\rm{\pi }}{w}_{0}^{2})\), where a is the lattice spacing and w0 is a hadronic length scale used to normalize LQCD calculations. The physical pion-mass limit is displayed by the magenta band, with the central value indicated by the dashed magenta curve. Additional curves with suppressed uncertainty bands are plotted for mฯ�ย โ��ย 130ย MeV (solid), mฯ�ย โ��ย 220ย MeV (dashed), mฯ�ย โ��ย 310ย MeVย (dot-dashed), mฯ�ย โ��ย 350ย MeV (dotted) and mฯ�ย โ��ย 400 MeV (dot-dot-dashed). Uncertainties are one s.e.m.


Extended Data Fig. 4 Model extrapolation plots.
a, Model-averaged extrapolation of gA as a function of ฮตฯ�, determined as described inย Supplementary Information (section S.7A). b, Determination of gA at the physical point from the model-averaging procedure. The magenta histogram is the final determination of gA, constructed from a weighted average of the various models used in the extrapolation, which appear as the distributions lying inside the final histogram. cโ��h, The resulting extrapolation of gA as a function of ฮตฯ� for each of the six models used in the averaging procedure (seeย Supplementary Information, section S.6). The magenta band is the resulting 68% confidence interval of the continuum, infinite-volume extrapolated value of gA as a function of ฮตฯ�. The red, green and blue curves are the central values of gA versus ฮตฯ� at fixed lattice spacings of 0.15ย fm, 0.12ย fm and 0.09ย fm, respectively. Uncertainties are one s.e.m.


Extended Data Fig. 5 Stability and convergence of the chiralโ��continuum extrapolation.
In the left panel, the model-averaged result (โ��model avgโ��) is the black square. The vertical magenta band is the resulting 68% confidence band. The next six values are results from individual extrapolations that go into the model average, described inย Supplementary Information, section S.7A. Uncertainties are one s.e.m. โ��ctโ��, counter-term; โ��FVโ��, finite volume; โ��disc.โ��, discretization; ฮฑSย =ย g2/(4ฯ�), where g is the quarkโ��gluon coupling of QCD. The middle panel shows the augmented ฯ�2 (\({\chi }_{{\rm{a}}{\rm{u}}{\rm{g}}}^{2}\)) per degree of freedom (dof), where \({\chi }_{{\rm{a}}{\rm{u}}{\rm{g}}}^{2}\) is the sum of the ฯ�2 values from the data and from the priors. All fits have 16 degrees of freedom because each prior is counted as a data point. The right panel shows the resulting Bayes factors normalized by the NLO Taylor \({\varepsilon }_{{\rm{\pi }}}^{2}\) Bayes factor, which is found to be the largest among them. These normalized Bayes factors are used as relative weights in the model-averaging procedure. The stability of the extrapolation analysis is tested by including additional discretization terms, omitting the predicted NLO finite-volume corrections, increasing the prior widths on the leading order (LO) and all low-energy constants, and applying cuts on the pion masses considered and on the discretization scales included. All variations are contained within 1ฯ� of the model-average value, with most being substantially smaller than 1ฯ� from the central value. Finally, we show the resulting extrapolation from the complete next-to-next-to-next-to-leading order (N3LO) chiral perturbation theory analysis and from the NLO chiral perturbation theory analysis with โ�� degrees of freedom (ฯ�PT(โ��)). The N3LO fit is not included in the average because it has five unknown low-energy constants and we have only five different pion mass values. The NLO ฯ�PT(โ��) value is not included because it requires input from phenomenology and is thus not a pure lattice QCD prediction, and also the next-to-next-to-leading order (NNLO) ฯ�PT(โ��) extrapolation function is not known, so a test of stability and convergence is not possible.


Extended Data Fig. 6 Convergence of gA.
aโ��f,ย Order-by-order contribution to the extrapolation of gA for the six different models that enter in the final model-averaged result (seeย Supplementary Information, section S.6). The low-energy constants are determined by the full fit from each model. Higher orders are added successively, producing the final reconstruction of the extrapolation when all contributions up to a given order are included.


Extended Data Fig. 7 Constraint on right-handed beyond-standard-model currents.
Measurements of cold neutron decays (\(n\to p{e}^{-}\bar{\nu }\); n, neutron; p, proton; eโ��, electron; \(\bar{\nu }\), antineutrino) provide some of the most stringent constraints on new physics. A recent comparison of constraints from low-energy experiments and colliders found comparable constraints on right-handed beyond-standard-model currents29. The figure has been adapted from figure 12 of ref. 29 using our determination of gA. The vertical orange band is the constraint on the right-handed coupling (ฮพ
                            ud
                          ) from our result. The blue circle arises from collider constraints on W- and Higgs-boson production (WH) at collision energy \(\sqrt{S}=14\,{\rm{TeV}}\), and the diagonal red band is from pion decays (long direction; ฯ�ย โ��ย ฮผ\(\bar{\nu }\), where ฮผ is a muon) and super-allowed 0+ โ�� 0+ nuclear decays, which constrain corrections to the axial (left (ฮดV
                            ud
                          ) minus right) and vector (left plus right) currents, respectively.


Extended Data Table 1 Data and inputs for the chiralโ��continuum extrapolationFull size table


Extended Data Table 2 Highly improved staggered quark gauge configurations and valence sector parametersFull size table
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