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nuclear axial current at N°LO in chiral EFT. Additionally, the ground state energy of helion and the
charge radii of the two considered nuclei are computed. No effect of the smearing regularization
in the three-nucleon contact interaction is observed here. We compare our results with recent
lattice-EFT calculations that are based on a potential tuned to light and medium-mass nuclei using
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1. Introduction

Nuclear lattice effective field theory (EFT) employs a discretized version of the chiral interaction
between nucleons, pions and external currents (see Ref. [1] for a review and Ref. [2] for a textbook).
Compared to lattice QCD, nuclear lattice EFT is advantageous for solving many-nucleon problems
like bound states of medium-mass nuclei [3] and alpha-alpha scattering [4]. While applications
of nuclear lattice EFT to many-nucleon systems require Monte Carlo simulations and perturbation
theory beyond leading order to circumvent the fermion sign problem, few-nucleon systems can be
treated non-perturbatively by solving the Schrodinger equation exactly. We thus investigate in the
following three-nucleon ground-state observables using the framework of chiral lattice EFT without
relying on perturbation theory for the treatment of the higher-order nuclear forces. In contrast to
the recent lattice-EFT publications [3, 5], we do not consult data input from heavier nuclei.

2. Chiral lattice interaction

The nuclear force and nuclear axial current in few-nucleon chiral lattice EFT are given by the irre-
ducible parts of the Feynman diagrams in Fig. 1, which are explained in Refs. [6, 7]. Contributions
involving more than a single pion exchange between a pair of nucleons are neglected because they
can be well represented by contact interactions for the large lattice spacing a = 1.9733 fm used
here [8]. We also neglect relativistic corrections proportional to the inverse nucleon mass [8] and
axial-current terms vanishing in the beta-decay limit of a zero W™ -boson momentum [9].
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Figure 1: Irreducible diagrams for nuclear force (NF) and axial nuclear current (NC) at (next-to-)"leading
order (N"LO) of few-nucleon chiral lattice EFT. The solid, dashed, wavy and zigzag lines denote nucleons,
pions, photons and W™ -bosons, respectively. The black small circles, large circles, squares and diamonds cor-
respond to vertices with the chiral dimension 0, 1, 2, 4, respectively. The gray circles indicate isospin-breaking
Coulomb vertices and isospin-breaking pion propagators. The gray squares indicate SU(4)-symmetric ver-
tices with additional local smearing compared to the (strictly speaking redundant) contact interactions in the
diagrams next to the left. We omit the nuclear axial current at N>LO. (The diagrams have been adopted from
Refs. [6, 7].)
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Refs. [6, 7] list the expressions from the method of unitary transformation (MUT) corresponding to
these diagrams, which must be discretized on the lattice. The discretization of the kinetic-energy
term in the Hamiltonian is O(a*)-improved as described in Ref. [10]. For the two-nucleon force,
we apply the lattice implementation from Ref. [8] consisting of

1. the 24 two-nucleon contact interactions fitted to the nucleon-nucleon phase shifts and mixing
angles as well as to the deuteron ground state energy,

2. an additional two-nucleon contact interaction that possesses Wigner SU(4) symmetry and
local smearing (important for many-nucleon systems [11]),

3. the one-pion exchange potential with isospin-symmetry breaking due to the different pion
masses and with a local Gaussian regulator,

4. the Coulomb interaction with the zero particle distance replaced by a/2,

5. the correction terms for the deuteron ground state energy in boosted frames that reduce the
Galilean-invariance breaking mainly caused by the non-locally smeared contact interactions.

For the three-nucleon force, we use the unsmeared interactions VC(]? ) (three-nucleon contact), VC(]()))
V;;PE) (double one-pion exchange) from Ref. [3], where only
the pion exchange is regularized as described in item 3 additionally to the ultraviolet regulator

introduced by the lattice spacing. The low-energy constants (LECs) cg, cp are fitted in Sec. 3, and
(TPE)
V.
3N

(single one-pion exchange) and

the LECs ¢y, c3, ¢4 from have been adjusted to pion-nucleon scattering data using Roy-
Steiner equations in Ref. [12]. We also introduce a locally smeared version Vj 3n of V£§ ) with the
same smearing as in the two-nucleon SU(4)-symmetric interaction [13]. The nuclear axial current
discretized from Ref. [7] has the smearing properties, the pion-exchange regulator and the values
of cp, ¢3, ¢4 analogous to the nuclear force. Our remaining interaction parameters are chosen as
in Ref. [14] and given by mny = 938.92 MeV (nucleon mass), M0 = 134.98 MeV (neutral-pion
mass), M+ = 139.57 MeV (charged-pion mass), F, = 92.4 MeV (pion decay constant), ga = 1.29
(effective nucleon axial-vector coupling constant), A, = 700 MeV (convention for chiral-symmetry

breaking scale [15]) as well as agy = 1/137.0360 (fine-structure constant [16]).

3. Three-nucleon results

Tab. | contains our results for the ground state energies and charge radii of triton (*H) and helion
(®*He) as well as the half-life of the beta decay between them. The triton half-life was used to
determine the value of the LEC cp, which has been followed by a fit of the triton ground state
energy to fix either cg or Co 3n:

cp = —0.0625 £ 0.0625, cg =-0.39844 +0.00781, Cpsn=0 (1)
or

cp = —0.0625 +0.0625, Coan = (—0.7246 +0.0234) fm°, cg = 0. )

INote that the LEC Co,3N is directly the coefficient of the smeared three-nucleon contact interaction Vj 3N, i.e. it has
not been divided by a power of hard scales in order to make it naturally sized like cp and cg.
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For each fitting step, we bisected our LEC interval until we obtained only observable results closer
to the experimental values than the truncation error bar (see next paragraph). The half distance
between the minimum and maximum value of the observable interval then served as a fitting-
uncertainty estimation for the observable. Propagating the cp-error through the triton-energy fit
has been achieved by repeating the simulation for the extreme values of cp and the central value of
CEg Or CO,SN-

Another important source of uncertainty is caused by the truncation of the chiral expansion.
It is estimated here using the Epelbaum-Krebs-Meiliner approach formulated in Ref. [8] for an
observable X at N"LO as

AXnnpo = max{Q"*?|XLo|, Q"|XLo — XNLO), - - - » Q| Xnn-11.0 — XnnLol}- 3)

Since all observables in this work are measured without a probe particle (ground state energies) or
with a zero-momentum probe particle (charge radii and half-life), we choose the chiral expansion
parameter momentum-independently as @ = MET /A, with the effective pion mass MET = 200 MeV
and the breakdown scale A, = 600 MeV (cf. Ref. [17]). With the two-nucleon contact LECs
available only at N3LO in Ref. [8], we can just produce NLO results by omitting the three-nucleon
force and the two-nucleon axial current; we thus set X; o = Xnpo and Xn21 0 = Xn3Lo- Given the
small amount of results at low orders and the neglected N3LO contribution to the nuclear axial
current, our estimations of the truncation uncertainty should be taken with care. Finally, the fitting
errors of the two LECs and the truncation error are added in quadrature to yield the total error listed
in Tab. 1.

We employ a periodic cubic lattice with length L and spacing a = 1.9733 fm; details of the
observable computations can be found in Secs. 3.1-3.3.

Esy [MeV] Espge [MeV] | Rensu [fm] | Rensme [fm] | 712 [yr]
NLO 2756(26) | —6.86(25) | 1.79(6) 2.04(6) 11.7(7)
cp +cp-fit | —8.48(7) ~7.73(7) 1.695(10) | 1.914(14) | 12.31(10)
cp + Con-fit | —8.51(8) ~777(7) 1.702(10) | 1.920(13) | 12.30(10)
Ref. [3] * T835(18) | —7.64(17) | 1.713(9) | 1.901(28)
Ref. [5]** | -8.33(2) ~7.62(2) 12.13(8)
experiment | —8.481795(2) | —7.718040(2) | 1.7591(363) | 1.9661(30) | 12.32(3)

Table 1: Triton ground state energy Esy (fitted using LEC cg or Cp3n), helion ground state energy Ezye,
triton charge radius Rcp 3n, helion charge radius Rep3ne and triton half-life 71/, (fitted using LEC ¢p) in
comparison with NLO predictions, other perturbative [3] and non-perturbative [5] lattice-EFT results based
on a potential tuned to light and medium-mass nuclei as well as experimental data from Refs. [18-20].

* We have added the computational error and the chiral-interaction uncertainty from Ref. [3] in quadrature.
The additional infinite projection time extrapolation and Monte Carlo error may explain why the total
uncertainty is mostly larger than in our work.

** This reference does not take the chiral truncation uncertainty into account, which could be the reason for
the experimental data lying outside the theoretical error bars.

3.1 Ground state energies

The ground state energy E of a nucleus is obtained by calculating the lowest eigenenergy of the
Hamiltonian matrix using the self-implemented Lanczos algorithm described in Ref. [21]. After
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performing this computation for the lattice lengths L € {4a, 5a, . ..,9a}, one can extrapolate E to
infinite volume using the L-dependence

E(L — o) = Eo + EgL™3? exp(~L/Lo) 4)

of a three-particle ground state energy derived in Ref. [22]. The truncation uncertainty of the
individual data points is propagated to infinite lattice length via statistical sampling.

3.2 Charge radii

The mean square charge radius of a nucleus is defined in the absence of the two- and more-nucleon
contributions to the charge density operator according to Refs. [23-26] as

N 3
P h, A h, 4’”2 ’
Rc R Rc p I Rc n) 2
i.e. it is the sum of

1. the squared point-proton radius <W|R;2)|¢’> obtained as an expectation value using the nu-
clear wave function ¢, which is the Hamiltonian eigenvector corresponding to the lowest
eigenenergy computed for L = 9a by the Lanczos algorithm,

2. the corrections for the non-zero charge radii of the Z protons (Rgh - (0.7071 +0.0007) fm?
[16]) and the N neutrons (th S (—=0.1155 = 0.0017) fm? [16]),

3. the relativistic Darwin-Foldy correction with the proton mass m, = 938.27208816(29) MeV
from Ref. [16].

We do not consider the spin-orbit correction because it vanishes in the nuclear ground state with
zero orbital angular momenta of all nucleons. [27] The truncation uncertainty of the point-proton
radius is Gaussian-propagated to the charge radius.

3.3 Half-life
According to Refs. [9, 28], the half-life of the triton beta decay can be computed via
2
1 K/Gy,

T (I+oR)fy (F)2 + fa/ fvgi(GT)? ©

ti2

with

1. the Fermi matrix element (F) = Zi:l (Y3uel|Tn,+ | [¢3m) for the same nuclear wave functions
as in Sec. 3.2, where the isospin-raising operator 7, . for the n-th nucleon must be reduced
in the sense of the Wigner-Eckart theorem [28, 29],

2. the Gamow-Teller matrix element (GT) = —g% (W3he| |,K+ (¢> = 0)||¢3n), where the nuclear

axial current A* [7] at zero squared W™ -boson momentum transfer qz to the nucleus is a
raising operator in isospin space and a three-vector in coordinate space [28, 29],

3. the numerical constants or = 1.90 % (outer radiative correction [29]), fa = 2.8505 X 1076
and fy = 2.8355 % 10~¢ (Fermi functions [20]), K/G%, = (6144.5+1.9) s [9, 30].

The truncation uncertainties of |(F)| and |{GT)| are Gaussian-propagated to the half-life.
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4. Summary and outlook

The exploratory non-perturbative three-nucleon simulation performed here in the framework of
nuclear lattice EFT at N®LO has lead to reasonable results (cf. Tab. 1) after fitting the triton ground
state energy and triton half-life. The addition of the three-nucleon force at N°LO also cured the
deviation of the helion ground state energy still present at NLO. The predicted charge radii are a few
percent smaller than their experimental values, which might be caused by neglecting the exchange
contributions to the charge density operator in our analysis. We have found no significant difference
between fitting the three-nucleon contact interaction with and without local smearing; the effect
of the locality observed in Ref. [11] therefore likely only occurs in systems with more than three
nucleons.

Including bound state energies of heavier nuclei into the LEC fits as in the perturbative
Monte Carlo computation [3] (cf. Tab. 1) does not seem to improve the three-nucleon charge radii
significantly. It also appears to be insufficient for an accurate description of the triton half-life if the
nuclear axial current is only considered at leading order and the truncation uncertainty is neglected
as in the non-perturbative study [5] (see the same table).

The interaction constructed here could now be applied e.g. in nucleon-deuteron scattering via
the adiabatic projection method [31].
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