PHYSICAL REVIEW D 103, 074503 (2021)

Few-nucleon matrix elements in pionless effective field theory
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Pionless effective field theory in a finite volume (FVEFT),) is investigated as a framework for the
analysis of multinucleon spectra and matrix elements calculated in lattice QCD (LQCD). By combining
FVEFT, with the stochastic variational method, the spectra of nuclei with atomic number A € {2,3} are
matched to existing finite-volume LQCD calculations at heavier-than-physical quark masses corresponding
to a pion mass m, = 806 MeV, thereby enabling infinite-volume binding energies to be determined using
infinite-volume variational calculations. Based on the variational wave functions that are constructed in this
approach, the finite-volume matrix elements of various local operators are computed in FVEFT, and
matched to LQCD calculations of the corresponding QCD operators in the same volume, thereby
determining the relevant one- and two-body effective field theory counterterms and enabling an
extrapolation of the LQCD matrix elements to infinite volume. As examples, the scalar, tensor, and
axial matrix elements are considered, in addition to the magnetic moments and the isovector longitudinal

momentum fraction.

DOI: 10.1103/PhysRevD.103.074503

I. INTRODUCTION

Over the last 30 years, effective field theories have
revolutionized nuclear physics, systematizing the study
of nucleon-nucleon interactions and the properties of light
nuclei. Pionless effective field theory for few-nucleon
systems (EFT,) in particular, which focuses on momenta
below the pion mass, has emerged as a powerful tool with
which to understand low-energy nuclear processes in many
contexts [1-5] (see Ref. [6] for a recent review). Notably,
in addition to its use in the analysis of experimental data,
EFT, has found a key role in the analysis of lattice
Quantum Chromodynamics (LQCD) calculations of
nuclear systems, providing a direct bridge between QCD
and nuclear physics.

For example, in Ref. [7], LQCD calculations of A €
{2,3} nuclei at heavier-than-physical quark masses [8] are
matched to auxiliary field diffusion Monte Carlo calcu-
lations with EFT, interactions to constrain the two- and
three-body counterterms of the EFT; these were then used
to make predictions for larger nuclei of atomic number
A < 6. Further developments were presented in Ref. [9],
and this approach was extended to the next order in
the EFT, and to still larger nuclei, in Refs. [10,11].
Reference [12] presents studies of the quark-mass depend-
ence of the magnetic moments and polarizabilities of
A € {2,3} nuclear systems, with both experimental results
and LQCD calculations at larger-than-physical values of

2470-0010/2021,/103(7)/074503(21)

074503-1

the pion mass used to constrain the counterterms of EFT,.
Similarly, an early application of finite-volume EFT, to
electroweak matrix elements was presented in Ref. [13] and
extended in Ref. [14], and Ref. [15] implemented numeri-
cal studies of two- and three-body systems in discretized
EFT,. Furthermore, EFT, provided a powerful approach to
analyzing LQCD calculations of second order weak proc-
esses [16-20].

Recently, Eliyahu ef al. [21] have taken the next steps in
this approach and used EFT, implemented via the stochas-
tic variational method (SVM) [22,23] in a finite cubic
volume to analyze the binding energies of atomic number
A € {2,3} systems in that finite volume. Since the effects
of a finite volume manifest in the infrared domain, they can
be captured in low-energy effective descriptions of QCD
such as that provided by EFT,." Since LQCD calculations
are typically performed in multiple volumes to enable an
infinite-volume extrapolation, performing the EFT in the
same volumes also maximizes the constraining power of
the LQCD results. As input, Ref. [21] utilizes the NPLQCD
Collaboration’s LQCD computations of the ground-state
energies and finite-volume energy shifts of these systems
in three different lattice volumes with spatial extents

Tn this work, the continuum limit is assumed to have been
taken in the LQCD calculations; extensions to EFT, that
incorporate polynomial lattice spacing artifacts are possible
following the method proposed in Ref. [24].
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L € {3.4,4.5,6.7} fm at unphysical quark masses corre-
sponding to the SU(3), flavor-symmetric point where the
up, down, and strange quark masses are degenerate and
correspond to a pion mass m, = mg = 806 MeV [25].
Using EFT, in the same volumes to determine counter-
terms, the binding energies were extrapolated to infinite
volume. As this exemplifies, the finite-volume pionless
effective field theory (FVEFT,) approach provides a
powerful alternative to Liischer’s method [26], in which
finite-volume energies from LQCD calculations are used to
determine infinite-volume scattering phase shifts and
bound-state energies. While Liischer’s method and its
generalizations are model independent, the existing for-
malism is limited to two- and three-particle [27] energies
and matrix elements [28-30].> The matching of LQCD
results to EFT,, on the other hand, requires an underlying
EFT but can be applied to any system that the EFT can
address.

In this work, the application of FVEFT, is extended to
nuclear matrix elements for the first time. After a brief
summary of the relevant EFT, Lagrangians in Sec. I, the
SVM is introduced in Sec. III. Section IV presents the
results of tuning the relevant two- and three-body counter-
terms of FVEFT to reproduce the ground-state energies of
A € {2,3} nuclei computed in LQCD, paralleling the
analysis of Ref. [21]. Having determined these counter-
terms, Sec. V presents the tuning of the counterterms
describing the interactions of external currents to reproduce
LQCD calculations of nuclear matrix elements, thereby
enabling an extrapolation of the finite-volume matrix
elements to infinite volume. In particular, LQCD calcu-
lations of scalar, tensor, and axial matrix elements, as well
as magnetic moments and isovector longitudinal momen-
tum fractions, of A € {2,3} states are investigated. To
conclude, the outlook for these calculations is discussed
in Sec. VL

I1. PIONLESS EFFECTIVE FIELD THEORY

The pionless EFT Lagrangian describing the low-energy
interactions of nucleons is given by

L=Ly+Ly+Ly+-, (1)
where
. D?

contains the single-nucleon kinetic operator expanded in
the nonrelativistic limit. Here, N represents the nucleon
field, My is the nucleon mass, and the ellipsis denotes

The Liischer approach has been extended to n-particle
systems under certain assumptions in Refs. [31-39].

higher-order terms. The leading-order two-nucleon inter-
actions enter as

L, =—Cg(NTP,N)'(NTP,N)

_CT(NTPaN)T(NTPuN)—F"" (3)
where
p =t P = )
| = —=0,0,T7, W = —=0,T27,
\/g 2 2 \/g 202

are projectors onto spin-triplet and spin-singlet two-
nucleon states, respectively, and Cg and Cy are the relevant
two-body low-energy constants (LECs). Here, o, and 7, are
the Pauli matrices acting in spin and isospin space,
respectively. Equation (3) can be reexpressed in a different
basis as [40]

1

L, = 5 [Co(NTN)? + C{(NTGN)! ] +---,  (5)

where
CT = C() - 3C1 and CS = C() + Cl' (6)

Three-body interactions naively enter at higher order
but must be promoted to leading order as argued in

Refs. [41,42], and the relevant contribution to the
Lagrangian is
D
L= =2 (NNP + -, )

where D, is the leading-order three-body LEC.

A. Weak interactions

The weak decays and interactions of nuclear states arise,
after integrating out the weak gauge boson, through the
effective Lagrangian (valid for energies £ << M)

Gr

where G is the Fermi constant, /, involves a charged
lepton and neutrino, and the hadronic weak current can be
expressed in terms of the vector (V) and axial-vector (4,)
currents as

Ji = Vi,/l _Ai,/u (9)

H
with J; = J, , £+ iJ,,. The isovector axial-vector current
in EFT, is given by [43]

*Note that the normalization of L, 4 used here is the same as in
Ref. [43] but differs from Ref. [44], which uses a different
projector definition.
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Ay = %‘N*TMN + Ly o(NTP,N)' (NTP,N)

+He +---, (10)

where the ellipsis denotes higher-order terms. In this
expression, g, is the nucleon axial charge, and the term
proportional to the two-nucleon LEC L;, provides the
next-to-leading-order corrections to the pp — de™ v fusion
process, for example.

The isoscalar axial current is similarly given by [441*

Ai.() = —%NIUZN
_2lL2A€ljk(NTPjN)T(NTPkN)+1 (11)

where the isoscalar nucleon axial charge is g, and the
LEC L, 4 enters at the same order.

B. Electromagnetic interactions

In the presence of an external electromagnetic (EM)
field, the Lagrangians defined above are modified such that
the derivatives are replaced by EM-covariant derivatives
D, =0, +iQA,, where A, is the vector potential and Q is
the electric charge operator and also by the addition of
terms depending on the magnetic field B’

Ligm + Logm = JFVB,, (12)

where the isoscalar and isovector currents coupling to the
magnetic field are

e
JIEM = MNT(KO + T3K])GiN

— eLyie;j(NTPN)"(NTP;N)
+ eL (NTP;N)T(NTP3N) + He.,  (13)

where L and L, are two-body LECs and

1 1

Ky =5 (k, +k,) and Kk = E(Kp -k, (14)

T2
are the isoscalar and isovector nucleon magnetic moments.

Note that electric field contributions and EM three-body
interactions enter at higher order.

C. Scalar and tensor currents

The isovector and isoscalar scalar currents that arise from
Higgs couplings and from potential dark matter interactions
are given by

*Note that Ref. [44] uses a different projector definition than
here and correspondingly a different normalization of L, ,.
The notation of Ref. [45] is used.

So = gsoN'N — Cs(NTP,N)"(NTP,N),
— Cy(NTP,N) (NTP,N)+ -, (15)

Sa - gS,3N+TaN
+iCyegpe(NTP,N) (NTP.N) +---. (16)

Here, gs( and gy 5 are the isoscalar and isovector one-body
LECs that are related to the nucleon ¢ terms. As discussed
in Ref. [46], the two-body terms in the isoscalar scalar
current are related to the corresponding terms in the strong
Lagrangian, Eq. (3). In particular, the LECs Cg; are the
quark-mass—independent pieces of the Lagrangian cou-
plings Cg 7.

For the isoscalar and isovector antisymmetric tensor
currents, the relevant EFT,, expressions are

gr, i
Tij.O = %OeijkNIGkN

9r3
Tij,a = 7 €ijkNTTa6kN

+L1,T€ijk(NTPkN)T(NTPaN)+H.C.+"', (18)

where the one- and two-body isoscalar (isovector) tensor
LECs are gr.o and LZ,T (gT,3 and Ll.T)'

D. Twist-2 operators

The unpolarized twist-2 operators that define moments
of parton distributions enter in EFT, as [47,48]

0(()'!) = (x")gv*o - v""N'N[1 + a,(N'N],  (19)
Og”) — <xn>31jﬂo . U””NTT3N[1 + an‘3NTN], (20)

where the explicit Lorentz indices of the operators are
suppressed on the left-hand side of the definitions for
compactness of notation. Subleading contributions from
terms involving derivatives are suppressed in the power
counting, and contributions from additional two-body
terms that are not Wigner SU(4) symmetric are suppressed
in the large N, limit. The subscripts 0 and 3 denote the
isoscalar and isovector combinations. Note that the iso-
scalar contributions arise from matching to both quark and
gluon matrix elements (which mix under QCD renormal-
ization) and will give rise to finite-volume effects that are
the same in both cases.

III. STOCHASTIC VARIATIONAL METHOD
IN A PERIODIC CUBIC VOLUME

In order to address finite-volume effects in few-nucleon
systems in EFT, few-body wave functions must be deter-
mined subject to the EFT interactions and the given
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boundary conditions. There are multiple many-body
approaches that could be pursued for this task. Two
approaches that have been successfully applied are solving
the three-dimensional finite-volume Schrodinger equation
via discretization [8] and the SVM for two- and three-body
systems [21]. The former approach works well for two-
body interactions and was effectively used in Ref. [8] to
analyze hyperon-nucleon interactions where the effective
range was not small compared to the spatial extent of the
finite volume, L, and as such the more direct Liischer
method [26] could not be applied. However, this coordinate
space—based approach scales poorly to larger systems.

The SVM was introduced in nuclear physics [22] as a
way to sample the possible spatial, spin, and isospin
wave functions for an A-nucleon system in a space that
is impractically large for an exhaustive approach; see
Refs. [23,49] for reviews. This approach, detailed below
(and applied to EFT in Ref. [50], for example) involves the
construction of a wave function by sequential proposals of
new stochastically generated terms and the optimization of
the linear coefficients of the terms by solving the gener-
alized eigenvalue problem of the variational method. The
SVM for a finite volume was first introduced in Ref. [51] in
which systems of bosons in periodic cubic potentials were
considered. Periodicity is imposed on the wave functions
by considering all periodic copies of the infinite-volume
potential. The method was first used for nuclei in Ref. [21],
and a similar approach is used here.

A. Finite-volume Hamiltonian

The n-particle nonrelativistic Hamiltonian that corre-
sponds to the EFT, Lagrangian of Eq. (1) is

H———ZV +ZV2 Ij + Z V3 r,/,rjk) (21)

i<j i<j<k

where i, j, k € {1,...,n} label the particle, r;; = r; —r; is
the displacement between particles i and j, and & denotes
the Laplacian for particle i. The two- and three -particle
potentials are

Vy(r;;) = (Co + Cyol) - D) ga(r;;) (22)

and

V3(rij,rj) = DOZQA(rij)gA(l'jk), (23)
cyc

where the interactions have been regulated using Gaussian

smearing. This smearing function is given by

[\3
g/\(r) = r 3/2 exp( A2|r|2/4)

A3
= W H eXp(—A2 r<a)2/4) s (24)

ae{x.y.z}

where r = (), 7). 7)) and is dependant on the regulator
parameter A (also commonly expressed in terms of a length
scale ry, related as A =/2/ry). In a finite volume,
periodicity can be imposed by replacing g,(r) by a
regulator which is periodic in each of the spatial directions,

ga(r.L)= @)2/4),

A3 =
W H Z CXp(—AZ(I"(a)—

ae{x,y.z} g W=—co

(25)

in which the sums run over all periodic copies of the finite
volume.

B. Wave function ansatz in a finite volume

While in many applications of the SVM to nuclear
systems the angular momentum structure of the wave
function is tied to the spatial structure due to orbital
motion, in a cubic box, orbital angular momentum is not
a well-defined quantum number. As will be discussed
below, one approach in this context is to build wave
functions with particular transformation properties under
the cubic group, again coupling spatial and spin degrees
of freedom. However, since there is a finite number of
irreducible representations of the cubic group, a simpler
approach is to consider a factorization of the spatial and
spin-isospin wave functions.

In this work, a trial wave function, ‘I’EIN), 1s built from
linear combinations of symmetrized spatial wave functions
W™ which satisfy periodic boundary conditions, coupled
to the appropriate spin-flavor wave function |y},), i.e

N
Mix) =3 ¥M(ALB LX) ). (26)

where the superscript (N) denotes the total number of terms
in the wave function and the dependence of the spatial
wave function on & is suppressed. The coordinate x =
(ry, ...,r,) collects the spatial coordinates of the n particles
with x; = r;. The spatial wave functions ¥, are detailed
in Sec. IIB 1; the ¢;, j€{l,...,N}, are coefficients,
and the A;, B;, and d; are the parameters of the jth spatial
wave function included in the sum. The spin-flavor wave
function |y,) is a vector® in spin-flavor space for the given
nucleus £; the particular spin-flavor wave functions that are
used in this work are given in Sec. III B 3.

®Note that y is common to all terms in Eq. (26) in the current
implementation. In other approaches for larger systems than will
be considered here, y is also part of the stochastic sampling and
would be indexed by j [49].
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1. Shifted correlated Gaussian spatial wave functions

To account for the anisotropy in the spatial wave
function due to the boundary conditions in a cubic volume,
a shifted correlated-Gaussian basis for the trial wave
functions is used, following the approach introduced in
Ref. [51]. States are constructed to be antisymmetric under
interchange of the spin-flavor degrees of freedom of pairs
of nucleons and thus must have symmetric spatial wave
functions under particle interchange.

The basic Gaussian structure underlying these wave
functions is

PO (A@, B d@;x@) = exp |-~ x@TA@x@ _ ~ (x(@

_ d@)T B (x(@) _ g@)|
(27)

where x(® is an n-component vector collecting the ath
Cartesian component of the position of each particle. The
n x n matrices A and B and n-component vector d(®
contain the parameters defining the wave function. The
matrices A® are symmetric, containing n(n —1)/2 real
parameters, while B@ are diagonal matrices with n real
parameters. The finite-volume approach introduced by Yin
and Blume [51] is implemented through sums of periodic
copies of the intrinsic wave function over shifted volumes
to define a finite-volume wave function,

Y (AB.dx) = ] P (A, B@ @@ x@),  (28)

ag{x.y,z}

where A = diag{A®, A0) A®} is a block-diagonal
3n x 3n matrix that combines the A® matrices for each
direction, and similarly B and d combine the B@ and d@
for each direction. The wave function for the ath
direction is

P9 (4@ B g@);x@)
— ny@ (AW, B@ @@;x(@ _p@L) (29)

b@

where the n-component vector b(® has components
b§a> € Z. The resulting wave function ¥, (A,B,d;Xx)
satisfies the periodic constraint

¥, (A,B.d;x) =¥, (A,B,d;x +nL)  (30)

for all integer 3n—tuples,7 n € Z*". In order to symmetrize
the wave function under particle exchange, the rows and

"In practice, these sums are truncated as discussed in Appendix C.

columns of each A and B@ and rows of d@ are
interchanged under all n! possible permutations, P, of
particles. That is,

P4, B.dix) = Wi (4p. Bp.dpix).  (31)
P

where Ap is the permuted form of A and similarly for Bp
and dp. As discussed in Appendix B, the shifted Gaussian
basis is able to describe scattering states at finite volume as
well as compact bound states.

2. Cubic harmonics

A periodic spatial volume with identical extent in each
direction has an underlying cubic symmetry and is invariant
under action of elements of the cubic group, H;. By
imposing cubic symmetry, wave functions that transform
in particular representations of H3 can be constructed,
potentially allowing more efficient exploration of the space
of correlated shifted Gaussians. Each term in the variational
wave function can be constructed to respect the given
transformation properties rather than relying on stochastic
sampling of a sum of terms to discover the symmetry
approximately. The H;-covariant wave function transform-
ing in the representation R of H; is given by

=2

¥R (A, B, d; x) YA,y By d,ix,),  (32)

where p indexes the permutations of the Cartesian direc-

tions, cE,R) are constants defining the representation, and A »

is the appropriately block-permuted form of the matrix A
and similarly for B, and d,. For the ground states that are
considered here, the A; (trivial) representation of Hj is
assumed, for which ¢ = 1. The utility of using Eq. (32),
instead of Eq. (31), has been investigated. Overall, it is
found that N-term wave functions constructed from terms

of the form W¥™" are about a factor of 5 better approx-
imations than N-term wave functions constructed from
terms from Eq. (31), measured in terms of the number of
wave function terms required to achieve convergence
within a given tolerance. However, the cost of evaluation
of the matrix elements needed in the SVM is a factor of 6
slower using Eq. (32) than using Eq. (31). In the primary
studies of this work, trial wave functions are thus con-
structed using the simpler ansatz in Eq. (31).

3. Spin-flavor wave functions

The simplest spin-flavor wave functions for the small
nuclei that are considered in this work are straightforward
to construct explicitly. In particular, the necessary states are
defined as
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1
aj1) = —[IpTnt) = In"ph))
1
Waj—0) = 5 lpTn%) = Intph) + |ptat) — ntpT)].

g = %umw e

1
Wap.j=o) =5 [IPTn*) + 0" p¥) = |ptnt) = [ntpT)),

i) = %nﬁpw ~ ntptaty = [pintnt)
+ |anlnT> _ |nTn¢pT> + |nlnTpT>]’
v 1/2) = %npwpw ~ptatpl) = |t pt ph)
+|ntptpt) —|ptptnt) + [ptptal)],
(33)

where p'™) and n'}) denote proton and neutron states of
the given spin.

C. Implementation of the stochastic variational method

The trial wave function ¥) of Eq. (26) is constructed so
as to minimize the bound which it provides on the ground-
state energy:

[ (x) HPN (x)dx

E} < - o .
SN (x) P (x)dx

(34)

Because of the Gaussian structure of the trial wave
function, the various contributions to the Hamiltonian
matrix element, which are 3n-dimensional integrals, can
be evaluated analytically [51], as shown in Appendix C.
In the current application of the SVM, ¥() is built up
from 1 to N terms via an iterative procedure as follows:
(I) Given an M-term wave function (where M < N)
defined by matrices A;, B;, d; for j € {1,..., M},
N proposal Proposed candidates for the (M + 1)th term
are constructed by randomly choosing matrices
Ao, By and dy, . For simplicity of notation,
the spatial wave function of the jth term is denoted
as W;(x) =¥"(A,.B,.d;; x).
(2) For each candidate term ¥y, | (x), the normalization
integrals

D), = / W(x)W,(x)dx (35

and Hamiltonian matrix elements

M), = / (%) (s Hlza ) (X)dx (36)

are computed for {7, j} € {1, ..., M + 1} and used to

define matrices N(M+1) and HM+1) | respectively. Note

that only the additional (M + 1)th row and column

must be computed, given that the N and H™)

matrices were computed in the previous iteration.
(3) The generalized eigenvalue problem

HM+e = ANM+1e (37)

is solved for the -eigenvalues AéM“) < AﬁMH)

<...<Z /11(13/1:11)’ and coefficient vectors c&MH) =

(ciyeesCprpr) for £ €{1,...,M + 1} labeling the

eigenvalue.
(4) The wave function, which results in the smallest
eigenvalue /1(()M+l), is selected from the set of

N proposal candidates® and added to the iteratively

constructed trial wave function to define ¥+ (x).
Naturally, the optimization at each step of this iterative
procedure depends on the Hamiltonian H and hence on the
LECs that define it; to enable optimization of the trial wave
function across a broad range of LECs, in the numerical
study undertaken here, the values of the LECs are varied for
each step of optimization, cycling through N cqypiings choices
that span the relevant parameter spaces. After initializing
the procedure with the first trial wave function (the M = 1
term), for which the matrices N(") and H") are single
numbers and the generalized eigenvalue problem is trivial,
additional terms are added iteratively until the wave
function has a fixed number of terms, N. N must be taken
large enough that the optimization procedure has converged
by some definition. Here, N is set by the criterion that
repeated optimizations based on different random seeds
achieve the same minimum energies within some tolerance
and that adding some fixed number of additional terms to
the trial wave functions does not alter the minimum found,
within the same tolerance. Details of the optimization
procedure for the cases considered in this study are
provided in Sec. IV.

IV. GROUND STATES OF TWO- AND
THREE-NUCLEON SYSTEMS

In this work, the finite-volume SVM is used to match the
LECs of FVEFT / to the LQCD results for two- and three-

nucleon systems which were obtained in Ref. [8], where
nuclear states with SU(3) --symmetric quark masses cor-
responding to m, = 806 MeV were studied in three
volumes of spatial extents L € {3.4,4.5,6.7} fm. The
binding energies extracted in that work, defined as AE;, =
Ej, — AE,, where A is the atomic number of the state &, are

*Note that each of the Noproposal lowest eigenvalues /1(()M+1)
is smaller than the lowest eigenvalue from the previous
iteration ;1(()M).
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TABLEI Finite-volume binding energies (MeV) determined in
the LQCD calculations of Ref. [8].

h L =34fm L =45 fm L =6.7 fm
pp 17.8(3.3) 15.1(2.8) 15.9(3.8)
d 25.4(5.4) 22.5(3.5) 19.5(4.8)
H 65.6(6.8) 63.2(8.0) 53.9(10.7)

tabulated in Table 1. This matching procedure, used in this
work as a first step in the study of the matrix elements of
various currents in these states in this framework, closely
mirrors, and reproduces, the analysis of Ref. [21].

A. Two-body states

For each of the three finite volumes for which Ref. [§8]
provides LQCD data, variational wave functions were
optimized first for the pp and d two-body systems. As
described in Sec. III C, the undetermined coefficient of the
two-body potential in the Hamiltonian (which corresponds
to the LEC Cy in the case of the deuteron and C7 in the
case of pp) is varied over N o piings = 10 different choices
throughout the optimization procedure, which are chosen to
be evenly spaced corresponding approximately to the plot
range of Fig. 2; both two-body systems are thus optimized
simultaneously. Taking Npopoa = 30, it is found for all
two-body optimizations undertaken in this work—at each
finite volume and for each of three choices of the regulator
A = \/2/ry corresponding to ry € {0.2,0.3,0.4} fm—that
after 100 terms have been added to the wave function the
last 20 terms are within 1% (typically, within 0.1%) of the
final value for each of the values of the coupling that are

0.00 T T T T
0 L=34fm L=45fm O L=67fm ]
-0.02 "'ﬁ 1 1

-0.04} ]

—0‘06'5& s ——

~0.08F 1
Ty ]
-0.10¢ S

_()' 12 1 1 1 1
0 20 40 60 80 100

N

[fm™']

W)
/lO

FIG. 1. Convergence of the eigenvalues A(()N) to the ground-state
energy of the diproton system as additional terms are added to the
variational wave function. The three colors correspond to wave
functions optimized for the L = 3.4 (blue), 4.5 (orange), and
6.7 fm (green) volumes, with the LEC C7 set to its optimized
value after matching to the LQCD results, as discussed in the
main text. The results are shown for one example of the regulator
parameter corresponding to ry = 0.2 fm. For each volume, the
results of optimization procedures starting with two random seeds
are shown.

used in optimization and also that optimizations starting
with different random seeds agree within that same toler-
ance. An example of this convergence is shown in Fig. 1.

The ground-state d and pp binding energies resulting
from the optimized variational wave function are shown as
a function of the relevant undetermined LEC in Fig. 2, for
all three finite volumes and for all choices of the regulator
parameter A which are studied. Comparing with the LQCD
results for the binding energies in each lattice volume, it is
clear that for each value of A the results in all volumes are
consistent with a single consistent value of the relevant
coupling, indicating that there is no need to introduce
higher-order terms in EFT,. The best-fit values of the
corresponding couplings, which depend on the regulator
scale, are determined through a combined fit to the three
volumes and are presented in Table II and Fig. 3. Note that
the EFT, interaction proportional to C; is suppressed by
1/N? relative to the Wigner-symmetric interaction with
coefficient C in the large-N, limit; this hierarchy is born
out in the fitted values of the couplings.

OF— auawee
—10F
% =
= —20F
S 30k = il
< 0 1 I
40: —— L=34fm L=45fm —— L=6."7fm
[ — r=02fm --- ry=03fm ---- ry=04fm
_50"‘""1““1‘1}"“1“1“1““
—400 -300 —200 —-100 0
Cs [MeV fm®]
o
—10f
5
> :
E —20¢ = =
s &
g -0}
401 — L=34fm L=45fm —— L=6.7fm
[ — rp=02fm --- r,=03fm ---- r,=04fm
el - . 1 .
—400 -300 —200 —-100 0

Cr [MeV fm?)

FIG. 2. Binding energies of the deuteron (upper panel) and
diproton (lower panel) systems as a function of the relevant two-
body EFT ,LECs. The three sets of curves correspond to the three
different cﬁoices of the regulator scale A = 1/2/r, corresponding
to ry € {0.2,0.3,0.4} fm (solid, dashed, and dotted), and the
three colors correspond to the three different volumes: L = 3.4
(blue), 4.5 (orange), and 6.7 fm (green). The horizontal bands
show the values of the binding energies for each volume from the
LQCD calculations of Ref. [8].
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TABLE II. The two- and three-body EFT ; LECs determined
from matching the SVM calculations to the LQCD energy shifts
for each value of the cutoff parameter r. For the two-body case,
Cs and Cy are determined in terms of Cy; through Eq. (6).
For D, three-nucleon optimizations were only performed for
ro = 0.2 fm.

ro (fm) 0.2 0.3 0.4
Co ~131(2) —220(5) —330(9)
C -2(1) -4(2) —8(4)
Cs ~133(2) —225(6) —338(11)
Cr -126(2) —208(6) =305(11)
D, 17(2) . .
of ) 5 ]
— [ ~ 3 g 0.14
> : ro=035fm o
[5) L 0 0.3 ]
2 op A ;
[ r0=04fm ]
-15F ]
-20 L L L a1 L L
-350 =300 -250 -200 —150  —100

Cy [MeV fm?)

FIG. 3. The EFT, couplings C,; determined by fitting to the
results of the LQCD calculations. The three sets of intersecting
bands (blue for pp and red for d) and corresponding ellipses
show results obtained with wave functions optimized with the
three different values of the regulator scale A = v/2/r, studied
here. The asterisks show the results of an analogous analysis
undertaken in Ref. [21], with different values of the regulator ry,
as indicated on the figure.

—-10F
— ]

% -20F A [t : : : %
=) 5
g _3of ]
¥ 30

_40»4 4

O h=pp O h=d

(L S S S N S P S R

2 4 6 8 10 12 14
L [fm]

16 ©

FIG. 4. The volume dependence of the deuteron and diproton
binding energies compared with the LQCD data which was used
to determine the relevant LECs. The infinite-volume extrapola-
tions of the binding energies, computed as described in the text,
are shown in the rightmost subpanel.

TABLE IIl. The extrapolated infinite-volume binding energies
determined in the SVM approach for the two- and three-body
systems. Also shown are the binding energies determined in the
original LQCD study [25] and in Ref. [21] also using the SVM
method.

h L=oo Ref. [25] Ref. [21]
pp ~12.5(2.2) ~15.9(3.8) ~13.8(1.8)
H ~19.9(2.8) ~19.5(4.8) —20.2(2.3)
H .= 60.2(6.5) —53.9(10.7) —58.2(4.7)

Having determined the two-body couplings, wave func-
tions optimized in infinite volume in exactly the same way
are used to determine the binding energies in the infinite-
volume limit. Figure 4 shows the volume dependence of the
binding energies of the deuteron and diproton systems (in
order to show a curve, binding energies computed with
wave functions optimized at additional intermediate vol-
umes are also shown). Extrapolations are shown for
ro = 0.2 fm, but the extrapolations for other values are
indistinguishable. Although the values of the LECs depend
on the value of the regulator r(, the resulting finite- and
infinite-volume energies are regulator independent.
Table III lists the extrapolated binding energies and
compares them to Refs. [21,25], with which they are in
close agreement.

B. Three-body states

Having determined the two-nucleon couplings, an analo-
gous procedure is repeated for the triton to determine the
coefficient D, of the leading-order three-nucleon coupling
in Eq. (7). The stochastic optimization of the three-body
wave function is performed with the two-body LECs fixed

0. 4
20
2 —40F
=) :
= —60F
<
< o}
0 —34m L=45fm — L=67fm |
~120 ¥ | L L L L ]
0 20 40 60 80 100
Dy [MeV fm]
FIG. 5. The dependence of the triton binding energy on the

three-body coupling Dy, in each of three finite volumes for which
there is LQCD data, L = 3.4 (blue), 4.5 (orange), and 6.7 fm
(green). The curves are shown for a regulator scale ry = 0.2 fm
and for the values of the two-body couplings determined in
Sec. IVA, with the shading on the bands indicating the un-
certainty which arises as these couplings are varied within their
uncertainties. Other details are as in Fig. 2.
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FIG. 6. The volume dependence of the triton binding energy,
compared with the LQCD data. The infinite-volume extrapola-
tion of the binding energy, computed as described in the text, is
shown in the rightmost subpanel.

to their central values determined as discussed in the
previous subsection, for a single value of the Gaussian
regulator parameter ro, = 0.2 fm. As for the two-body case,
N ouplings = 10 values of the three-body LEC D, are cycled
through in the wave function construction procedure,
spanning the relevant coupling range (corresponding
approximately to the range of the horizontal axis in
Fig. 5). The same convergence criteria as in the two-body

npe—d
A3

R

=~ 0.98}

0.96

0.941

-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04
Ly [fm?]

(a)

FIG. 7.

case are satisfied after wave functions with N = 250 terms
have been constructed.

Figure 5 shows the dependence of the triton binding
energy on the three-body coupling, D, for the optimal
values of the two-body couplings; the shaded bands
around the curves show the result of varying the two-
body LECs within their uncertainties for wave functions
optimized in each of the three volumes for which there are
LQCD data. Figure 6 and Table III show the infinite-
volume extrapolation of the triton binding energy. As for
the two-body systems, the extrapolations and couplings
reported here are in close agreement with those
of Ref. [21].

V. MATRIX ELEMENTS IN THE STOCHASTIC
VARIATIONAL METHOD

Having determined finite-volume ground-state (or in
principle excited state) wave functions in the SVM, those
wave functions can be used to evaluate finite-volume
matrix elements of operators in FVEFT,. The transition
matrix element between an initial state '¥'; and final state ¥,
is given by

(¥, |O1;)

V) (P )

(38)

2.05F

2.00 r§,+\
~ y — -
Lo
¥ 1950

1.901

EF 098 \% :

0.96

0.941

(a) The dependence of the d — np (upper) axial transition matrix element and the *H (lower) matrix element on the two-body

axial LEC ratio. The horizontal bands show the constraints from the LQCD calculation of Refs. [53,54], with L = 4.5 fm, and the
vertical bands highlight the region of coupling that is consistent at one standard deviation with the LQCD result, for the central values of
Co,1 and D, determined in Secs. IVA and IV B. (b) The dependence of the matrix elements on the spatial extent of the lattice, L. The
LQCD constraint is shown as the gray data point. The infinite-volume limits are shown at the right edge of the figure.
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where O is a generic local EFT operator and bra-ket
notation is used for concision.”

Here, matrix elements of axial, electromagnetic, scalar,
and tensor currents and the unpolarized twist-2 operators
are studied. In each case, the relevant EFT, currents of
Sec. II are translated into operators acting on the n-body
states. As with the nucleon-nucleon strong interactions,
two-body contributions to the various currents are regulated
using the Gaussian approach as in Eq. (24) and rendered
periodic using Eq. (25). Specifically, each two-body current
is implemented as

[(NF(r)ZN(r;)) (N (r)) 'Z'N(r;)) + Hee Jga (r;;. L), (39)

where =) denotes a spin-isospin structure and g, (r, L),
defined as in Eq. (24), implements a periodic regulated
form of the S-function implied in local two-body EFT
currents. Since the matrix elements that are considered are
for zero momentum transfer, the current is integrated over
the positions r; ;. For each current, X € {A,,.Jf.S,,

Tijas OE,")} for a€{0,1,2,3}, the zero-momentum-
projected, regulated form is labeled as X.

The evaluation of the relevant matrix elements factorizes
into a spin-isospin calculation that is specific to each type
of operator and a calculation of the matrix element of the
spatial wave function. Since all currents that are considered
enter with the spatial dependence determined by the
Gaussian regulator function, these latter spatial matrix
elements have a common form and are given for diagonal
matrix elements in state & by

hy(A,L) = fde3rk Zi<j gA(riij)‘l//h(Rn)P’ (40)

fde3rk|Wh(er)|2

where R, ={r;,...,r,} indicates dependence on the
coordinates of each of the n particles. For transition matrix
elements between states a and b, the corresponding
expression is

hycp(A L) = JIL@r 3o wa(R,)ga(ry. L)y, (R,) |
VI TLErdwaR)P [ TLridys (R,)P
(41)

The relevant one- and two-body LECs of currents in
FVEFT ;/ can be tuned such that the EFT, matrix elements

determined in this way reproduce the matrix elements (or
their ratios to the proton matrix element) determined in
LQCD in a particular lattice volume or set of volumes.
In what follows, the LQCD matrix elements in atomic
number A = {2, 3} systems calculated at m, = 806 MeV

Matrix elements of nonlocal products of operators (such as
those relevant for double-f decay) can also be approached in the
finite-volume SVM as discussed in Sec. VI.

on the L = 4.5 fm ensemble, discussed above, are used.
The EFT, counterterms determined in this way are speci-
fied in the Gaussian-regulated scheme and should not be
compared with the corresponding counterterms determined
in dimensional regularization. Indeed, for the current
purposes, the extraction of counterterms can be viewed
simply as an intermediate step in extracting matrix elements
at infinite volume. The infinite-volume—extrapolated matrix
elements can be matched to EFT, regulated in more
common schemes, such as dimensional regularization or
the power-divergent subtraction scheme [52], to determine
the two-body LECs for comparison to other extractions.

TABLE IV. Nucleus-to-proton ratios of quantities computed at
m, =806 MeV in a L =4.5 fm volume and extrapolated to
infinite volume. Ratios are computed from data presented in the
reference shown at the top of each section of the table. Where
multiple uncertainties are given in the literature, they have been
combined in quadrature, and standard error propagation has been
employed in cases where the ratios are not given in the original
works. For R‘;;”p , the LEC determined from the *H channel is
used to make a prediction, as there are no LQCD results available.

Quantity O State h(— /') O(L =45fm) O(L = )
sp" [55]
d(j, = +1) 0.011(80) 0.012(89)
3He -0.34(10) -0.35(10)
H 0.45(16) 0.46(17)
RA S [53]
H 0.979(10) 0.978(11)
np(— d) 1.978(31) 1.975(36)
RE [54]
d 1.98(1) 1.98(1)
H 0.999(6) 0.999(6)
RE S [54]
3H 1.002(2) 1.002(2)
np(— d) e —1.415(2)
Rh, [54]
d 1.984(4) 1.982(4)
3H 0.990(2) 0.990(2)
Ris [54]
pp 1.98(2) 1.98(2)
H 0.96(2) 0.96(2)
RE, [54]
pp 1.98(2) 1.98(2)
d 1.97(2) 1.97(2)
H 2.87(4) 2.87(4)
Rl [56]
pp 1.007(14) 1.008(17)
H 1.028(15) 1.029(15)
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A. Axial matrix elements: Proton-proton fusion,
tritium f-decay, and isoscalar charges

In order to evaluate the isovector axial current matrix
elements, the EFT current in Eq. (A1) is used. With the
proton axial matrix element determining g, (up to expo-
nentially small volume effects), ratios of matrix elements of
the relevant current in both two- and three-body states to
that of the proton can be used to determine the two-body
coupling ratio L, 4 = Ly 4/ ga,

rd _ 2 (Pp150)[A331Paj.—0)
A3 =
9a \/<Tnp(150)|anp(lSO)><lPd;j3:0|‘Pd;jZ:0>
L
_ 2(1 —i—%hnp(_d(A,L)), (42)

2 (Pl Ass|Pay) _ ( Lia

=— 14+ —=hs A,L>, 43
A ga (Pou|Poy) 3 n ) (43)

where the spin-flavor structure of the states used to arrive at
these expressions is given in Sec. IIL.

Figure 7(a) shows the constraints that the LQCD
calculations [53] of the finite-volume matrix elements
in the two channels place on the coupling combination
I:LA. The consistency between the constraints in the
two channels suggests that higher-order terms in the
axial current (two-body operators with derivative inser-
tions [43] or three-body operators) are suppressed as
their power counting would suggest, for this choice of

1

d: j-=
RA,O
o
o
S

0.99F

0.981

—0.010 -0.005 0.000 0.005 0.010 0.015 0.020
ZZ,A [fms]

(a)

FIG. 8.

regulator scheme and scale. Were this to persist for
physical quark masses, it would provide support for
approaches to pp-fusion cross section calculations that
use tritium p-decay to constrain the relevant two-
body LEC.

The values of ZLA determined from each channel are
scheme-dependent quantities but can be combined with
infinite-volume SVM wave functions to determine the
infinite-volume matrix elements. Figure 7(b) shows
the infinite-volume extrapolation for both channels, and
the extrapolated values are given in Table IV below.

Analogous analysis of the isoscalar axial matrix elements
in the deuteron and *He states allows for the determination
of the two-body counterterm in Eq. (11). Ratios of the
isoscalar axial current matrix element in the deuteron and
He states to that in the proton state can be expressed as

2 (Waj—11As30[Paj=1)

,R/d;jzzl =__°
40 ga0 <‘Pd;j2:1|lpd;j::1>
=2(1 = Ly 4hy(A L)), (44)
3 2 (Way| Az | Ps
R = 2 (Fuldal¥)

gao (P Popy)

_ (1 _gzz,AhaHem,L)). (43)

Figure 8 shows the constraints on I:z,A obtained by
matching to the LQCD calculation of Ref. [54] and the
corresponding infinite-volume extrapolation of the LQCD

2.041

2.021

1

2.00F

1.96

.
4,0

RL

1.02f
1.01¢

© 1.00F

3
H
RA 0
—a—
e —

0.991

0.98F

2 4 6 8 10 12 14 16
L [fm]

(b)

(a) The dependence of the matrix elements of the isoscalar axial current in the j, = 1 spin component of deuteron (upper) and

J. = 1/2 component of 3H (lower) on the coupling ratio Zzl, 4- (b) The dependence of the matrix elements on the spatial extent of the
lattice, L. The details of the curves and points in the figure are as in Fig. 7.
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FIG. 9. The dependence of the various magnetic moment differences on the appropriate combinations of the two-body counterterms
L , is shown in the upper row and the lower left panel. The lower right panel shows the combined constraints implied by agreement with
the LQCD results of Ref. [55]. The details of the curves and points in the figure are as in Fig. 7.

matrix elements. The extrapolated values are also reported in
Table IV. A mild tension is found between the values
of L, 4 extracted from each matrix element, indicating the
potential need for higher-order terms in the EFT description.

B. Magnetic moments

The magnetic moments of light nuclei have been
extracted from the linear response of LQCD calculations
to a constant background magnetic field oriented in the
z-direction [55,57]. In EFT, these quantities are determined
by the couplings in Eq. (13). The differences between the
magnetic moments of the deuteron, 3H, and He states and
the relevant naive shell-model predictions in terms of
proton and neutron magnetic moments can be expressed as

Sfig = fra — (i, + i)
C 2My (Pt | T5Y [P 1)

e <Td;jz:1 |‘Pd;jz:l> 0
=2MyLohy(A, L), (46)
Sfy = Py — i = 2My (P T5Y W) _k,
¢ (Wapt| W)
My
= SN+ Lhy(A L), (@)

oMy (W | T )
Ofpe = foge — fp = e (PorePoe) o
M
= _TN(Ll — L) hae (A L),

(48)

where fi;, is the magnetic moment of hadron % in natural
nuclear magnetons e¢/2My defined using the nucleon
mass at the quark masses of the lattice calculations,
My = 1.634(18) GeV [25].

0.5F I - - 1
=
2 ooff—— . H
|
—0.5¢ 1
h=d h="H h =>He

2 4 6 8§ 10 12 14
L [fm]

FIG. 10. The infinite-volume extrapolations of the magnetic
moment differences for d, *H, and *He.
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FIG. 11. (a) The dependence of the ratios of the pp (upper) and *H (lower) isovector scalar matrix elements to that of the proton on the

LEC ratio Cy. (b) The infinite-volume extrapolation of these ratios after constraining the LEC ratio. The details of the curves and points

in the figure are as in Fig. 7.
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FIG. 12. The isoscalar scalar current matrix element ratios for d, pp, and H as a function of the relevant combinations of LEC

ratios Cy . The lower right panel shows the resulting constraints on these LEC ratios. The details of the curves and points in the

figure are as in Fig. 7.
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In Fig. 9, the LQCD calculations of ofy, for h e
{d,H,He} in Ref. [55] are used to constrain the EFT
couplings Ll,z.m Since the magnetic moment differences
are dependent of various combinations of the couplings, the
constraints take the form of bands in the L;—L, plane as
shown in the figure. All three constraints are seen to be
consistent for a range of values of the couplings. This
determination of the LECs allows for extrapolation of the
magnetic moments to infinite volume as shown in Fig. 10
and produces the values shown in Table IV.

C. Scalar matrix elements: Nuclear ¢ terms

Ratios of the matrix elements of the isoscalar and
isovector scalar currents in hadron £ to those in the proton
can be expressed as

1 (P3[So|h) ( f50 )
Rh =32 2700 A (A 220 (AL, 49
S0 gso (WAlPh) " 2450 WA L) (49)
and
1 (W4|S;]Ps) ( 53 )
Rh, =32 22 W (oTh =22 (A L)), 50
53 gs3 (Pul¥Pr) : gs3 ol ) (50)

where A, denotes the atomic number of the nucleus, Té‘ is
its third component of isospin, and

Co+C. h=d
ff’s,o: go—?ich h=pp,
Co—C,, h="H (51)
fh _ (::V’ h=pp
S.3 CV’ h=3H"

The quantity Cy = Cy/ gs.3 18 constrained by comparing
Eq. (55) to LQCD calculations of ratios of isovector scalar
current matrix elements in different nuclei from Ref. [54].
The results of this comparison are shown in Fig. 11.

Determinations of Cy from both the pp and *H systems
are consistent, with H providing a considerably more
stringent constraint. The extracted values of the LEC are
also used to extrapolate the LQCD matrix elements to
infinite volume, as shown in the figure and presented in
Table IV.

Similarly, Fig. 12 compares LQCD calculations of the
ratio of the scalar isoscalar current matrix element in nuclei
to that in the proton to the expectations of Eq. (49) for

""Note that in Ref. [55] the magnetic background field does not
couple to sea quarks, so only isovector quantities are calculated
completely; the error from this quenching of the magnetic field is
ignored here. In principle, the isovector np — dy M1 transition
can also be used to constrain L, but it is not used in this work.
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FIG. 13. The infinite-volume extrapolations of the isoscalar
scalar current matrix element ratios for d, pp, and *H.

the deuteron, diproton, and 3H. The three states provide
sufficient information to constrain the LEC ratios

6’0’1 = C‘OJ /s, and the constrained values are used to
extrapolate the LQCD matrix elements to infinite volume as
shown in Fig. 13 and presented in Table IV. As noted in
Sec. IIC, the couplings C’O,] that occur in the isoscalar
scalar current are related to the Lagrangian counterterms
Cy; in the limit of massless quarks.

D. Tensor matrix elements

For the tensor current, isoscalar matrix element ratios to
those in the nucleon are given by

2 (WlT120[¥n)
R?".O = 717

oo (e = S Sh(A L), (52)

for h € {d,*H}, where S% is the third component of spin
and
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(a) The dependence of the d (upper) and 3H (lower) isoscalar tensor matrix elements on iz_r (b) The dependence of these

matrix elements on the lattice extent, L. The details of the curves and points in the figure are as in Fig. 7.

Loy, h=dj.=1

2 , (53)
%LZ,Ta h = 3H

fl%,o:{

where Ly r = Ly1/gro-
For the isovector case, the corresponding ratio in *H is

(

in terms of the LEC ratio L7 = L, 1/gr3

w2 (Y| T 1253 Wo)

R )

Ly
1 LI
+ 3

(A L))

(54)

1.010 :
1.005f ]
’;«: 1.000F
0.995}
20.015 —0.010 —0.005 0.000 0.005 0.010 0.01
Ly 7 [fm*]
(a)

FIG. 15.

5

Figures 14 and 15 show the comparisons of Egs. (52)
and (54) to the respective LQCD calculations [54]. In the
isoscalar case, consistency is seen in the values of L, ; that
arise from comparison to either d or *H matrix element
ratios from LQCD. As for the matrix elements of other
operators considered above, the constrained LECs enable
infinite-volume extrapolations of the matrix elements,
which are presented in Table IV.

E. Twist-2 operators: The quark momentum fraction

The first moment of the isovector unpolarized parton
distribution has been computed in LQCD for nuclei with

1.005

r@: 1.000

0.995

0.990'H‘A‘HAH‘AH‘AH‘AH‘AH‘A.‘
2 16

L [fm]

(b)

(a) The dependence of the *H isovector tensor transition matrix element on L 7. (b) The dependence of this matrix element on

the lattice extent, L. The details of the curves and points in the figure are as in Fig. 7.
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FIG. 16. (a) The dependence of the isovector twist-2 matrix elements in pp and *H on the two-body LEC, a, 3. (b) The dependence of
the matrix element on the lattice extent, L. The details of the curves and points in the figure are as in Fig. 7.

A € {2,3} in Ref. [56] and corresponds to the difference in
the longitudinal momentum fractions carried by up and
down quarks. In the finite-volume SVM, the matrix
elements of the operators in Eq. (20) contain no spin
structure, and so the finite-volume matching and extrapo-
lation are analogous to those on the isovector scalar current
above. In particular, ratios of the isovector matrix element
in hadron / to the proton matrix elements are given by

Al (4O ,)
<lPh|\Ph>

Ro =N,

3
=(1+——"2——h,(A L)), 55
(1 i eD). 6
for h € {pp,°H}.
LQCD data in a calculation with L = 4.5 fm constrain
the single-nucleon isovector momentum fraction and two-
nucleon counterterm «;3, as shown in Fig. 16. The

extrapolated infinite-volume matrix elements are reported
in Table TV.

VI. DISCUSSION

Finite-volume pionless effective field theory imple-
mented through the stochastic variational method has been
used to extrapolate EFT wave functions and matrix ele-
ments for A € {2,3} nuclei, matched to LQCD calcula-
tions in a finite lattice volume, to infinite volume. This
numerical approach can effectively describe bound-state
systems, can cleanly reproduce scattering states, and
furthermore exhibits volume scaling that is consistent with

the predictions of the Liischer approach to high accuracy.
To some degree, the method circumvents the complexities
of analytic approaches generalizing that of Liischer for two-
body systems to larger number of particles. However, as the
atomic number of the system increases, the finite-volume
SVM scales relatively poorly, and it does not seem practical
to extend much beyond A = 4 systems or more than three-
body interactions. Given that the use of the finite-volume
aspect of the method is tailored to match LQCD calcu-
lations, for which increasing A is also costly, this is perhaps
not a significant limitation; the finite-volume SVM can be
used to determine EFT counterterms, which can then be
used in the infinite-volume SVM (or other many-body
methods) to perform calculations for larger nuclei.

For all of the matrix elements studied in this work, which
include isoscalar and isovector scalar, axial, and tensor
matrix elements, as well as magnetic moments and the
isovector longitudinal momentum fraction, it is found that
for the large quark masses used in the LQCD calculations
the lattice volume of L = 4.5 fm as used for the calcu-
lations is large enough that there are essentially no finite-
volume corrections. At lighter quark masses, however, one
might anticipate that larger lattice volumes will be required
to achieve the same behavior. For almost all of the matrix
elements investigated in this work, it is also notable that,
although the constraints from LQCD calculations of three-
body systems are typically tighter, the EFT, LECs deter-
mined from the LQCD calculations of two- and three-body
systems are consistent to within one standard deviation [with
the notable exception of the isoscalar axial LEC L, 4 in
Eq. (11), for which there is a slight tension]. This indicates
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that higher-order terms in the relevant currents are sup-
pressed in the exponential regulator scheme used in the SVM
at these values of the quark masses. In some cases, this
suppression has particular consequence; for example, for the
isovector axial matrix elements, the LEC L, , determined
from measurements of tritium f-decay is used in calculations
of the pp-fusion cross section [58]. With the LECs
determined from LQCD calculations, predictions can be
made for other quantities for which there are no LQCD
results; in Table IV, as an example, the np < d tensor
transition matrix element is predicted from the LEC deter-
mined from the triton matrix element of the same current.
Since the finite-volume SVM provides representations of
low-lying excited states as well as the ground states that
have been the focus of this work, it can also be used to
match matrix elements of second-order current insertions
such as in double-$ decay. In such processes, a sum over
excited nuclear states occurs for times between those of the
two currents, with the matrix elements of interest being

2 . E-E, ‘

(56)

n
In the finite-volume EFT context, this corresponds to
inclusion of the discrete states in principle up to energy-
scale of the EFT cutoff. In order to accurately represent
these contributions, care must be taken that these states are
equivalently well optimized. This will require significant
numerical effort but is likely to be feasible. Ultimately,
the finite-volume SVM appears to be a powerful tool to
capitalize on LQCD calculations of systems with small A,
which are approaching a novel era of systematic control.
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APPENDIX A: ALTERNATE FORM
FOR CURRENTS

Currents are derived by first considering the relativistic
form at the quark level, matching onto relativistic nucleon

operators with the same C, P, and T properties, and then
performing a nonrelativistic reduction. In the main text,
the various currents were written using the projectors in
Eq. (4). They can also be written in terms of Pauli matrices
in spin and isospin as follows, where each expression is
given only to the order used in this work:

Ao = BN 0N LN oN)(NTE,N),  (AD)
Ajg ==BENGN + Lo s(N'aiN)(N'N). (A2)

S0.= 950NN =3 Co(N N (N'IY)
- % Ci(NT6;N)(NTo;N), (A3)
S0 = 953N eN =S CUNEN)VIN), (A4
Tijo= gTT'O €N oy N — %L2,T€ijk(NT6kN)(NTN)’ (AS)

T = ngsei N0 N

~SLirep(VaN) (N5 N).  (A6)

Note that each of these terms is Hermitian, so no Hermitian
conjugation is implied. For the scalar currents, C; = C, —
3C, and Cgy=Cy+C, in Eq. (15), and {C,.C,} =
{Cs,4Cr} in the convention of Ref. [46].

Similarly, the two-body part of Eq. (12) can be written as

e -
£2.EM == —ELI(N'G' BN)(N*T:;N)

+ ng(N"'a -BN)(N'N). (A7)

APPENDIX B: SCATTERING STATES FOR FREE
PARTICLES AND WEAK INTERACTIONS

The correlated shifted Gaussian basis is able to accu-
rately describe low-energy finite-volume scattering states
as well as localized bound states. To demonstrate this, SVM
approximations for noninteracting two-particle states are
studied in this Appendix.

Figure 17(a) shows the energy eigenvalues obtained for a
free two-nucleon system using wave functions approxi-
mated using the shifted correlated Gaussian basis functions.
The eigenvalues are shown in units of 2MyL?/4x?, in
which case the expectation is an integer-spaced spectrum.
States are symmetric under particle interchange and should
be ordered in terms of the sum of the squared momenta,
N = |p;]* + |p2/*|p:|>, and should have degeneracies
1, 6,30, ... corresponding to {p; =(0,0,0),p,=(0,0,0)}
for N =0, {p, =(1,0,0), p,=(0,0,0)} and permutations
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FIG. 17. (a) Energy eigenvalues, 4, for the free two-nucleon system obtained using the SVM in three different volumes, plotted in

units of 2MyL?/4x>. The colored regions indicate the expected multiplicity of eigenvalues. (b) Energy eigenvalues, A, for a weakly
repulsive interaction obtained using the SVM in multiple volumes. The solid and dashed curves correspond to fits using Eq. (B1) with

either {a, ¢} or {a} as fit parameters, respectively.

and sign changes for N'=1, {p, =(1,1,0),p>,=(0,0,0)}
or {p; =(1,0,0),p, =(0,1,0)} and permutations and
sign changes for NV = 2, and so on. As can be seen from the
figure, the SVM is able to cleanly reproduce the low-energy
part of the spectrum, including its degeneracies; with
further numerical effort, this can be extended further.
Similarly, the free three-particle low-energy spectrum is
well reproduced.

The large L asymptotic behavior of the ground state is
given by an expansion of the two-particle quantization
condition derived by Liischer [26], namely

4ra

a a\? 6
W 1_C12+62 z + - +O(L )7

where a is the scattering length and the geometric
coefficients are ¢; = —2.837297 and ¢, = +6.375183.
Figure 17(b) shows the two-body ground-state energy
extracted from the SVM with a small repulsive coupling
[i.e., the energy in the isoscalar channel with Cg =
31 MeV fm?® and C; =0 in Eq. (3)] as a function of
volume. Also shown are fits to this data using Eq. (B1) with
the scattering length as a free parameter, as well as fits
treating both the scattering length and the geometric
constant ¢; as free parameters. The latter fit returns a
value of cft = —2.63(19) that is consistent with the actual
value, showing that the SVM is correctly able to reproduce
the expected finite-volume asymptotic behavior. Similar
agreement with the expect asymptotic behavior is found for
small attractive interactions.

/10:

(B1)

APPENDIX C: MATRIX ELEMENT FORMULAS

In this section, explicit formulas for the wave function
integrals in Eqgs. (35) and (36) are provided. In the

expressions below, W;™(A;, B;,d;;x) is a symmetric
n-body Gaussian wave function term defined in
Eq. (31). The normalization integral of Eq. (35), corre-
sponding to a cross-term between such n-body Gaussian
wave function terms labeled by the subscripts i and j,
respectively, can be expressed as

[N]”E/lpiym(AiﬁBi»di;x)*lpiym(Aj’ijdj;x)dx

n Ip@[<b
Y 11 2" NS pl - L@
Det[C'?) 2NPP |
P.P ac{x.y.z} © [ iP: ﬂ?’} b@
(C1)
where
:1(73);79’ = LA - b + BiZ) - (L@ 4+ dig)) + By d§7ﬂ)
(C2)
QY = (Lb@). A% . (Lb@) + (Lb@ + a')
iP;jP' iP iP
B @ 4 q@ @  p@  q@
-(LbY +diy) +d 5 - Bl -
—8@. [l L] E@, (C3)
and
(@ 4@ 4@ | pl@) pla)
Cipjp =Aip TAjp +Bjp +Bp. (C4)

and where superscripts (?) and subscripts p on the wave
function parameters A, B, and d extract the components
of the parameters corresponding to the a direction and
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permute the parameters for each of the n particles by the The spatial integrals involved in the Hamiltonian matrix
permutation P, respectively. In the above equations, b(@ elements are separated into the kinetic and two- and three-
is a length-n vector; summing over all n-vectors corre-  body potential terms as

sponds to enforcing periodicity. In practice, the infinite

sum is truncated to vectors with a maximum norm b, and H= (¢;|K+ (Co+ Cio-06)Vo + DgVsly,),  (C5)

in the numerical calculations in this work, the cut is

initially taken to be b = 3 for each term and is iteratively ~ where the spatial integrals for each of K, V,, and V5 can be
increased until the fractional change in the total summed  performed independently. The integral for the two-body
expression from adding an additional term is less  potential term, again for n-body Gaussian wave function
than 10710 terms labeled by i and j, is

a<b
n (@) [b(@|<b
Co o 1
_ PG o {_Q@ }
- Z H =@ p iP3jP
PP a<b a€{x,yz} Cgfp);jp’ +2p p@ 2 /
q
a _ =10} a _ =10} a)\2
X Z ex 1(73>;j”P’) LLg@)] - [(Cfp>jp,) L EW@)], — Lgl@) } (Co)
(a)

where the constant p = # = A; is a rescaling of the Gaussian regulator parameter, and
0

(a a — a — a _ a _1\—L
C,('p);jp/ = ([Cgp{jp']az} + [CEP);jP']bI} - [CSP);fP’]a; - [Cgpsz’]b;) ’ (C7)

where [V], denotes the ath component of a vector V and [M];} denotes the (a, b) component of the matrix M~'. In this
expression, ¢(® is an integer; combined with the sum over b(®), summing over all values of ¢® corresponds to enforcing
periodicity. In practice, the infinite sum is truncated to integers with absolute value less than § = 40; the fractional change in
the total summed expression from adding an additional term is less than 10710,

The relevant integral for the three-body potential term, for n-body Gaussian wave function terms labeled by i and j, can
be expressed as

cyc
[\/3]ij = Z /\szm<AiﬂBiadi;X)*g/\(Xa _Xb’L)gA(Xb _XL‘?L)‘szm(Aj’Bjy d]’X)dX
a#b#c

(2x)" L@ p@ q@ | q@ p@ 4@
—— 7 —Xp |—5(djp - Bip -dip +d;pp - By -dp)
Det[C(a) ] 2 P P P JP JjP JjP

Y 10

[ —

PP atb#c ac{x,y,z} PP
[b@|<b
1 a a a a p— ~la —_ p—
x Y exp {—5((%@) (A + B - (Lb@) +2df) - B - (Lb@) —E@ . (€15 ]! -;<a>)]
b@
a L2 q(a)2L2 a,b ~a a,b C]<a)L — ~(a a,b
< 3 e[ L s g ]
0~ o Iy )
q'Y=-7
d L? t(a)sz b.c o b.c t(a>L - o b.c
X Z exp {—Ft(")z + S * prel . [CEP);W]_I B 5 E@). [CEP);jP/]_l -l ]]
f—_g 0 0 0
W IL? Ll @) o1 plad)
* exp 4 P [Copypl™ - Bo) | (C8)
0

where Zzsz# indicates a sum over cyclic permutations of particles a, b, and c,
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Cip = i (B4 B, (©9)

and vector and matrix projectors are defined componentwise as
B, = 8uc = B (C10)
B e = 8ea(Bac + 85e) = BacBpa = Baabpe- (C11)

As in Egs. (C1) and (C6), the sums over b(®, ¢(@ and 7® together enforce periodicity. In numerical evaluations of
Eq. (C8), the same cut procedure for fixing b and 7 is used as for the evaluations of the previous expressions.
Finally, the integral for the kinetic operator, for n-body Gaussian wave function terms labeled by i and j, is

1 . sym % sym
[K]UE—MZ/‘PZY (Ai’Bhdi;X) Vg‘-PSLy (Aj,Bj,dj,X)dX
a=1
@|<h pa [b?|<b
1 (27)" bz (@ [ L@ } (27)" Lo®
=_— —_— O L exp|l—=Q. 5 .| X H _— Z exp|—=Q7 .|,
a iP,jP iP,jP iP;j P
2MN PP acf{x.y.z} Det[CEP);jP’] b@ ! ’ pef{x.y.z} Det[cl('f:');jp’] b#) 2 ’
(C12)
where 2 = 1 is used and
a a a a -1 a a
O o = Tr[[(Aly) + Bl - [C0 p] ™" - (A + BY)]
a a a -1 a a a a a
— (A + BU) - [Clh )7 (Bl - (LD + ) + Al (Lb(@))
() () (@) =1 pla) 4(a)
—(Aip +Bip) - [Cppl - By - d ). (C13)

[1] D.B. Kaplan, M. J. Savage, and M. B. Wise, Phys. Lett. B
424, 390 (1998).

[2] D.B. Kaplan, M. J. Savage, and M. B. Wise, Nucl. Phys.
B534, 329 (1998).

[3] U. van Kolck, Nucl. Phys. A645, 273 (1999).

[4] J.-W. Chen, G. Rupak, and M. J. Savage, Nucl. Phys. A653,
386 (1999).

[5] P.F. Bedaque and U. van Kolck, Annu. Rev. Nucl. Part. Sci.
52, 339 (2002).

[6] H. W. Hammer, S. Konig, and U. van Kolck, Rev. Mod.
Phys. 92, 025004 (2020).

[7] N. Barnea, L. Contessi, D. Gazit, F. Pederiva, and U. van
Kolck, Phys. Rev. Lett. 114, 052501 (2015).

[8] S. Beane, E. Chang, S. Cohen, W. Detmold, H.-W. Lin,
T. Luu, K. Orginos, A. Parreno, M. Savage, and A. Walker-
Loud, Phys. Rev. Lett. 109, 172001 (2012).

[9] J. Kirscher, N. Barnea, D. Gazit, F. Pederiva, and U. van
Kolck, Phys. Rev. C 92, 054002 (2015).

[10] L. Contessi, A. Lovato, F. Pederiva, A. Roggero, J.
Kirscher, and U. van Kolck, Phys. Lett. B 772, 839
(2017).

[11] A.Bansal, S. Binder, A. Ekstrom, G. Hagen, G. Jansen, and
T. Papenbrock, Phys. Rev. C 98, 054301 (2018).

[12] J. Kirscher, E. Pazy, J. Drachman, and N. Barnea, Phys. Rev.
C 96, 024001 (2017).

[13] W. Detmold and M.J. Savage, Nucl. Phys. A743, 170
(2004).

[14] R. A. Bricefio and Z. Davoudi, Phys. Rev. D 88, 094507
(2013).

[15] B. Borasoy, H. Krebs, D. Lee, and U. G. Meissner, Nucl.
Phys. A768, 179 (2000).

[16] P.E. Shanahan, B. C. Tiburzi, M. L. Wagman, F. Winter, E.
Chang, Z. Davoudi, W. Detmold, K. Orginos, and M.J.
Savage, Phys. Rev. Lett. 119, 062003 (2017).

[17] B.C. Tiburzi, M.L. Wagman, F. Winter, E. Chang, Z.
Davoudi, W. Detmold, K. Orginos, M. J. Savage, and P. E.
Shanahan, Phys. Rev. D 96, 054505 (2017).

[18] Z. Davoudi and S. V. Kadam, arXiv:2012.02083.

[19] Z. Davoudi and S.V. Kadam, Phys. Rev. D 102, 114521
(2020).

[20] R. A. Briceno, Z. Davoudi, M. T. Hansen, M. R. Schindler,
and A. Baroni, Phys. Rev. D 101, 014509 (2020).

074503-20


https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0370-2693(98)00210-X
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0550-3213(98)00440-4
https://doi.org/10.1016/S0375-9474(98)00612-5
https://doi.org/10.1016/S0375-9474(99)00298-5
https://doi.org/10.1016/S0375-9474(99)00298-5
https://doi.org/10.1146/annurev.nucl.52.050102.090637
https://doi.org/10.1146/annurev.nucl.52.050102.090637
https://doi.org/10.1103/RevModPhys.92.025004
https://doi.org/10.1103/RevModPhys.92.025004
https://doi.org/10.1103/PhysRevLett.114.052501
https://doi.org/10.1103/PhysRevLett.109.172001
https://doi.org/10.1103/PhysRevC.92.054002
https://doi.org/10.1016/j.physletb.2017.07.048
https://doi.org/10.1016/j.physletb.2017.07.048
https://doi.org/10.1103/PhysRevC.98.054301
https://doi.org/10.1103/PhysRevC.96.024001
https://doi.org/10.1103/PhysRevC.96.024001
https://doi.org/10.1016/j.nuclphysa.2004.07.007
https://doi.org/10.1016/j.nuclphysa.2004.07.007
https://doi.org/10.1103/PhysRevD.88.094507
https://doi.org/10.1103/PhysRevD.88.094507
https://doi.org/10.1016/j.nuclphysa.2006.01.009
https://doi.org/10.1016/j.nuclphysa.2006.01.009
https://doi.org/10.1103/PhysRevLett.119.062003
https://doi.org/10.1103/PhysRevD.96.054505
https://arXiv.org/abs/2012.02083
https://doi.org/10.1103/PhysRevD.102.114521
https://doi.org/10.1103/PhysRevD.102.114521
https://doi.org/10.1103/PhysRevD.101.014509

FEW-NUCLEON MATRIX ELEMENTS IN PIONLESS EFFECTIVE ...

PHYS. REV. D 103, 074503 (2021)

[21] M. Eliyahu, B. Bazak, and N. Barnea, Phys. Rev. C 102,
044003 (2020).

[22] K. Varga and Y. Suzuki, Phys. Rev. C 52, 2885 (1995).

[23] J. Mitroy, S. Bubin, W. Horiuchi, Y. Suzuki, L. Adamowicz,
W. Cencek, K. Szalewicz, J. Komasa, D. Blume, and K.
Varga, Rev. Mod. Phys. 85, 693 (2013).

[24] G. Rupak and N. Shoresh, Phys. Rev. D 66, 054503 (2002).

[25] S.R. Beane, E. Chang, S.D. Cohen, W. Detmold, H. W.
Lin, T. C. Luu, K. Orginos, A. Parrefio, M. J. Savage, and A.
Walker-Loud (Nplqcd Collaboration), Phys. Rev. D 87,
034506 (2013).

[26] M. Luscher, Commun. Math. Phys. 105, 153 (1986).

[27] M. T. Hansen and S. R. Sharpe, Annu. Rev. Nucl. Part. Sci.
69, 65 (2019).

[28] R. A. Bricefio and M. T. Hansen, Phys. Rev. D 94, 013008
(2016).

[29] R. A. Bricefio, M. T. Hansen, and A. W. Jackura, Phys. Rev.
D 100, 114505 (2019).

[30] R. A. Bricefio, M. T. Hansen, and A. W. Jackura, Phys. Rev.
D 101, 094508 (2020).

[31] S.R. Beane, W. Detmold, and M. J. Savage, Phys. Rev. D
76, 074507 (2007).

[32] W. Detmold and M.J. Savage, Phys. Rev. D 77, 057502
(2008).

[33] S.R. Beane, W. Detmold, T.C. Luu, K. Orginos, M. J.
Savage, and A. Torok, Phys. Rev. Lett. 100, 082004 (2008).

[34] W. Detmold, M. J. Savage, A. Torok, S. R. Beane, T. C. Luu,
K. Orginos, and A. Parreno, Phys. Rev. D 78, 014507
(2008).

[35] W. Detmold, K. Orginos, M.J. Savage, and A. Walker-
Loud, Phys. Rev. D 78, 054514 (2008).

[36] W. Detmold and B. Smigielski, Phys. Rev. D 84, 014508
(2011).

[37] W. Detmold and M. Flynn, Phys. Rev. D 91, 074509 (2015).

[38] S. Konig and D. Lee, Phys. Lett. B 779, 9 (2018).

[39] F. Romero-Lopez, A. Rusetsky, N. Schlage, and C. Urbach,
J. High Energy Phys. 02 (2021) 060.

[40] T. Mehen, I. W. Stewart, and M. B. Wise, Phys. Rev. Lett.
83, 931 (1999).

[41] P.F. Bedaque, H. Hammer, and U. van Kolck, Phys. Rev.
Lett. 82, 463 (1999).

[42] P.F. Bedaque, H. Hammer, and U. van Kolck, Nucl. Phys.
A646, 444 (1999).

[43] M. Butler and J.-W. Chen, Phys. Lett. B 520, 87 (2001).

[44] M. Butler and J.-W. Chen, Nucl. Phys. A675, 575 (2000).

[45] G. Rupak, Nucl. Phys. A678, 405 (2000).

[46] H. Krebs, E. Epelbaum, and U.-G. Meiliner, Eur. Phys. J. A
56, 240 (2020).

[47] J.-W. Chen and W. Detmold, Phys. Lett. B 625, 165 (2005).

[48] S.R. Beane and M.J. Savage, Nucl. Phys. A761, 259
(2005).

[49] Y. Suzuki and K. Varga, Stochastic Variational Approach to
Quantum-Mechanical Few Body Problems (World Scien-
tific, Singapore, 1998), Vol. 54, pp. 1-310.

[50] V. Lensky, M. C. Birse, and N. R. Walet, Phys. Rev. C 94,
034003 (2016).

[51] X.Y. Yin and D. Blume, Phys. Rev. A 87, 063609 (2013).

[52] D.B. Kaplan, M. J. Savage, and M. B. Wise, Phys. Rev. C
59, 617 (1999).

[53] M. J. Savage, P. E. Shanahan, B. C. Tiburzi, M. L. Wagman,
F. Winter, S. R. Beane, E. Chang, Z. Davoudi, W. Detmold,
and K. Orginos, Phys. Rev. Lett. 119, 062002 (2017).

[54] E. Chang, Z. Davoudi, W. Detmold, A.S. Gambhir, K.
Orginos, M. J. Savage, P. E. Shanahan, M. L. Wagman, and
F. Winter (NPLQCD Collaboration), Phys. Rev. Lett. 120,
152002 (2018).

[55] S. Beane, E. Chang, S. Cohen, W. Detmold, H. Lin, K.
Orginos, A. Parreno, M. Savage, and B. Tiburzi, Phys. Rev.
Lett. 113, 252001 (2014).

[56] W. Detmold, M. Illa, D.J. Murphy, P. Oare, K. Orginos,
P.E. Shanahan, M.L. Wagman, and F. Winter, arXiv:
2009.05522.

[57] S.R. Beane, E. Chang, W. Detmold, K. Orginos, A. Parrefio,
M.J. Savage, and B. C. Tiburzi (NPLQCD Collaboration),
Phys. Rev. Lett. 115, 132001 (2015).

[58] H. De-Leon, L. Platter, and D. Gazit, Phys. Rev. C 100,
055502 (2019).

[59] http:/fiaifi.org/

074503-21


https://doi.org/10.1103/PhysRevC.102.044003
https://doi.org/10.1103/PhysRevC.102.044003
https://doi.org/10.1103/PhysRevC.52.2885
https://doi.org/10.1103/RevModPhys.85.693
https://doi.org/10.1103/PhysRevD.66.054503
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1103/PhysRevD.87.034506
https://doi.org/10.1007/BF01211097
https://doi.org/10.1146/annurev-nucl-101918-023723
https://doi.org/10.1146/annurev-nucl-101918-023723
https://doi.org/10.1103/PhysRevD.94.013008
https://doi.org/10.1103/PhysRevD.94.013008
https://doi.org/10.1103/PhysRevD.100.114505
https://doi.org/10.1103/PhysRevD.100.114505
https://doi.org/10.1103/PhysRevD.101.094508
https://doi.org/10.1103/PhysRevD.101.094508
https://doi.org/10.1103/PhysRevD.76.074507
https://doi.org/10.1103/PhysRevD.76.074507
https://doi.org/10.1103/PhysRevD.77.057502
https://doi.org/10.1103/PhysRevD.77.057502
https://doi.org/10.1103/PhysRevLett.100.082004
https://doi.org/10.1103/PhysRevD.78.014507
https://doi.org/10.1103/PhysRevD.78.014507
https://doi.org/10.1103/PhysRevD.78.054514
https://doi.org/10.1103/PhysRevD.84.014508
https://doi.org/10.1103/PhysRevD.84.014508
https://doi.org/10.1103/PhysRevD.91.074509
https://doi.org/10.1016/j.physletb.2018.01.060
https://doi.org/10.1007/JHEP02(2021)060
https://doi.org/10.1103/PhysRevLett.83.931
https://doi.org/10.1103/PhysRevLett.83.931
https://doi.org/10.1103/PhysRevLett.82.463
https://doi.org/10.1103/PhysRevLett.82.463
https://doi.org/10.1016/S0375-9474(98)00650-2
https://doi.org/10.1016/S0375-9474(98)00650-2
https://doi.org/10.1016/S0370-2693(01)01152-2
https://doi.org/10.1016/S0375-9474(99)00682-X
https://doi.org/10.1016/S0375-9474(00)00323-7
https://doi.org/10.1140/epja/s10050-020-00249-y
https://doi.org/10.1140/epja/s10050-020-00249-y
https://doi.org/10.1016/j.physletb.2005.08.041
https://doi.org/10.1016/j.nuclphysa.2005.07.018
https://doi.org/10.1016/j.nuclphysa.2005.07.018
https://doi.org/10.1103/PhysRevC.94.034003
https://doi.org/10.1103/PhysRevC.94.034003
https://doi.org/10.1103/PhysRevA.87.063609
https://doi.org/10.1103/PhysRevC.59.617
https://doi.org/10.1103/PhysRevC.59.617
https://doi.org/10.1103/PhysRevLett.119.062002
https://doi.org/10.1103/PhysRevLett.120.152002
https://doi.org/10.1103/PhysRevLett.120.152002
https://doi.org/10.1103/PhysRevLett.113.252001
https://doi.org/10.1103/PhysRevLett.113.252001
https://arXiv.org/abs/2009.05522
https://arXiv.org/abs/2009.05522
https://doi.org/10.1103/PhysRevLett.115.132001
https://doi.org/10.1103/PhysRevC.100.055502
https://doi.org/10.1103/PhysRevC.100.055502
http://iaifi.org/
http://iaifi.org/

