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The low-energy spectrum and scattering of two-nucleon systems are studied with lattice quantum
chromodynamics using a variational approach. A wide range of interpolating operators are used: dibaryon
operators built from products of plane-wave nucleons, hexaquark operators built from six localized quarks, and
quasilocal operators inspired by two-nucleon bound-state wave functions in low-energy effective theories.
Sparsening techniques are used to compute the timeslice-to-all quark propagators required to form correlation-
function matrices using products of these operators. Projection of these matrices onto irreducible representa-
tions of the cubic group, including spin-orbit coupling, is detailed. Variational methods are applied to constrain
the low-energy spectra of two-nucleon systems in a single finite volume with quark masses corresponding to a
pion mass of 806 MeV. Results for S- and D-wave phase shifts in the isospin singlet and triplet channels
are obtained under the assumption that partial-wave mixing is negligible. Tests of interpolating-operator
dependence are used to investigate the reliability of the energy spectra obtained and highlight both the strengths
and weaknesses of variational methods. These studies and comparisons to previous studies using the same
gauge-field ensemble demonstrate that interpolating-operator dependence can lead to significant effects on the
two-nucleon energy spectra obtained using both variational and nonvariational methods, including missing
energy levels and other discrepancies. While this study is inconclusive regarding the presence of two-nucleon
bound states at this quark mass, it provides robust upper bounds on two-nucleon energy levels that can be
improved in future calculations using additional interpolating operators and is therefore a step toward reliable

nuclear spectroscopy from the underlying Standard Model of particle physics.
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I. INTRODUCTION

Precise nuclear and hypernuclear forces are crucial
inputs to state-of-the-art nuclear many-body studies of
matter, from the neutron-star equation of state, to stability
of neutron-rich isotopes, to energetic reactions and exotic
decays of various nuclei, to the scattering cross sections of
nuclei with leptons and beyond-Standard-Model particles
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in experimental searches for new physics [1-7]. As ab initio
nuclear many-body investigations achieve reduced statis-
tical and systematic uncertainties, uncertainties in the
nuclear Hamiltonian that is input to these calculations
become more essential to address [7]. One promising
approach to constrain nuclear forces is to derive them
from the underlying theory of the strong force, quantum
chromodynamics (QCD), using lattice QCD (LQCD). Over
the past two decades, initial steps toward this goal have
been taken, leading to LQCD results [§-33] that have
constrained two-nucleon scattering amplitudes and effec-
tive field theory (EFT) representations of forces in the few-
nucleon (and other few-baryon) sectors, although the use of
unphysically large quark masses has prevented a complete
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quantification of uncertainties. The finite-volume (FV)
spectrum of energies obtained in LQCD calculations
provides input to mapping conditions that constrain scat-
tering amplitudes [34-51] and EFT descriptions of nuclear
forces [18,29,52-57]. The problem of accurate identifica-
tion of ground- and excited-state energies of systems with
multiple nucleons (baryons) using LQCD is, therefore, of
great importance and constitutes a significant challenge in
LQCD studies of nuclear systems.' The continued develop-
ment of efforts to address this challenge is of particular
importance for systems for which experimental data are
scarce or nonexisting, such as in multineutron systems and
in systems with nonzero strangeness [1,71].

Constraining nuclear forces via LQCD is a computa-
tional challenge because LQCD path-integral representa-
tions of baryon correlation functions evaluated using
Monte Carlo methods are plagued by a severe signal-to-
noise problem [72-76]. This has limited most LQCD
studies of multibaryon systems to date to larger-than-
physical values of the quark masses, for which the growth
of the statistical noise, as the Euclidean time separation in
the correlation functions increases, is less severe than with
the physical quark masses. Furthermore, the excitation
spectrum of multinucleon (baryon) systems is rich, with
energy gaps that are not set by the QCD scale and are often
much smaller, which presents additional challenges. In
principle, the ground-state energy, Ey, of a multinucleon
system can be extracted from the large Euclidean-time
behavior of any LQCD two-point correlation function
with the quantum numbers of the state of interest. This
is because the spectral decomposition of the correlation
function is asymptotically dominated by the ground-state
contribution proportional to e~"E¢, where ¢ is the Euclidean-
time separation. Excited-state effects are suppressed by
Zne % where 8, = E, — E, is the energy gap between the
ground state and the nth excited state, and z,, is the ratio of
the interpolating-operator overlap factor of this excited
state to that of the ground state. Excited-state effects can
therefore be neglected if either ¢ > 8;! and/or z, < 1 for
each excited state. In practice, Euclidean times that satisfy
t> &, cannot be achieved for multinucleon systems. In
the case of two-nucleon systems, this is because excited
states involving unbound nucleons correspond to small
values of &, for large spatial volumes and exponential

' Another approach to constraining two-body nuclear forces is
to determine the Bethe-Salpeter wave function of multibaryon
systems from LQCD correlation functions, from which (hyper)
nuclear potentials can be deduced [58—63]. Later versions of this
method do not rely on energy identification from Euclidean
correlation functions and are suggested to be free from associated
multibaryon spectroscopy challenges (see Ref. [33] for a review).
Such studies do, however, rely on the assumption that only elastic
scattering states are present in correlation functions. This method
is subject to various systematic uncertainties that are extensively
discussed in the literature [5,64-70].

signal-to-noise degradation limits ¢ to much smaller values
than ;! in calculations using current algorithms and
computing resources (or those of the forseeable future).
For t < 8,, where signals can be resolved for multinucleon
LQCD correlation functions, contributions from low-energy
excited states can be significant, and calculations using
a single cormelation function (or a vector of cormelation
functions that have the same quantum numbers) face the
challenging problem of performing multiexponential fits in
order to extract E,. This limitation could be ameliorated
through the use of multinucleon interpolating operators that
dominantly overlap with the ground state (or other states of
interest) and are approximately orthogonal to other low-
energy states (z, < 1 for all n > 0). However, the structure
of the true QCD energy eigenstates is unknown a priori and
finding interpolating operators with maximal overlap onto
states of interest is a challenging task. Indirect tests, such as
those enabled by Liischer’s mapping from the FV spectrum
to scattering amplitudes, can potentially signal issues with
the extracted energies because scattering amplitudes need to
satisfy certain constraints, see Refs. [18,29,77-80]; however,
passing these tests is not sufficient to guarantee that the
spectrum has been extracted reliably.

An approach for constructing interpolating operators with
zn < 1 for a set of low-energy states {n} is provided by
variational methods, in which a positive-definite Hermitian
matrix of two-point correlation functions is formed using a
set of interpolating operators and their conjugates, and a
generalized eigenvalue problem (GEVP) is solved in order to
obtain a mutually orthogonal set of approximate energy
eigenstates [81-83]. Symmetric correlation functions result-
ing from this diagonalization have spectral representations as
sums of exponentials with positive-definite coefficients and
are therefore convex functions of ¢. It follows from this that
logarithmic derivatives of symmetric correlation functions,
called effective masses, provide variational upper bounds on
ground-state energies that approach the true energy from
above [84.,85]. Further, if an interpolating-operator set that
overlaps with all energy eigenstates below an energy thresh-
old A > 6 can be identified, then variational methods can
reduce excited-state contributions to ground-state energy
determinations to e~ [83]. In this work, a large set of
interpolating operators for two-nucleon systems is identified,
and positive-definite Hermitian two-point correlation-func-
tion matrices are constructed using these interpolating
operators. The GEVP solutions for these correlation-function
matrices are used to construct approximate energy eigen-
states. This procedure removes excited-state contamination
from determinations of E; arising from the lowest-energy
set of states that significantly overlap with the set of the
interpolating operators that are considered. Since variational
methods result in convex correlation functions after diago-
nalization, cancellations between excited-state contributions
that might conspire to be consistent with a single exponential
(within uncertainties) over a significant range of t for t < !
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cannot arise. Such a possibility, however, is present in
calculations using a set of asymmetric LQCD correlation
functions in which exchanging source and sink interpolating
operators is not equivalent to Hermitian conjugation and
is argued to be relevant for LQCD determinations of
two-baryon energy spectra in Refs. [80,86]. It is noteworthy,
however, that the reliability of variational methods in
extracting energies rather than only upper bounds on them
requires the identification of an interpolating-operator set
that overlaps strongly with the ground state and low-energy
excited states. Since the eigenstates of LQCD are not known
a priori, it is not possible to know beyond a doubt that this is
the case for a given interpolating-operator set.

Variational methods have a long history of successful
applications to LQCD studies of systems with baryon number
B =0 and B = 1. Early studies used interpolating-operator
sets consisting of color-singlet “single-hadron” operators
describing glueballs, mesons, or baryons, with quark wave
functions in the latter cases resembling Gaussians or similar
functions centered about a common point with one or more
widths [82,87-93]. These, and more recent studies, have
generally found that Gaussian quark wave functions with
widths <1 fm have significant overlap with the nucleon
ground state. Low-energy excited states can be described, for
example, by using linear combinations of Gaussians con-
taining nodes and qualitatively resembling quark-model
radial excitations [91,94-97]. Further studies extended these
interpolating-operator sets and included tens of single-hadron
operators with (products of) gauge-covariant derivatives, as
well as hybrid baryon operators with gluon fields carrying
angular momentum [98-106]. The next extension was the
inclusion of “multihadron” interpolating operators describing
products of color-singlet hadron operators such as 7z or Nz
each carrying definite relative momentum [77,78,107-113].
It was noticed in studies of the B = 0, isospin / = 1 channel
in the vicinity of the p resonance that interpolating-operator
sets including only single-hadron or multihadron operators
lead to determinations of the energy spectrum with “missing
energy levels” and other inconsistencies in energy-level
results when compared to the energy spectrum determined
using larger interpolating-operator sets including both types
of operators [77,78]. For t — oo, any interpolating-operator
set can be used to extract the energies of as many lowest-
energy states as there are operators in the set. However, for the
range 0.1 S¢<1fm over which correlation functions are
studied in these references, using an interpolating-operator set
neglecting some single- or multihadron interpolating oper-
ators leads to a determination of the energy spectrum in which
some energy levels identified using a larger interpolating set
are missing but other higher-energy levels are present. In the
B = 1 sector, multihadron interpolating operators such as Nz
have also been included in interpolating-operator sets used
for variational calculations [114—118]. In this context, it has
been noticed that omitting multihadron operators can lead to
missing or displaced energy levels close to and above the pion

production threshold [114] and that it is much more difficult
(although possible) to resolve energy levels associated with
Nr scattering states by only including local gqqgq operators
with the same quark content as (plane-wave) Nz operators
[119]. Analogous issues for NN systems will be discussed at
length below, see in particular Sec. [VA.

Although the need for variational studies of multibaryon
systems has long been recognized, only recently with the
advent of efficient algorithms for calculating approximate “all-
to-all” quark propagators, such as the Laplacian Heaviside or
“distillation” method [107], stochastic Laplacian Heaviside
[108], and sparsening methods [120,121], has the application
of variational methods to multibaryon systems become
computationally feasible, albeit still at unphysically large
quark masses. The first variational study of the two-nucleon
isotriplet, “dineutron,” channel and the H-dibaryon channel
using multihadron interpolating operator was reported by
Francis et al. in Ref. [26]. This reference presents studies of
boosted two-baryon systems with several center-of-mass
momenta using 2 x 2 positive-definite Hermitian matrices
of single-hadron interpolating operators, as well as a positive-
definite multihadron correlation function and several other
asymmetric comrelation functions. The two-nucleon isosing-
let, “deuteron,” channel as well as the dineutron channel have
also been studied using calculations of 2 x 2 multihadron
correlation-function matrices for several values of the
center-of-mass momentum by Horz er al in Ref. [28].
Most recently, a variational study of the H-dibaryon channel
was presented by Green ef al. in Ref. [30] using correlation-
function matrices with up to three multihadron interpolating
operators in several boosted frames. This reference obtained
consistent results with Ref. [26] and quantified significant
lattice artifacts in the finite-volume energy shifts of the H-
dibaryon channel. Interestingly, the results for ground- and
excited-state energy levels for two-baryon systems calculated
using variational methods in Refs. [26,28,30] suggest ten-
sions with earlier results obtained using sets of asymmetric
correlation functions [11,13,15,16,18,21,22,25,122-131],
although these calculations use different discretizations and
quark masses. Reference [30] suggests that lattice-spacing
artifacts may contribute to these discrepancies. In this context,
further variational studies of multibaryon systems are clearly
of great importance.

The goal of the present work is to perform a detailed
study of two-nucleon systems using variational methods
and using a significantly larger set of single- and multi-
hadron interpolating operators than the sets used in
previous works. To this end, the two-nucleon systems in
both the isotriplet and isosinglet channels are studied at a
single lattice spacing and lattice volume with larger-than-
physical quark masses such that m, = 806 MeV. The
largest set of two-baryon interpolating operators to date
is constructed, including multiple types of “hexaquark”
interpolating operators built from a product of six quark
fields with Gaussian wave functions centered around a
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common point and expected to strongly overlap with
compact bound states, “dibaryon” interpolating operators
built from products of momentum-projected baryons and
expected to strongly overlap with unbound NN scattering
states, and “quasilocal” interpolating operators designed
to somewhat resemble effective low-energy descriptions
of the loosely bound deuteron state present in nature.
Through the use of recently developed propagator spars-
ening techniques [120] and highly optimized codes for
constructing two-baryon correlation functions using the
[132] compiler framework, positive-definite
correlation-function matrices are constructed with dimen-
sionalities as large as 16 x 16 for the dineutron channel
and 42 x 42 for the deuteron channel. The (upper bounds
on the) ground-state energies obtained from the resulting
GEVP solutions for these correlation-function matrices
are significantly closer to threshold than the ground-state
energies obtained using hexaquark sources and dibaryon
sinks in this work and in previous studies using the same
gauge-field ensemble [15,16,18,25].

The results of this work do not provide a conclusive
picture of nucleon-nucleon interactions with m, =
806 MeV because the volume and lattice-spacing depend-
ence of the two-nucleon energy spectra require further
investigation. Perhaps more importantly, other states that
have negligible overlap with the operator sets considered
here may also be present in the spectrum, as demonstrated
by the construction of a plausible model for overlap factors
consistent with such behavior in Sec. 11l B. Nonetheless,
the variational method is an approach to the problem of
excited-state contamination in two-baryon correlation func-
tions that provides systematically improvable upper bounds
on energy levels. Future calculations exploring a range
of lattice spacings and volumes with a wider variety of
interpolating operators may lead to a conclusive under-
standing of nucleon-nucleon interactions at these unphys-
ical values of the quark masses and provide the most robust
available route to determinations of nucleon-nucleon inter-
actions at the physical quark masses. While the previous
nonvariational studies of multinucleon systems, including
calculations of a range of important nuclear matrix ele-
ments [76,122,126—-131,133], serve as milestones in
accessing nuclear properties from QCD and have contrib-
uted to the development of the current suite of methods
and algorithms, the era of precision LQCD calculations of
multibaryon systems is just beginning.

In order to introduce the LQCD technology for con-
structing two-nucleon interpolating operators and the
associated correlation-function matrices for the variational
approach, Sec. II presents the relevant methods for evalu-
ating correlation-function matrices and extracting the
energy spectrum using variational methods for single-
and two-nucleon systems. In Sec. III, this formalism is
used to study two-nucleon correlation functions, the asso-
ciated finite-volume spectra, and the S- and D-wave

Tiramisu

scattering phase shifts (assuming negligible partial-wave
mixing) at quark masses corresponding to a pion mass of
806 MeV. A total of 22 and 49 ground- and excited-state
energy levels below the single-nucleon first-excited-state
energy are identified for the two-nucleon systems with
I=1 and I =0, respectively. The FV energy-spectrum
results, as well as the corresponding scattering phase shifts,
are compared with existing variational and nonvariational
LQCD results at similar quark masses. Extensive studies
of the interpolating-operator dependence of the results are
performed, and the strengths and weaknesses of variational
methods and implications of these results are summarized
in Sec. IV. A number of appendices complement the
formalism and numerical sections of the paper by providing
further details. They are followed by a glossary of fre-
quently used notation in Appendix H.

II. VARIATIONAL METHODS FOR
TWO-NUCLEON SYSTEMS

A. Interpolating operators

In the infinite-volume and continuum limits, interpolat-
ing operators for QCD energy eigenstates in Euclidean
spacetime can be classified by their transformation proper-
ties under rotations, the SO(3) subgroup of SO(4) space-
time isometries valid at fixed Euclidean time 7. Assuming a
vanishing @ term, charge conjugation (C) and parity (P) are
exact symmetries of the QCD action and interpolating
operators are further classified by their C and P trans-
formation properties. For theories in a finite cubic spatial
volume and/or cubically discretized lattice field theories,
§0(3) invariance is broken down to the cubic or octahedral
group O, composed of the 48 symmetries of a cube.
Bosonic states in even baryon-number sectors, such as the
vacuum and two-nucleon sectors, can be decomposed into
direct sums of states that transform in the O, irreducible
representations (irreps) AT, Ay, E=, T, and T5, where +
denotes that states in the corresponding irrep are eigenstates
of P with eigenvalues +1.% Fermionic states in odd baryon-
number sectors transform in direct sums of representations
Gi, G5, and H* of the double cover of the cubic group,
0P, which includes all elements of O, as well as the same
elements composed with a 2z rotation about any axis.
LQCD actions also preserve U(1) baryon-number sym-
metry exactly, and energy eigenstates can therefore be
decomposed into irreps of U(1) corresponding to baryon
number B € Z. Furthermore, the up, down, and strange
quark masses are be chosen to be equal and electroweak
interactions will be omitted throughout this work; therefore
SU(3) flavor symmetry and its SU(2) isospin subgroup are
exact symmetries in the study below.

*For a octahedral group representation T';, dr-, denotes the
dimension of the representation and the individual elements are
referred to as “rows” of the irrep.
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Given these symmetries, FV LQCD energy eigenstates
can be classified by their baryon number B, total isospin 1,
strangeness (only strangeness-0 systems are considered in
this work), and cubic irrep I';, which plays the role of the
continuum, infinite-volume total angular momentum, J.
Energy eigenstates with definite values of these quantum
numbers will be denoted [nB/TY)) with n e {0,1,...}
labeling discrete FV eigenstates within the spectrum, where
(NBLL)|n(BLL)Y = 1. The corresponding energies are

(B.IL;) (B,1.T;)
denoted E, , and states are ordered such that E}, <

E(,,f‘f‘r‘) for n < m. Energies of these states are exactly
independent of the isospin component I, € {—1,...,I} and
the row of the cubic irrep I'; on ensemble average. To
simplify notation, |n(&-+T1)) is defined to be averaged over
I, and rows of I';. The nucleon is defined to be the ground
state of the sector with baryon number B = 1, positive
parity, and total isospin I = 1/2, and transforms in the G|
irrep associated with total angular momentum J = 1/2 in
the continuum, infinite-volume limit; see Appendices A—C
|

and Refs. [134,135] for further discussion. For boosted
systems with nonzero total center-of-mass momentum P,
cubic symmetry is further broken down to the little group
comprised of the elements of OP that leave P invariant
[136]. Boosted systems are classified by their total center-
of-mass momentum P and irrep I"f under the associated
little group, and the energies and energy eigenstates of

boosted systems will be denoted EE,B'I'P'FD and |n(3""3'r§’))

(the P label is dropped for 1-5:0), normalized to
(n(B‘LF‘Ff)|n(BJ‘}3‘F§’)) -1

1. Single-nucleon interpolating operators

This work uses standard nucleon interpolating operators
whose properties are briefly reviewed. Pointlike proton
interpolating operators transforming in rows of the G
irrep indexed as o € {0, 1} can be constructed in the Dirac
basis® as

Ps(x) = é""“%[“? (x)(Cy5P+)C§d§(x) - dg(x)(CY5P+)g.5“.?(x)][P+(1 - (_l)afi’li’Z)]ag“E(x), (1)

where g£(x) denotes a quark field of flavor g € {u,d} with
a, b, ¢ being SU(3) color indices and ¢, & being Dirac
spinor indices,” 7, are Euclidean gamma matrices satisfying

Vi =1, and {y,.7,} =26,,. C=yys. and ys = y1721374
are used to build spin-singlet diquarks, and P, = (1—;1“-) isa
positive-parity projector. The application of P, projects
each quark field from G| @ Gy onto G}, which allows for
increases in computational efficiency, as discussed below.
The Dirac basis is convenient for expressing Eq. (1)
because in this basis the 0 and | Dirac spinor components
transform according to the 6 = 0 and 6 = 1 rows of G .
Pointlike neutron interpolating operators n,(x) are obtained
by exchanging u <>+ d in Eq. (1). These interpolating
operators can be combined into a nucleon field N,(x) =
(ps(x),n,(x))T that transforms as a doublet under SU(2)
isospin symmetry, where T denotes transpose.

Spin-color weights can be introduced in order to simplify
expressions for the tensor contractions appearing in
nucleon and multinucleon correlation functions as in
Ref. [137]. Spin-color components of the quark field will
be labeled with indices i, j, k, ..., where for example i =
(¢, a) denotes a compound spin-color index corresponding

*For the definition of the Dirac basis and relations to other
bases, see Appendix A of Ref. [135].

*Note that repeated spinor and color indices are implicitly
assumed to be summed throughout this work but that this
summation convention will not be used for cubic irep rows
and other indices.

|

to spinor index { € {0, ...,3} and color index a € {0, 1,2}.
In this way, the proton interpolating operator above can
be expressed as a contraction of three quark fields,’
u(x)d/(x)u*(x), with a tensor of real-valued “weights”
whose ijk component is defined to be the coefficient of
u'(x)d’(x)u*(x) in Eq. (1). The corresponding neutron
interpolating operator can be expressed as a contraction of
d'(x)u/(x)d*(x) with an identical tensor of weights. The
weights depend on the spin of the nucleon and will
therefore be denoted wi™?. Most of the spin-color tensor
components of wV are zero, and the numerical evaluation
of spin-color contractions becomes significantly more
efficient if the nucleon weights are represented as a sparse

tensor wi'’_ where a € {1, ...,N‘[f]} runs over the A7V
components of /¥ (x)d’@(x)u*@(x) with nonzero
weight, where i(a), j(a), and k(a) are spin-color-index-
valued maps from a to spin-color indices such that

Po(x) = Zwt[;’\"]ﬁui(a) (x)d"@ (x) 4@ (x),

no(x) = S Wk d@ ()@ (1)@ (x).  (2)

The nucleon weights WEV]G can be evaluated by choosing

a particular basis for the spinor algebra in Eq. (1) and

’A canonical ordering in which quark flavors occur lexico-
graphically in all hadron interpolating operators can also be used.
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enforcing equivalence with the particular flavor ordering
shown in Eq. (2). The Dirac basis is particularly convenient
because only two of the spinor components have nonzero
weight (due to the application of P, to all quark fields), and
the storage and computation time of quark propagator
contractions can be significantly reduced by considering
only these two spin components and treating spin-color
indices as valued in {0, ..., 5}. In the Dirac basis, there are
N‘[f] = 12 terms appearing in Eq. (2) that are explicitly
shown in Appendix A. Quark-exchange symmetry, arising
from the presence of two identical quark fields in N,(x),
can be used to reduce the number of weights required
to compute nucleon correlation functions to 9 [137].
However, this symmetry does not apply to Wick contrac-
tions involving nontrivial quark permutations in B =2
correlation functions with interpolating operators built
from products of N ;(x;) and N (x,) in which quark fields
with distinct spatial labels appear. For simplicity, quark-
exchange symmetry is not used to reduce the number of
nucleon weights throughout this work.

Nonpointlike nucleon interpolating operators in the G}
irrep can be constructed by including (gauge-covariant)
derivatives or other functions of the gauge field into
the interpolating operator of Eq. (1) as described in
Refs. [134,135]. Nucleon spectroscopy studies, for example
in Refs. [87,91,93-97.99,101,103-106], suggest that inter-
polating operators including derivatives or spatial wave
functions with nodes dominantly overlap with nucleon
excited states. Alternative spin structures are also found
to overlap dominantly with nucleon excited states
[89,90,138]. Operators that have larger overlap with the
nucleon ground state can be constructed by combining
the spin-color tensor structure in Eq. (1) with spatial
wave functions that “smear” the location of the quark field
over a volume whose radius is of the order of the proton
radius [87,91]. Gauge-invariantly Gaussian-smeared quark
fields are defined as [139,140]

x(a) x i') o Z an(a)x

Zen i

X,2)q" (Z.1), 3)

where i’ is a spin-color index, I, @7 is a Gaussian smearing
kernel with a width specified by the index g. The kernel is
assumed here to be O}, invariant and can be constructed, for
example, by iteratively applying the gauge-covariant dis-
crete Laplacian,® and A = {(x;,%,,%3)|0 < x, < L} is the
set of spatial lattice sites where k € {l 2,3} labels the
spatial dimensions of the lattice geometry. Throughout this
work units are used in which the lattice spacing is equal to

®For systems with a large center-of-mass momentum, the
kemel could be replaced with the momentum-smearing kemel
mtmduced in Ref. [141] to improve ground-state overlap.

"The label k for the spatial coordinate axes should not be
confused with the spin-color index k.

unity, so xg, t € Z. Smeared proton and neutron interpolat-
ing operators are defined from the smeared quark fields as

Pag(x) = ZW[N]G i(a) x)dj(a)(x)u;(a)(x),

Mg (x) = ZW[N]*’ *(a) J(a)(x)d;(a)(x), (4)

and smeared isodoublet nucleon fields are defined as
N oy(x) = (Pog(x), ngg(x))T. Such smeared quark fields
transform identically to unsmeared quark fields under
OP, and therefore smeared hadron fields transform identi-
cally to unsmeared hadron fields.

Projection to a definite center-of-mass momentum ﬁt,
where ¢ indexes the center-of-mass momenta included in an
interpolating-operator set, is accomplished by multiplying

N,,(x) by "% where X denotes the spatial components
of the coordinate x = (¥,¢), and summing over the set of
spatial lattice sites A. In order to reduce the computational
cost of performing this summation (and more costly
volume sums for the two-hadron operators discussed
below), the propagator sparsening algorithm introduced
in Ref. [120] is applied. In particular, “sparsened” plane-
wave spatial wave functions are used that only have support
on a cubic sublattice Ag C A defined as

As ={(x1,22,x3)|0 <x; < L,x; =0 (mod S)}, (5)
where L is the spatial extent of the cubic lattice geometry
and § € Z is the ratio of the number of full and sparse
lattice sites in each spatial dimension. Defining

WAL (X) = eFF|, . (6)
where the bar denotes restriction of support to Ag, the

nucleon interpolating operators including sparsened plane-
wave spatial wave functions are defined as

Nogg(t) = >yt R)Noy(F 1). (7)

XEAg

Momentum-projected two-point correlation functions for
these nucleon interpolating operators are defined by

Cg:rgﬁ]:’g’( ) -

(Noeg()NG, 0y (0)), (8)
where N,.,(t) is obtained from N, (t) by replacing
g'(x) with g'(x) and reversing the order of the fields
in Eq. (2) [the weights should also be replaced by their

complex conjugates but they satisfy (w, )) =wS" for the
interpolating operators used here]. Two -point correlation
functions only depend on the time difference between the
two operators; for simplicity, the Euclidean time location
of the “source” operator is denoted by 0 and the Euclidean
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time location of the “sink™ operator is denoted by ¢t

By isospin symmetry, CLtgo,Eg, () is proportional to the

identity matrix in flavor space. Similarly, CE:;]HQ, (2)

vanishes unless ¢ =6’ and ¢ = ¢. Sparsened two-point
correlation functions of the form of Eq. (8) can be practi-
cally evaluated by computing point-to-all quark propaga-
tors with Gaussian-smeared quark sources at each of the
Vs = (L/S)? points on the sparse lattice, smearing the
resulting quark propagators at the sink, and then for each ¢
restricting the propagators (obtained by solving the Dirac
equation on the full lattice A) to have support on Ag and
subsequently evaluating the V?s terms appearing in Eq. (8).

Momentum projection with the sparsened plane-wave
wave functions r;f x) leads to complete projection to
states of momentum allowed by the lattice geometry for
the case of trivial sparsening & = 1, and it amounts to
incomplete momentum projection for the case of interest
where 1 < § <« L. The effects of this incomplete momen-
tum projection on sparsened two-point correlation func-
tions can be seen from the spectral representation

N.N 713 BIF) (_(14B,TF) (14rf)
it 0= S XA () et

PrP n

©)

where thermal effects arising from the finite Euclidean time

extent of the lattice are neglected, and ZE,;,‘E‘P“FJ;C) =

(n(l'%'ﬁf'rfc)ﬁ(O)lO) for a generic interpolating operator

x(x). For X € Ag, sparsened plane-wave wave functions
satisfy UI[N] (%) ei[ﬁc%k]'i‘, where &, is a unit
vector oriented along the k axis, and therefore the sum over
states in Eq. (9) includes not only states with momentum

P= 1-5 but also states with momenta that differ by multiples
of—ek In the numerical calculations presented below, only

= eiﬁc'i =

the center-of-mass rest frame }'5( =0 will be considered.

In this frame, sparsening results in contributions to Eq. (9)
alct

360 LG}
that are suppressed by e *fs” | where AE.(sl 20 =
/M%+ (’f—;)? — My, with My = EEI'E'G‘ ) being the mass

of the nucleon. Previous numerical investigations confirm
that sparsening results in changes to the excited-state
structure of correlation functions that can be treated
analogously to other excited-state effects in nucleon
and nuclear correlation functions [120]. Excited-state
effects arising from sparsening can also be stochastically
removed by using random source positions instead of a
lattice of sources Ag, but using random source positions
has been found to decrease statistical precision [121].
The sum in Eq. (9) includes contributions from two and
more hadron states, e.g., “elastic” Nz states with the same

quantum numbers as the nucleon that can be approxi-
mately described as sets of interacting color-singlet
hadrons, as well as contributions from “inelastic” excited
states that can be approximately described as a single
localized color-singlet hadron with a different spatial
and/or spin structure than the ground state. Excited-state
contamination from elastic N states is suppressed com-
pared to the ground-state contribution by e, where
6z m,;. These contributiom can be neglected for
Euclidean times 7> m; ", which can be easily achieved
in LQCD calculations that use larger-than-physical quark
masses such as those considered in Sec. IIl. A simple
nucleon interpolating-operator set sufficient for describ-
ing the nucleon ground state and one or more inelastic
excited states with energies below m, can be obtained by
using a set of two or more smeared nucleon interpolating
operators. It is noteworthy, however, that the highest-
energy state obtained using variational methods must
describe a linear combination of a whole tower of
higher-energy excited states and is unlikely to be reliable.

2. Two-nucleon interpolating operators

In the two-nucleon sector, the presence of a closely
spaced tower of elastic two-nucleon excitations in addition
to inelastic excitations of the two nucleons leads to the
expectation that larger sets of operators are necessary to
find combinations that strongly overlap onto the low-
energy eigenstates than in the single-nucleon sector. One
possibility for two-nucleon interpolating operators is to
construct single-hadron operators that describe spatially
local color-singlet products of quark fields analogous to
Eq. (1). Due to the quark spin, “hexaquark™ operators of
this form transform under the cubic group according to a
sixfold tensor product of Gy irreps (only positive-parity
quark components are used for simplicity and computa-
tional expediency). The six quark spin representations can
be grouped into the product (Gf ® Gf ® G}) ® (G} ®
G} ® G}) using an arbitrary quark-field ordering and,
after evaluating the products in parentheses, can be repre-
sented as a product of two spins that can be associated
with B =1 operators. Hexaquark operators can be con-
structed that transform according to the G| ® G| irrep
associated with NN operator products, as well as the
H* ® H* irrep associated with AA operator products

g+
and other combinations.® Since My <My= EEI'E'H ),
both in nature and in LQCD calculations at unphysically
large quark masses, it is expected that AA operators and
other combinations will dominantly overlap with higher-
energy states than NN operators. For simplicity, only NN

$Additional operators that do not factorize into products of
color-singlet baryons can be constructed [142] but are not used in
this work.
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hexaquark operators constructed from products of color-
singlet nucleons that transform under the cubic group as
G| ® G| are considered in this work.

Hexaquark operators will be denoted as H () below,
where p€{0,...,3} labels the row of G} @ G =A] ® T,
¢ labels the center-of-mass momentum ﬁt, and g labels
the quark smearing, as in the single-nucleon case. Quark
antisymmetry and the A spatial symmetry of hexaquark
operators force I = 1 operators to transform in the one-
dimensional A] irrep associated with spin-singlet states,
and they similarly force I = 0 operators to transform in the
T| irrep associated with spin-triplet states. The I =1
hexaquark operators have p = 0, and for the I, = 0 case
they are defined by

Hoeg(1)= 3wt 205 00y (5. 015 (5.0) = prg (5.1 (5.)

fEJ"\S

+nﬂg(f’t)plg(f’t)_nlg(f’t)p(}g(f’t)]’ (10)

where g specifies the quark-field smearing (chosen to be the
same for all quarks) and the same sparsened plane-wave
wave functions i (%) =y (%) = /P
the nucleon above. The spectra of pp and nn stateswith/ = 1
and I, = %1 areidentical to those of pn states with / = 1 and
I, = 0 by isospin symmetry, and it is therefore sufficient
to only consider pn operators in isospin-symmetric calcu-
lations of the two-nucleon spectrum. Hexaquark operators

for pn systems with I = 0 are defined as

A are used as for

Hy(t) = Zwl”](ic‘)%[pog (%, 1) oy (%, 1) = 1oy (%,1) poy (%, 1)),

EEJ'\S

l — — — —
Haeo(t) = Y wi™ ()3 [pog (B )mig(%,1) + piy (. oy (%, 1) -

XeAs

n()g(i’ I)Plg(i’ t) - nlg(i’ I)POQ(E’ t)]’

Hyoy(t) = >l x)—[plg %,0)nyy(%, 1) = 11y (&, ) piy (%, 1)) (11)

XEAg

Quark-level representations of hexaquark operators can be
derived from Egs. (10) and (11) by inserting the repre-
sentations of P,y and 1, i f the quark fields g5
s s of p,, and n,, in terms of the quark fields g4
These quark-level representations can be used to define
spin-color weights and associated spin-color-index-valued
mapsg analogous to the weights and index maps defined for
the nucleon in Eq. (2) as

ptg !‘) ZU’[H] i)zw[ﬂ]ﬁ *(a) x t)d](a) x t)uk(a) x !‘)

IEJ"\S

x d\ (%, 0)uy @ (%, 0dp? (Z.1). (12)

Quark-exchange symmetries can be used to greatly reduce
the number of independent spin-color weights required to
construct local multibaryon operators as described in
Ref. [137]. For pn systems, the number of nonzero

elements of w[ H' can be reduced to N‘[fl’o with N‘[f]ﬂ =

NH2 _ 32 and NN — AHB — 21, An explicit repre-
sentation of these reduced weights is presented in Appen-
dix A. Hexaquark operators with one or more values of the
quark-field smearing radius can be included in an inter-
polating-operator set that describes two-nucleon systems

The same notation is used for index maps i(a), j(a), ..., for
different interpolating operators since the labels carried by the
comresponding weights are sufficient to specify the interpolating
operators in all contexts.

I
(here all quarks are smeared in the same way, although
more general constructions are possible).

In addition to hexaquark operators that are expected to
strongly overlap with compact bound states, operators
constructed from products of pairs of nucleon operators
at nonzero spatial separation may be expected to have
larger overlap with unbound states of two-nucleon systems.
“Dibaryon” interpolating operators, constructed from prod-
ucts of nucleon interpolating operators with factorizable
plane-wave wave functions that are symmetric under
exchange of the nucleon positions, are defined as

=D ¥
fljz@'\s

_l)l_aﬂnag(xl,t)po"g(xbt)]’ (13)

[D] xl,x’Z)z 5o’ \/—[po'g X1, 1) g (3,1)

where ¢/ , is a weight tensor that projects the two-nucleon
system into a row p € {0, ...,3} of the A} & T{ two-
nucleon spin representation, analogous to the hexaquark
operators in Egs. (10) and (11). Explicitly,

1
10, = — (68,0051 — 851640),
o \/i( 050"1 1 0)
vl = 850870

1
2, = — (8,081 + 6,18,0),
o0 \/z( a1 1 0)

V3, = 8451851 (14)
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The spatial wave functions appearing in Eq. (13) are chosen
to be symmetric in ¥, <> X, and are labeled by m, where

P, is the center-of-mass momentum and =k, is the
momentum carried by each nucleon in the center-of-mass
frame, and are given by

D] 1

Ym (xl ,xg) = ﬁ ef(%im)-f]ei(%ﬂ_fm).iz

+ eﬂ%“—ﬁm)-fzef(%“—fm)-fl] . (15)

Quark-level representations for dibaryon interpolating
operators can be derived analogously to the hexaquark
case and are given by

pmg E Ufm xlyxZ)

X1.X2€As

x ZWLD%;(“)(EI, 0@ (%), )uk@ (z,,1)

X di(a) (X2 t)um(a) (%2 t)d"(a) (%2, 2), (16)

where the weights w[ ]’0, with a € {l,...,N‘[.?]’G}, with
NI _ AfID12 _ 28 and NPV — AP — 144, are

obtained from products of w[N]a, wt[f'r]d, and v’zo_, and are

explicitly shown in Appendix A. The dibaryon weights
[H ]ﬁ

[ ¥ differ from the hexaquark weights wg *, since quark
exchange symmetries can be used to reduce the number of
independent weights in the latter case. For boosted systems

with I-f'm #6, cubic symmetry is broken and the two-
nucleon operators transform under the appropriate little
groups as described in Ref. [51]. This work specializes to

two-nucleon systems with f’m = 0, where cubic symmetry
and parity can be used to simplify interpolating-operator
construction. Further, only positive-parity systems are
considered in this work since the ground states of I =1
and I = 0 two-nucleon systems in nature are known to be
of positive parity. Although products of two negative-parity
nucleon excitations have the same quantum numbers, they
are expected to correspond to higher-energy states than
those studied here and are therefore not considered.

The plane-wave wave functions r;f[ ](xl Xp) with

I-f'm =0 for all km would be energy eigenfunctions in
the absence of strong interactions between the nucleons,

with energies given by 24y/M?2 + |fc.m|2. For FV systems

with spatial periodic boundary conditions (PBCs), which
will be assumed below, the set of dibaryon operators

D, (1) with Ko
momentum “shell” 8(m) = |, |?> < K provides a complete
basis for relative wave functions of noninteracting two-
nucleon scattering states (neglecting the internal structure

er)Mm, where 7, € Z°, and relative

of the nucleon) with relative momentum less than a cutoff
set by K. For notational simplicity, the functional depend-
ence of 8 on m will be dropped below. For noninteracting
nucleons, the energy spectrum is therefore given by

2,/ M3 + Q(QT”)2 for all integer 8 that can be written as a

sum of three integer squares (multiplicities can be enu-
merated for a given 8 [143]). Including strong interactions,
one expects the spectrum to resemble a tower of states
whose energies approach these noninteracting energy levels
as the infinite-volume limit is approached, as well as
additional energy levels associated with bound states or
resonances. Although in an interacting theory such as

QCD, fc.m is not a quantum number of energy eigenstates,
the noninteracting two-nucleon wave function basis still
provides a useful way to enumerate linearly independent
two-nucleon interpolating operators. Further, the trans-
formations of plane-wave wave functions under the cubic
group are straightforward, see Ref. [49] and Appendix B.
The total cubic transformation representation, I';, of a
dibaryon interpolating operator with I-f'm =0 depends on
the product of the cubic representation of the spin, [,
with the cubic representation of the relative spatial wave
function, I',, associated with the continuum, infinite-
volume orbital angular momentum, #. As discussed in
Sec. IIC, linear combinations of D,n,(f) can be con-
structed that transform with definite I';. It is therefore well
motivated to include the dibaryon operators D,y ,() with
8 < K, and with the same two choices of quark smearings g
used for single-hadron interpolating operators, in an inter-
polating-operator set that can be diagonalized to obtain the
two-nucleon low-lying energies using variational methods
as described below.

Sparsening leads to incomplete momentum projection in
the sum over Ag in Eq. (16), as described for the %mgle-

nucleon sector in Sec. IIAI. Spemallzmg to P =0,
dibaryon interpolating operators with 7, related by shifts
of £L /S (and integer multiples of these) along any lattice
axis are identical since ¢/ (in8e) (F1-%) — i) 7in(T1-%2)
for ¥, — X, € Ag, where &, is a spatial unit vector. This
equivalence is illustrated in Fig. | for particular examples
of #i,, with L =32 and S = 4, as relevant to the numerical
calculations discussed in Sec. III. For an interpolating-
operator set including dibaryon operators with 8 <K,
sparsening effects therefore lead to additional contamina-
tion from operators with 8 > K. Assuming that § <« L and
8 <« K, the excited-state contamination from higher 8-shell
interpolating operators introduced by sparsening is sup-
pressed in comparison to excited-state contamination from
states strongly overlapping with interpolating operators
with 8 just above K. For the same example parameters,
sparsening leads to the identification of the %ingle-nucleon

=(2,0,0) with ko —-%6,=(-6,0,0)

as seen in Fig. 1. For noninteracting nucleons, this leads to

momentum vector k
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T — T3 € Ag

(0=%0,0 n]

— 0= (1,0,0)

0O m—mmeEly == ﬁ:.=

—

= (0,0, ﬂ}

+0) <

0)  —

T — 1z € Ag
(2,0,0) m— ﬁ:‘=(2—§,0|0)

iy =(2+£,0,0)

Iy — T2

FIG. 1.

Ty — T2

15 20 25 30 0 5 10 15 20 25 30

Ty — T2

Examples of wave functions demonstrating how sparsening leads to the coincidence on Ag of plane-wave dibaryon

wave functions wk?] (¥,,%;) with zero center-of-mass momenta and relative momenta proportional to i, and i, = %ék. Each
momentum component can be analyzed independently, and for simplicity the relative position of the nucleons is taken to be
¥, —X; = (x; —x,,0,0) with momenta corresponding to 7, = (0,0,0), 7, = (1,0,0), and 7, = (2,0,0) shown as solid lines
in the left, center, and right panels, respectively. Positions satisfying X; — X, € Ag are shown as open shapes. Analogous spatial

wave functions for momenta 7,, + & gée; that are identical to wml(x],xz) for X¥; — X, € Ag are shown as dashed and dotted lines
[degenerate for the case i, = (0,0, 0)]. For concreteness, the values L = 32 and S = 4 used in the numerical calculations in Sec. 111

are chosen.

an excited-state energy gap AEg‘I‘r‘) = /M% _|_4(?T3)2 4

JME+ 36(214—”)2 — 2My for the I,T"; pairs that have over-

lap with dibaryon operators with 8 = 0. This is coincident
with the noninteracting energy of states with 8 = 20 in
the My — oo limit (for the quark masses in Sec. IlI,
it is closest to the noninteracting energy with 8 = 19),

and t > l/AEg‘I‘r‘) is achievable in practical calculations
as seen below. For the choice of K = 6 used in Sec. III,
noninteracting energy levels with 8 =8 and many other
relative-momentum shells with 20 > 8 > K will lead to
excited-state contamination from states that at a given level
of statistical precision are outside the subspace spanned by
the interpolating-operator set and with smaller excitation

energies than AE"(S2 1) Excited-state effects arising from
sparsening are therefore expected to be suppressed com-
pared to other excited-state effects present in two-nucleon
correlation functions and are not given any special signifi-
cance below.

For large volumes, both plane-wave dibaryon operators
and compact hexaquark operators may have small overlap
with the loosely bound deuteron state found in nature.
Within low-energy EFTs and phenomenological nuclear
models with nucleon degrees of freedom, the deuteron
is described by a wave function that for large |X, —X,|
and a cubic volume with PBCs is proportional to
Y iezs e XF ALl times a polynomial in 1/|%; — %, +
iL| [34,35,51,144], where the deuteron binding momen-
tumis k; = /M yB, in terms of the nucleon mass, M, and
the deuteron binding energy, B,. However, interpolating

operators proportional to Y ;czs e K172 HLl do not

factorize into products of functions of ¥; and X,."°
In Sec. IIB, the factorization of UIE](EI,EQ) into a
sum of two products of functions of ¥; and ¥, shown in

Eq. (15) is exploited u%ing baryon-block algorithms that

efficiently compute C, - D.D , wd (1) using O(V3) operations.

“Quasilocal” mterpolatmg operators that can be efficiently
computed using baryon-block algorithms are defined by

Z UI[Q] II,IQ,R)

¥ %EAs

1
X Y 1 —=(Poy(X1, )ng (X, 1)
; d\/i g g

Qpqq(t)

_l)l_aﬂnag(il,t)po‘g(i%t)]’ (1?)

with wave functions

[Q] ( z e Kalr(% )-F| e—Xa |f'[xz)—R|

Vs €15

xl,xg,R)— (18)

where q labels the various localization scales k4 included in
an interpolating-operator set, Ris an arbitrary parameter''

10Using fast-Fourier transform techniques, correlation func-
tions built from such mterpolatmg operators could be computed
using (VsIn V) operations. A fast-Fourier transform approach
may be useful for calculations of two-nucleon correlation
functions, although it has less favorable scaling for B > 2
systems than the baryon-block methods discussed in Sec. IIB
and Ref. [137].
Quasilocal wave functions are invariant under shifts of R by

S#, but depend on R(mod S).

094508-10



VARIATIONAL STUDY OF TWO-NUCLEON SYSTEMS WITH ...

PHYS. REV. D 107, 094508 (2023)

Taezs e ™ |#1—Fa+AL| 119‘[,@](511 )
T — T2 € As/A o/ o/
_l-U“ T T T T T T i 1Inu T T T T n I_ 1I0u ﬂI ﬂ T E Ia E al ﬂ T i
— 08 Ny n/1 08 B¢ g a8 f 1 osf ]
(]
" o6t Q O J osf 1 06}
15 a a
04 o Wiy . o O 1 04f 1 04f
s o8 o
0.2f 1 02} 102
kg =0.14 K1 = 0.07 Ky = 0.035
0.0 . . . . . 1 0.0g . . . . . a1 0.0L . . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 2 30 0 5 10 15 20 2 30
Ty — T2 Ty — T2 Ty — Tg

FIG.2. Spatial wave functions w.lIQI (¥, X;) associated with quasilocal interpolating operators with relative nucleon positions parallel
to a lattice axis X, — X, = (x; —x,,0,0) and localization scales x, € {0.14,0.07,0.035} are shown in the left, center, and right panels,
respectively. The open squares demonstrate the sparsened wave function with positions satisfying ¥, — ¥, € Ag, while the dashed line is
obtained by setting S = 1 to show sparsening effects. Spatial wave functions of the form Y ;. e ™1 —%+Ll are also shown with solid
lines and open circles for comparison. For concreteness, the figure corresponds to L = 32, § = 4, and the values of x, used in the

numerical calculations in Sec. IIL

specifying the location of the center of the two-nucleon
system in the lattice volume (before translation averaging
over Ag), and Tg is the set of translations by multiples of
the sparse lattice spacing, which are defined to act on
coordinate vectors by 7(X) =X+ S(718; + 128, + 1363)
with 71,7,,73 € {0,...,L/S — 1}, with each component
of 7(X) defined modulo L to respect PBCs. Quark-level
spin-color weights for quasilocal interpolating operators are
identical to wLDlp, defined in Appendix A. The sum over
translations in Eq. (18) introduces correlations between
the positions of the nucleons and leads to an entangled
two-nucleon wave function describing a pair of nucleons
exponentially localized around a common point. Applying
the same translation to ¥, and X, in Eq. (18) ensures that the
wave function is independent of ¥; + X, and therefore has

definite center-of-mass momentum I-s,l =0 (mod %) These
quasilocal wave functions are qualitatively similar although
quantitatively different'? from the periodic EFT expectation

Y sezs e XM —RHALl ag jllustrated in Fig. 2. Linear combi-

nations of UILQ](EI,EQ,I:\;) with different k, can be used to

construct more general wave functions for quasilocal two-

nucleon systems. Quasilocal wave functions I,{ILQ] (X1, %, R;)

are linearly independent from a truncated set of dibaryon

wave functions UIE](EEI,EQ) with 8 = |#i,,|? < 3L2%. They

can be included in a variational interpolating-operator set in
an attempt to describe loosely bound states, with spatially
correlated pairs of nucleons, more efficiently than a set

"Since S ;ez2 e+ s not an exact description of the
FV QCD two-nucleon wave function, maximizing the quantita-
tive similarity of an interpolating operator wave function with this
expression does not guarantee maximal overlap with loosely
bound two-nucleon systems in QCD.

including only dibaryon operators. Quasilocal interpolating
operators therefore provide a well-motivated extension
to a set of dibaryon operators (that approximately describe
unbound two-nucleon systems) and hexaquark interpolat-
ing operators (that approximately describe tightly bound
two-nucleon systems).

Two-nucleon correlation functions using this interpolat-
ing-operator set are defined by

Tty (1) = (Ta(0) (T} O)),

for all 7 € {H, D, Q} with corresponding wave function
indices t,t' € {¢,m,q}. Calculations of the correlation-
function matrix with elements given by Eq. (19) generalize
previous LQCD calculations in the two-nucleon sector
including positive-definite [D,D] correlation functions
of the form (meg(t)D;,m,g,(O)), which have been recently
studied in Refs. [26,28,30], as well as asymmetric [D, H]
correlation functions of the form (meg(t)H;,t,g,(O)),

which have identical structure (up to differences in
quark-field smearing) to the correlation functions studied
in Refs. [11,13,15,16,18,21,22,25,122-131].

A modified form of Eq. (19) is required for calculating
correlation functions involving quasilocal operators using
generalized baryon-block algorithms that assume factoriz-
ability of two-nucleon spatial wave functions. The sum
in Eq. (18) projects Q 4, to total momentum 0 (mod 27/S)
while introducing correlations in the two-nucleon wave
functions between the positions of the two quasilocal
nucleon interpolating operators. The same sum prevents
correlation functions involving Q,,,, from factorizing into
products of single-nucleon wave functions; however, it is
possible to approximate such correlation functions using

(19)

094508-11



SAMAN AMARASINGHE et al

PHYS. REV. D 107, 094508 (2023)

factorized wave functions by relying on ensemble averag-
ing to impose translational invariance. A “factorized”
quasilocal interpolating operator can be defined as

> wilE % R

311325'\5
X Z o \/—[po'g xl’t)ndg xZ’I)

_l)l_aﬂnag(:{l,t)po‘g(:{%t)]’ (20)

where
Wl(F,, %, R) = exalfi—Rl gl 1)

The quasilocal wave function r;f[ ](xl,xg,R) can be
obtained by averaging the factorized wave function

nyﬂ(ic’l,ic’g,R) over sparse-lattice translations,

0(%,,%,, R) = z,,,,l*"] (z(%).7(%)). (22)

=

Translation invariance of (gauge-field-averaged) correla-
tion functions therefore implies that correlation functions
involving quasilocal interpolating operators can be com-
puted using factorized quasilocal sources,

o o
oy == > wo @}wo )} Zwm Wy

ClZ/(0) = (T pg(1) QL0 (0)) = (T iy ()F L, 0)),

(23)

for all T € {H,D,Q}. Use of factorized interpolating
operators and Eq. (23) allows the full correlation-function
matrix given in Eq. (19) to be efficiently computed using local
and bilocal baryon blocks as described in the next section.

B. Contraction algorithm

Quark propagators, defined as
() (E07,5.0),  (24)

are computed by solving the Dirac equation associated with
the LQCD quark action (using the Dirac operator with
support on the entire lattice geometry A x {0,...,T — 1},
where T is the length of the Euclidean time direction) for
a set of Gaussian-smeared quark sources located at
each sparse lattice site y € Ag for some chosen source
timeslice(s). In order to construct positive-definite
Hermitian correlation-function matrices, the same set of
smearings used at the source is applied to the solution at
each sink point ¥ € A and the resulting sink-smeared
propagators are subsequently restricted to X € Ag.
Proton correlation functions can be expressed in terms
of a sum over permutations of products of quark propa-
gators using Wick’s theorem as

SU(%,1,5,0) =

us® (x, t)d](a) (%, t)uk(a) (%, 1‘)&:x (3, O)a‘] (5, O)J(d) (¥,0)),

Iyehs
& L4
Z W[N] ) {W[N] )} Z (V] [N] Z sign(P
Xyehs Pepl
S»p[,(a)], (d) %,1,5,0)57) [J(a)]; (d) %67, O)S'P[k(a)]k‘(d)( £3,0), (25)

where ¢ = ¢/ = 0 corresponds to the center-of-mass frame P, = Py = 0 used throughout this section for simplicity.” The
nucleon quark permutations 7 € P act on spin-color index functions and are given in Cauchy’s two-line notation by

{0 D)

Neutron correlation functions are obtained by exchanging u <> d in Eq. (25) and are identical in the isospin-symmetric
limit. Hexaquark correlation functions are similarly given by Wick’s theorem as

iy =3 v @ {wy” y)}*zwL“l“waW Y sign(P)

EyeAs Peplen
x PN 3 1.5, O)S""b(“”f @17, O)Sﬂk{a)]k @), 1,5,0)
% S'P[f(a)]f(a’) O)S'P[m(a)]nf(a O)S'P[“(a)]“ (d) it y, 0) (2?)

“Generalizations of the results in this section to nonzero center-of-mass momentum are straightforward. Calculations of dibaryon
interpolating operators with P, # 0 can reduce computational cost by reusing baryon blocks between calculations with ditferent P,,.
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where the 36 pn quark permutations are given by

plonl — i J k ) m n P pes\ )3
{(Pu(f) Pal) Puk) Pall) Pulm) P,f(n)) wPa€ 3} 28)

where §3 denotes the symmetric group acting over a set of three elements. Both Egs. (25) and (27) can be evaluated by
computing sums with O(V?s) terms for each ¢ for which correlation functions are evaluated. Linear dependence of the cost
of evaluating correlation functions on the number of ¢ for which correlation functions are evaluated applies to all correlation
functions considered in this work and will not be repeated below.

Correlation functions involving a hexaquark sink and a dibaryon source are analogously given by

oy =3 W OHGLTY Lk 5 sintP

ns perr
S’P[:(a)]* @&, 57, O)S'P[J(“)]f (“ (%, 1,9, {))S{P[k(a‘)]ml (%, £51,0)
y S’P[f{a)]l’(ﬂ’)( 65, O)S'P[m(a)]m @) (%, £55,0) S'P["(“)]“ @)%, 135, 0). (29)

Direct evaluation of Eq. (29) requires evaluating O(V?s) propagator products; however, for factorizable two-nucleon wave
functions, it is possible to reduce this by introducing local baryon blocks, defined by

By (5.1) = 3w 3 T8, 7,155,003 (3.1:5.0)5,' . £:5,0). (30)
yeAs

The tensor structure of these local baryon blocks is illustrated in Fig. 3. Evaluating these local baryon blocks for all X € Ag

requires O(V% ) operations. The [H, D] correlation functions in Eq. (29) can be expressed in terms of local baryon blocks

using the relation between dibaryon weights w[ ¥ and products of nucleon weights wL ° detailed in Appendix A, and the

tensor v/, defined in Eq. (14). The baryon-block components appearing in each term in the sum depend on the permutation
index P. The required components can be denoted by

B(i'Pa)xﬂc F1) = B;:r)nfg(a)]?’lj(a)]?’[k(a)] (1), (31)

gom'g

i, g Z,t

‘Il ';I,

; g a_,m.r,g.r jhg -:- i ’ o', g
2 g k,g

Z,t

(a) (b)

FIG. 3. Diagrams illustrating (a) the tensor structure of local baryon blocks and (b) contributions to Eq. (32) involving such
+ik [N}

¥ € Ag and weight index «, all collectively denoted by the black circle. Free indices o, m’, and ¢’ label the source baryon spin, wave

function momentum, and quark-field smearing, respectively. Free spin-color indices i, j, k are associated with the sink position X,

and g denotes the sink quark-field smearing. Diagram (b) similarly illustrates the product B{i ik ("1, I)Bgmfg (X,, ) appearing

in Eq. (36).

blocks. Diagram (a) describes BLﬁ:fg (X, ), which includes a wave function e**= ¥ weights w',, and sums over spatial points
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in terms of which Eq. (29) can be reexpressed as

[H D] g 1‘) _ zw[ﬂ] x)zw[ Hlp Z ngn P)Z\/— o’

¥eAs PeplP
« {B(+ P a)xﬂc T)B( P a)fmn i') + B( 'P‘a)x'jk( B(+ P, a})fmn } (32)

gom'g' go'm'g

After determining the local baryon blocks, Eq. (32) can be evaluated in O(Vg) operations. Analogous results can be
derived for [D, H] correlation functions by defining baryon blocks with the spatial sum performed at the sink instead of
the source in Eq. (30). Similarly, results can be derived for [H, F] and [F, H| correlation functions (which are equivalent
to [H, Q] and [Q, H] correlation functions on ensemble average) by defining baryon blocks with e**=7 in Eq. (30)
replaced by e~XaliR|.

Correlation functions with dibaryon sources and sinks involve the same quark permutations and an additional sum over
sparse lattice sites,

‘ i a
P2l (0 - Ze\ v G 5) (WD G 52} ZW[D]’G Dy Z{ J‘ngn (P) SN D (%, 5. 1:51,0)
1% 51 52 €As pepr
e o Plk(a) |k (o 'P (o)l
xS, UV (2, ), 5 31,0)S,, el )(xb3('P),f ¥1,0)8,, SO (F, 7). 1:5.0)
x SP[’”(")]'"’(d)(xbs(m,f 52,0050 M (@, 0,13, 0), (33)

where b,(P) € {1,2} indexes the spatial position where the sink connected to the gth source quark is located in
permutation P. Direct evaluation of Eq. (33) requires O(V$) products, which can be prohibitive in practice. In particular,
it can dominate the O(VsV) cost of calculating timeslice-to-all quark propagators on Ag by orders of magnitude. The
computational cost can be reduced by using a combination of the local baryon blocks discussed above and bilocal baryon
blocks required for permutations in which quarks are exchanged between the baryons, defined by

ijk ;= o ik i (e Ka') ;= L=
ESI & r)—zw[“"] S ek TSy D F s, 55,0080 (R1is, 65,0080 (Fiys, 65,0). (34)

gom’g’
JeAs

The notation x1+5 denotes X, if ¢ = r and X, if ¢ # r, and therefore 5“ ),g‘:k (X1, X, t) includes two quark propagators

connected to the sink at X, and one unpaired quark propagator connected to the sink at X,. The position of the source quark
field connected to the unpaired sink quark field at X, is denoted by g € {1, 2, 3}. Figure 4 shows the structure of these

Ty, t
lg .,
Zt Jg 7T, g
, o,y k9
59
k,g
9 § O S
m.g o,m,g
= n,g
z'!g
fg,t fz,f
(a) (b)

FIG. 4. Diagrams illustrating (a) the tensor structure of bilocal baryon blocks and (b) contributions to Eq. (36) involving them.

[N)e

Diagram (a) describes S(Qi o (x] ,X,, t) with ¢ = 1, which includes a wave function e ik § , weights w!, ", and sums over spatial points

¥ € Ag and weight 1ndex (z' collectively denoted by the black circle. Free indices 6, m’, and ¢ label the source baryon spin, wave
function momentum, and quark-field smearing, respectively. Free spin-color indices i and j, k are associated with the sink positions ¥,

and X,, respectively (other choices of g have different spin-color indices associated with ¥,), and g denotes the sink quark-field smearing.

Diagram (b) similarly illustrates the product E;]i k(G % I)Sgl,fnfi;" (X,%,1) appearing in Eq. (36).
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bilocal blocks. The components of bilocal baryon blocks appearing for each permutation can be denoted analogously to

Eq. (31) as

(g=.P a)xﬂc
ggom’g’

%ort) = g(qfn),z[f(a)wma)]ﬂk(a)](551, %o ). (35)

The dibaryon-dibaryon correlation functions given in Eq. (33) can then be represented in terms of local and bilocal baryon

blocks as

D.D - = D . JP.a)ijk JP.a)lmn
ng;];m:gw =3 yi2l xl,xz)zw[ ]’GZ\[ M,{ ) sign(P) [B(gjm, )ik g B(gamg) (%5,1)
XX EAg 'PePL’;;]
’PEPI::]
gﬁnr;a)m t)g(‘i‘p;;’aﬂmn( z,xl,t)] Z Sign('P) [g(fi‘p+’Pa)uk )7 l,t)g(gfm:;?a)imn %, 2,1‘)
Peplr
gﬁn’;a)u’( X2, % 1")5(%;*50)%(351,352 i‘)]} (36)
[
where PLZE], PLZT] P[P"] c PP are the sets of permu- evaluation of Eq. (33), which is both quadratic in the

tations in which zero, one, and two quarks, respectively,
are exchanged between the source and sink baryons,
and gp, g5 € {1,2,3} denote the positions of the quark
fields within each source baryon (labeled by super-
scripts 1, 2) that is connected to the unpaired quark
field at the sink. Note that the second-to-last line of

Eq. (36) includes S(;f:g,pa)”k(xl,ic’g,t), which has
paired quark fields connected to ¥; and an unpaired

quark field gp “exchanged” to X,, while the last line

includes E(QPera)uk(xg,ic’l,t), which has two paired
quark ﬁeld% exchanged to ¥, and an unpaired quark

field gp connected to X;. Results for [Q, D] correlation
D]

functions are obtained by replacing ym (¥,%;) with
w9 (%,.%,,R) in Eq. (36). Results for [Q, F] and [D, F]
correlation functions (equivalent to [Q, Q] and [D, Q]
correlation functions on ensemble average) are obtained
by defining bilocal baryon blocks with e*#=7
Eq. (34) replaced by e~-R],

Once the local and bilocal baryon blocks are constructed,
Eq. (36) can be computed by evaluating O(V%) terms.
Bilocal block construction, which requires evaluating
O(V?s) terms, provides the dominant cost for large Vg
however, block construction is linear in the number of
interpolating operators used while the evaluation of
Eq. (36) is quadratic. When both the number of interpolat-
ing operators and Vg are large, this allows contractions to
be performed significantly more efficiently than direct

in

number of interpolating operators and requires evaluating
sums with O(V%) terms.

C. Projection to cubic irreps
Cubic symmetry implies that correlation-function
matrices have a block diagonal decomposition, with
blocks corresponding to each irrep of the cubic group that
do not mix under (Euclidean) time evolution in LQCD.

Nucleon interpolating operators, N,,, with P, =0 trans-
form in the G irrep of the cubic group with rows indexed

by o € {0,1} and Cg:;ﬁ]fg,
block-diagonal form. Spin-averaged nucleon correlation-
function matrices with definite (B, I, I';) quantum numbers

are therefore given by

(¢) is therefore already in this

a0 = Zwoog(r)mw», (37)

where N N, labels the sink and source interpolating-
operator structures. On the right-hand side ¢=¢ =0
corresponds to P = P: =0.

Hexaquark mterpolatmg operators H ,,, with zero center-
of-mass momentum have wave unctions that transform in
the A] irrep and spin that transforms in the A] and T}
irreps for p=0 and p€{1,2,3}, respectively, as
described in Sec. I A 2. Hexaquark interpolating operators
with definite quantum numbers HgB‘ "T-7) can therefore be
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identified as H "7 = Hy, and BSOSO =g
where
I, p=1
&wzap 2 (38)
3, p=3

is related to the eigenvalue e”:"/2 of the cubic trans-

formation'* corresponding to a rotation by z/2 about

the z axis acting on states created by HE'O'TT'SZ{’GD with
J, = S,(p). since hexaquark operators have spatial wave
functions with A} symmetry. Hexaquark correlation-
function matrices can be averaged over J, as

1 211, 215,.0,)\
=2 S (HE 0 () (). (39)
A

where dr, is the dimension of the I'; irrep and H,H ; labels
the sink and source hexaquark operators.

The quasilocal two-nucleon interpolating operators
defined above have spatial wave functions transforming
in the A] irrep after ensemble averaging, and quasilocal
interpolating operators with definite quantum numbers

(2,14.0;) (2,1.A7,0) _
qu = Q(}qg

and Analogous  J,-averaged
correlation-function matrices can be defined for quasilocal
two-nucleon interpolating operators as

- Z(er’ 0(27) 0), @0)

where Q,,0., labels the sink and source quasilocal
interpolating operators. Off-diagonal correlation-function

(2,11)
CH quj

can be similarly identified as Qg4
(20.71.5:(p)) _
ag = Opag-

(2 1r;)
Qquq’d

. (2,1.7)) (2.1.T))
matrix elements CHQ:q: and CQ.._gng are defined
analogously.
Dibaryon interpolating-operator wave functions
[D]

W (X1,X,) defined in Eq. (15) do not transform irreduc-
ibly under the cubic group when either the relative or
center-of-mass momentum of the two-nucleon system is
nonzero. The rest of this section summarizes the change-of-
basis relation between the dibaryon interpolating operators
of Eq. (13), which are convenient for efficient computation
of correlation-function matrices as described above, and an
interpolating-operator set in which each operator trans-
forms in a definite cubic irrep. It is convenient to express
the total cubic irrep I'; as

"Note that for the cubic group, the conserved charge J, is
only defined modulo 4 but is otherwise analogous to the
continuum, infinite-volume quantum number J_. In particular
S.(3) =—1=3 (mod 4).

TABLEL The cubic irreps for I = 1 NN systems with positive-
parity spatial wave functions and their dominant partial-wave
contributions in the infinite-volume limit. The left column shows
the cubic irrep possible for the total-angular-momentum repre-
sentation obtained from the spin-orbit product representation
I'yCT'y ®@TIs, the middle columns show the orbital-angular-
momentum and spin irreps contributing to this irrep, and the right
column shows the lowest orbital-angular-momentum representa-
tions associated with the infinite-volume behavior of states in
each irrep.

T, r, g £
A} A} A} 0,4,6, ...
E* E* A} 2,4,6, ...
TS TS A} 2,4,6, ...
T T A 4.6....
AF AF A 6,

where I’y € {A],T]} labels the cubic irrep of the two-
nucleon spin determined by p and I, labels the cubic irrep
of the two-nucleon spatial wave function. One could
instead project nucleon operators onto irreps of the little

groups that leave ifc.m invariant and then form two-nucleon
operators from products of these operators as done for two-
meson systems in Ref. [136]. Since only the center-of-mass
rest frame is considered here, it is simple to construct two-
nucleon interpolating operators with definite I'; from the
product of two cubic irreps in Eq. (41) without introducing

the little groups of :l:fc.m as an intermediate step.

For I =1 (flavor-symmetric) dibaryon operators, pos-
itive-parity spatial wave functions can only be combined
with antisymmetric spin wave functions while satisfying
fermion antisymmetry, and they therefore have I's = Af.
The dominant large-volume contribution associated with
orbital angular momentum # = 0 states arises with the
I, = Af irrep and therefore has I'; = A]. Other irreps
include contributions from partial waves with # > 2 as
summarized in Table 1. For I = 0 (flavor-antisymmetric)
dibaryon operators, conversely, positive-parity spatial wave
functions can only be combined with symmetric spin wave
functions and therefore have I's = T . In this case, spatial
wave functions in the A irrep (relevant for orbital angular
momentum # = 0 states) lead to total-angular-momentum
cubic irrep I'; =A7 @ T{ =T{. This total-angular-
momentum irrep also includes contributions from spatial
wave functions in the E*, T, and T irreps, since each
of these projects onto 77 in the product representation
I'; =T, ® T{. Other total-angular-momentum irreps sim-
ilarly include contributions from several orbital angular
momentum irreps as shown in Table II.

The spatial wave functions transforming in each

positive-parity cubic irrep can be denoted by y/[D](r“ Z)
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TABLE II. The cubic imreps for /=0 NN systems with
positive-parity spatial wave functions and their dominant
partial-wave contributions in the infinite-volume limit. As in
Table I, the left column shows the cubic irep possible for the
total-angular-momentum representation obtained from the spin-
orbit product representation I'; C I'y @ I's, the middle columns
show the orbital-angular-momentum and spin irreps contributing
to this irrep, and the right column shows the lowest orbital-
angular-momentum representations associated with the infinite-
volume behavior of states in each irrep.

T, T, Ty £
T ATOE ST TS T 0,2,4,6,
E* TF @ TS T 2,4,6
TS A;OE ST ®TS Tt 2,4,6
Ay TS Tt 2,4,6,
AT T T 4,6, ..

where I'; labels the cubic irrep of the spatial wave function,
£, labels the eigenvalue e/“=*/? of a rotation by /2 about
the z axis applied to (yf[e?](r"‘fZ))* (or equivalently to states
created by Hermitian conjugates of operators involving the
spatial wave functions), 8 labels the squared magnitude of
the relative momentum, and ¥ runs from 1 to N{"™ (the
multiplicity of wave functions with this set of labels), as
detailed below. These wave functions are linear combina-
tions of the plane-wave wave functions introduced above,

[D](l}f’) (%.5,)

_ZG(Fff) [D] (£.5,).
_ZG(D ) _—_ [ i) (xl-fz)Jre—f(zf)ﬁm-(ﬂ-xZ)], (42)
where the sums include nonzero contributions from 7.,

o - T.f .
satisfying 1, -, =48 and Ggffn ) are coefficients

TABLE Il Multiplicities A"

projecting the wave function to definite cubic irreps.
These coefficients for plane waves with relative momentum
corresponding to 8 < 6 are presented and compared with
results from Ref. [49] in Appendix B.

The coefficients G(r" “2) can be used to define operators

2111,
Dgfg )

tum (I';), and J, quantum numbers, relative-momentum
shell indexed by 8, multiplicity indexed by £, and smearing
label g. For I =1, these dibaryon operators are simply
given by

() with definite isospin (), total angular momen-

21 L R 4 _ z
DG (1) =3 G Doy (1). (43)

For the I = 0 channel, interpolating operators with definite
total angular momentum are obtained by taking products
of the orbital wave functions in all the I', irreps shown in
Table II for a given I'; as

20,0,.J.
D7) (1)

I r,r Tyt
_ z C( £ )ZMgnu z‘)ZGgfz‘m )D )
plet

(44)

where the Cﬁr“”’z‘r“ “2) are Clebsch-Gordan coefficients for
I'y =T, ® I's presented for example in Ref. [135] and

Ng:)‘r,)}
where N 2”” is the total multiplicity of a given total-
angular-momentum irrep in the spin-orbit product irrep for
each 8, which are shown for 8 <6 in Table IIl. The

multiplicity-label tensor M{er;’ o) converts from the indi-
vidual multiplicity labels for each irrep to the total

multiplicity label needed for the product. As detailed in

AJ(;f)

Appendix B, M, ** with fixed 8 and £ is equal to one for a
single value of ¥ and equal to zero otherwise.

summarized in Appendix B, and fe€{l,...

of linearly independent dibaryon interpolating operators with fixed J_ (each

independent spin-orbit product gives rise to operators in each row of I';) and the total-isospin and total-angular-
momentum irrep (/,T";) shown in each column and relative-momentum shell 8 shown in each row.

3 N;‘*"” N;],A;] N;],E*] Jv;l,rf] Jv;],rz’f) ngn,a[f) N;ﬂ,fa{] N;ﬂ,ﬂ) ngn,rr) ngn,rz’f)
0 1 0 0 0 0 0 0 0 1 0

1 1 0 1 0 0 0 0 0 2 1

2 1 0 1 0 1 0 1 1 3 2

3 1 0 0 0 1 0 1 1 2 1

4 1 0 1 0 0 0 0 0 2 1

5 1 1 2 1 1 1 1 2 5 5

6 1 0 1 1 2 1 2 3 5 4
Total 7 1 6 2 5 2 5 7 20 14
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Since correlation functions are independent of the J,
quantum number upon ensemble averaging, J,-averaged
correlation functions can be defined as

2,100, 2100,
z(% ') (D5e") (0)),
(45)

(2.1T))
DalgDﬂ’g’

where dr, is the dimension of I';. Off-diagonal correlation-
function matrix elements involving dibaryon operators
and either hexaquark or quasilocal operators can be defined
analogously; for example the two-nucleon correlation
functions with hexaquark sources and dibaryon sinks used
in Refs. [11,13,15,16,18,21,22,25,122-131] are given by

2.1 rJ 2,1T;.0, 211,70\
ol (1) = (Défg (1) (HF)(0)).
(46)

D. Variational analysis of correlation functions

Correlation functions with baryon number B and isospin
I, projected to the cubic irrep I'; and averaged over rows

as above, can generically be denoted Cg}f‘r‘)(t), where y

and ¥’ denote the sink and source interpolating operators,
respectively. For B = 1, interpolating operators are of
the form {y,y'} € {N,}, while for B=2, {y./} €
{Dg;r‘) HE) QRITIY - where J, is averaged as
described above and omitted from operator labels here
and below. Correlation function matrices have spectral
representations

C(B!l";) ZZ(BIFJ) (Z$fr,)) ¢ xE},‘“"*}, @7)

where EE,B‘!‘F‘) is the energy of the nth QCD energy
eigenstate with the quantum numbers indicated. Thermal

effects are neglected,'” and Zg‘!‘r‘) describes the overlap of
interpolating operator y with this state, as in Eq. (9).

Givenaset S of 7 interpolating operators thathave maximum
overlaps with an equal number of energy eigenstates, it is
possible to construct a set of approximately orthogonal
interpolating operators that each dominantly overlap with a
single energy eigenstate by solving the GEVP [82,83],

ZC(BIFJ I)I)E]i,'!'rhs)(f, t(})

o 5 115 Ll Ly 115
= a9 (,10) Y CH (1) vy (1,10), (48)
X

PCorrelation-function fits are restricted to r < 2L in order to
avoid non-negligible thermal effects as discussed in Appendix D.

are the

where ALB‘I‘F“S) (2, 29)

ne{0,....7

. | (BT,
eigenvalues, v, ;

- l}1
S)(1‘, fo) are the eigenvectors, and fg
is a reference time that can be for example a fixed
t-independent value or a fixed fraction of . If the infinite
sum in Eq. (47) can be approximately truncated to include 7
states, then the eigenvalues satisfy

(BATy)

AP (¢ o) me-0)E" | n=0,1,...,T—1,  (49)

and the energy levels Eg,B‘!‘r‘) can be obtained from fits to the ¢
dependence of the GEVP eigenvalues. In general, truncating
spectral representations to include Z states may not be a good
approximation, and it is important to understand how GEVP
results are related to the energy spectrum without this
approximation.

Correlation functions associated with a set of approx-
imately orthogonal interpolating operators can be explicitly
constructed using the GEVP eigenvectors as

~(BITI,S
e ()
_ ng‘f‘ms}(tﬁf’ i‘o)*Ci,f,‘f‘r‘)(t)v&f}f‘r“s)(rmf, to),
74

(50)

where the eigenvectors are obtained from the solution to the
GEVP Eq. (48) with #y as shown and ¢ set equal to #,¢ (the
dependence of the left-hand side on these parameters is
suppressed). When analyzing the GEVP correlation func-
tions defined by Eq. (50), the ideal scenario is that both #;
and t,; can be chosen large enough that contributions from
states outside the subspace spanned by the interpolating-

operator set can be neglected from v(B AL S) wef» 1) - If this
can be achieved, then contributions from %uch states can be
neglected from the energy spectrum obtained from fits to

@LB‘I‘F“S)(I). However, in systems with small excitation

energies, 8B = E\BIT) _ EBITD) - his condition is
difficult to achieve and requires the introduction of a
large interpolating-operator set that has significant overlap
with all states in a low-energy subspace of Hilbert space.

The dependence of C'LB‘I‘F“S)(I) and associated fit results
on ty and ¢ should be studied in numerical calculations
in order to verify the stability of v(B“—‘ S)( trets Ip) under
these choices and assign %y%tematlc uncertainties if
the dependence is not negligible. The #;, dependence of
results can also be used to study excited-state effects as
discussed in Ref. [100].

Treating t, and t¢ as fixed parameters independent of ¢

guarantees that @LB‘I‘F“S)(I) is a linear combination of
LQCD correlation functions and therefore has a simple
spectral representation [irrespective of the (in)completeness
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of the interpolating-operator set as a basis for energy
eigenstates] that is given by

~(BIT;S
S (1)
BII';.S B2 _;plBirs
ZZ|ZX'U£|X 7 )(tmf,to)*Z%x 1) e tE,
m
&(BITS 2 _ plBLry)
EZZLm ! )(fref,i‘o)l e~ Em " (51)
m

Fits of C'LB‘I‘F“S)(I) to positive-definite sums of exponen-
tials can therefore be used to constrain the energy spectrum.
As will be discussed in detail below, the energy spectrum
determined from fits to correlation-function results with
finite ¢ depends on the choice of interpolating-operator
set S. The extracted spectrum will therefore be denoted

BII.S B.II'y.S
Eg, ! ), and the S dependence of EE, 75) and the
associated systematic uncertainties involved in determining

EE,B"'“) using EEB‘!‘F“S) are discussed at length in Sec. IIL.
The excitation energy gap determined using a particular
interpolating-operator set will similarly be denoted
5(3‘;‘1"}‘5) = E{IBJ‘I—}‘S) _ E’((}BJ1FJ1§).

If the interpolating-operator set was a basis for the full

Hilbert space, then orthogonality of the GEVP eigenvectors

would imply that anﬁ!‘rj‘s)(tmf, fo) are the components of a

diagonal matrix. In calculations with a finite interpolating-
operator set of size 7 overlapping with the Z lowest energy
eigenstates, this orthogonality should approximately hold
within the subspace spanned by the interpolating-operator

set. In the limit # = oo, it can be shown that excited-state

i (BAXy) (BIT)
effects are exponentially suppressed by eEz " —Ea "]

provided that the interpolating operators considered are not
effectively orthogonal (at a given statistical precision) to
any of the lowest Z energy eigenstates and £, is chosen to be
sufficiently large [83,100]. This allows variational methods
to achieve exponential suppression of excited-state effects
on ground-state energy determinations with a suppression

scale E&B‘!‘r‘) —EEB‘!‘F‘) that can be made much larger

. BIT BIT

than the excitation energy 81T = g{®!T/) _ gl#1T)
that controls the size of excited-state effects for individual
correlation functions with asymptotically large t. However,

it is noteworthy that achieving excited-state suppression

(BIT)) _(BIT;) . .
of the form e Fz """ ~En "] at finite ¢ requires that the

overlap of the interpolating operators onto the lowest Z
levels is not too small'® compared to the overlaps with
higher-energy states. In practical application of the

'*The precise condition depends on the structure of the energy
spectrum. A simple model is discussed in Sec. III B below in
which the ground state has an overlap € < 1 with interpolating
operators dominantly overlapping with excited states that
are separated from the ground state by a gap A. In this model,

€2 > e™ is required for exponential excited-state suppression.

variation method, contamination can be from states
much lower in the spectrum that the interpolating-operator
set is only weakly coupled to (including the ground state),
see Sec. 1L

In order to study the finite-r behavior of correlation
functions, effective energies can be constructed as

Ci'f; (U ) (52)

ESM)(1)=n (—
xx' BIT,

CEI (1 +1)
which approach Ef}B‘!‘r‘) for t — oo and include additional
contributions from excited states at finite ¢. Effective
energies can also be constructed from the GEVP correlation
functions

C(BITLS)
ﬂmg'!'r"g)(f)ZI“( (gr;r' 5) - ) (53)
EFTI 1+ 1)
which for large but finite ¢ are equal to EE,B‘!‘F‘) up to

corrections from states outside the subspace spanned by the
interpolating-operator set considered. It follows from the
positivity of the spectral representation in Eq. (51) that

EE}B‘!‘F“S)(I) > EE}B‘I‘F‘), and in this sense GEVP solutions
provide a variational method for bounding the ground-state
energy [84,85]. Applying analogous arguments to the
subspaces orthogonal to states m with m < n shows that
Eﬁ,B‘!‘r“S)(t) > Eg,B‘I‘r‘). For B = 2 systems, it is also useful
to form correlated differences of effective energies with
twice the nucleon ground-state effective energy:

AEZT) (1) = ER9) (1) — 2 H9 ) (1), (s4)

where §' labels the interpolating-operator set used in the

single-nucleon sector [note that AELZ‘I‘F“S)(I) implicitly
depends on §' as well as S]. These correlated differences
involve ratios of correlation functions; these ratios do
not share the convexity of individual correlation functions
and do not provide variational bounds. Correlated

differences between fit results for E E,B‘!‘r“s) can be defined
analogously,
21,8 21,8 13GT.8
AERITS) — gRIS) _pp(26is) (55

Below, fits are performed to individual one- and two-
nucleon correlation functions rather than to the ratios

. 21,8 . .
entering AEL ! )(t), and the effective energies of each
correlation function provide variational bounds that are
consistent with the (not strictly variational) results of

multistate fits. Results for AE&Z‘”—“S) are not strictly
variational because the single-nucleon ground-state energy
could be overestimated; however, the statistical and
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systematic uncertainties on the fitted single-nucleon mass
are much smaller than the corresponding uncertainties in
two-nucleon energies below and for simplicity results for

AE&Z‘!‘F“S) are interpreted as variational bounds below.
These FV energy shifts can be used to constrain infinite-
volume scattering amplitudes through quantization con-
ditions [34-51], as discussed in Sec. III D. For large but
finite ¢, effective FV energy shifts defined by Eq. (54)
are equal to the FV energy shifts up to corrections from
states outsides the subspace spanned by the interpolating-
operator set.

It is also possible to define effective energies from the

lﬁlﬂ'.l.l} 'S}(r‘ru)

GEVP eigenvalues analogously as In(—grss—"—). The
o (e L)

effective energy based on Eq. (50) has the advantage that
smooth ¢ dependence of the form of Eq. (51) is guaranteed
even when 7 is much smaller than the dimension of the
Hilbert space as discussed in Refs. [103,145], and this
definition is used for all results in the main text. Both
effective-energy definitions are compared for B = 1 and
B =2 systems in Appendix E and found to give consistent
results, although more precise results are obtained
using Egs. (50) and (53) in cases where there are closely
spaced energy levels.

Given a determination of the GEVP energy levels from
the GEVP correlation functions or eigenvalues, the eigen-
vectors can be used to determine the corresponding overlap
factors from Eq. (47) as [145]

BIT,S BIL},.S
Z(BLL,S) _ ) ”Eua  (tes. fo)cix:  (tef)
ny = .

(B11}S) [~ (BIT,.S)
c‘n ! (tref)

(56
e_(rﬂfg)En )

The relative contributions of each interpolating operator y
in the original set to a particular GEVP eigenstate n can be
obtained as

ny
(BII.S)|"
Z{Bam |

o

7(BIT..S) |

BIT',S
Zy) = (57)

GEVP results for the energies and overlap factors can also
be used to reconstruct an estimate of the original set of
correlation functions through Eq. (47). The relative con-
tributions of each GEVP eigenstate n to the real part of the

correlation function with interpolating operators y and y/ is
given by

(B.IT,.S) [ ABIT,.S))*
Relz5 " (23y7) |

(B.IT.,S) [ (BIT;S)\*
>m |me (Zm,l” )

E(B‘I‘FJ‘S) _

nyy' : (58)

ITII. NUMERICAL STUDY WITH m, =806 MeV

This section presents a variational study of one- and two-
nucleon systems with m, = 806 MeV using a gauge-field
ensemble with L =32, which was previously used in
Refs. [15,16,18,25] to study multibaryon systems with
[D, H] correlation functions built from hexaquark source
and dibaryon sink interpolating operators. The LQCD action
used is the tadpole-improved [146] Liischer-Weisz gauge-
field action [147] and the Wilson quark action including the
Sheikholeslami-Wohlert (clover) improvement term [148],
with parameters shown in Table IV, and one step of four-
dimensional stout smearing [149] with p = 0.125 applied to
the gauge field. An ensemble of N, = 727 gauge fields
corresponding to a subset of the gauge-field ensemble
studied in Ref. [18] is used for this variational study.

Sparsened timeslice-to-all quark propagators with
8= (V/Vg)'/3 =4 are computed on each gauge-field
configuration from point-to-all quark propagators com-
puted at each site of a Vg = 8 = 512 sparse lattice, as
described in Sec. II B. For more details on the effects of this
sparsening on correlation functions, see Refs. [120,121].
Each source position is separated by & =4 lattice sites
from its nearest neighbors, which corresponds to ~0.6 fm
in physical units and m,S &~ 2.4 lattice units. Correlations
between sources, which are suppressed by at least e™=5,
are therefore expected to be small. We calculate sparsened
timeslice-to-all smeared-smeared quark propagators using
the Chroma [150] LQCD software framework with Dirac-
operator inversions performed using the conjugate gradient
inverter with a residual tolerance of 10~'2. Two different
Gaussian-smearing radii are used for both the propagator
source and sink: the first smearing is denoted 7 for “thin”
and is defined by 20 steps of gauge-invariant Gaussian
smearing [139,140,151] with Chroma smearing parameter
2.1, which corresponds to a Gaussian smearing width of
~1.24 lattice units (~0.18 fm). The second smearing is

TABLE IV. Parameters of the gauge-field ensembles used in this work. L and T are the spatial and temporal
dimensions of the hypercubic lattice, respectively, § is related to the strong coupling, a is the lattice spacing
as determined from T spectroscopy [15], m, is the bare quark mass, Ny, is the number of configurations used,
and Ng. = VgN, is the total number of source points used for propagator calculations. The pion mass

m, = 0.59445(15)(17) is taken from Ref. [15].

L’xT p m, a [fm]

L [fm]

T[fm] mL mT N Nge

323 x 48 6.1 —0.2450

0.1453(16) 4.5

6.7 19.0 28.5 727 3.72x 10°
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FIG.5. Single-nucleon GEVP effective energies defined by Eqgs. (50) and (53) with f, = 5 and #,; = 10 for the ground state and first
excited state. Points with error bars show the central values and 68% bootstrap confidence intervals for GEVP correlation-function
results. Shaded colored bands show the total statistical plus fitting systematic uncertainties added in quadrature (the outlined regions
show the statistical uncertainty of the highest-weight fit entering the weighted average of acceptable fit results along with its
comresponding fit time interval) as described in Appendix D. The maximum ¢ shown corresponds to the largest 7 less than toly.,, =

3T /8 for which the signal-to-noise ratio of EL] 675w

](I) is greater than tol, . = 0.1; see Fig. 37 for larger ¢ results for Eg]

4GT.Sv) (I)

The inset histograms show the relative overlap factors ZL‘L’J"’G‘F’SN] for y € Sy, corresponding to thin (left bar of each histogram) and wide
(right bar of each histogram) Gaussian smearings. The error bars on the histograms denote the bootstrap 68% confidence intervals.

denoted W for “wide” and is defined by 100 steps of gauge-
invariant Gaussian smearing with Chroma smearing width
4.7, corresponding to a Gaussian smearing width of ~2.77
lattice units (~0.40 fm)."” Link smearing corresponding to
15 steps of stout smearing [149] with p =0.1 is also
applied to the spatial links of the gauge field used for
constructing smeared sources and sinks. We subsequently
calculate one- and two-nucleon correlation-function matri-
ces using the Qua LQCD software framework [152] and
a C++ implementation of the contraction algorithm
described in Sec. II B that includes significant scheduling
and memory optimizations facilitated by the polyhedral
compiler Tiramisu [132], as described in Appendix C.

In a preliminary study [153], we calculated timeslice-to-
all smeared-smeared quark propagators using Qlua on a
subset of 167 gauge-field configurations and further calcu-
lated one- and two-nucleon correlation-function matrices.
We analyzed these results independently because slightly
different quark-field smearings and inverter tolerances were
used, and we found results that are consistent at (1-2)o
for all energy levels with the significantly more precise
results from the full set of gauge-field configurations
presented below.

A. The nucleon channel

For the nucleon, the quark-wave-function smearing
radius is the only parameter varied in the single-
hadron interpolating-operator construction described in
Sec. Il A1. This results in an interpolating-operator set

""The T and W smearings are constructed using identical
Gaussian smearing kernels with width £ ~ 0.055 in the notation
of Ref. [141] and differ in the number of iterative applications of
this kemel.

Sy ={Nr,Nw} where Ny (Ny) denotes the “thin”
(“wide”) nucleon interpolating operator with the smaller-

(larger-)radius quark-field smearing. The 2 x 2 correlation-
function matrix Ci;)%'ar)(t) for this interpolating-operator
set is diagonalized by solving the GEVP in Eq. (48) to
obtain @E,I'E'G' 'S")(t). The effective energies EE,I'E'G‘ 'S")(t)
defined by Eq. (53) are shown in Fig. 5. The GEVP
correlation functions are fit to truncated spectral repre-
sentations using a variety of minimum source/sink sep-

arations and numbers of excited states, and a weighted

average of these fit results is used to obtain EE,I'%'GT'S”) as
described in Appendix D. The central values and uncer-
tainties (which here and below correspond to 68% con-
fidence intervals determined using bootstrap methods) on
the GEVP energies determined using this fitting pro-
cedure, with fixed values of #y =35 and f = 10 in the
notation of Eq. (50), are

ESSO0SY) 1 20446(83) = 1.636(1)(18) GeV,  (59)

E{' 905 _ 1 770(14) = 2.404(19)(26) GeV,  (60)

where the first uncertainties show statistical and fitting
systematic uncertainties added in quadrature and the
second uncertainties for the energies in physical units
are associated with the uncertainties in the determination of
a = 0.1453(16) fm[15](ambiguities in defining the lattice
spacing away from the physical values of the quark masses
are not quantified). The ground-state energy is consistent
with previous calculations using a larger ensemble of
gauge-field configurations with identical parameters,
which obtained My =1.20467(57) =1.636(18) GeV [18].
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The gap between the ground state and first excited-
state energies is given by 8(13G7Sv) = 0.566(14), which is
smaller than the gap to the noninteracting P-wave pion
production threshold for this volume v+ 2x/L)"+

m2 + (2z/L)? — My = 0.6410(12).

Negligible sensitivity is seen to either the choices of
to €[3,7] and t € [8,12] or the choice of GEVP
effective-energy definition. The variation in f; and f¢ is
discussed in Appendix E. Alternative effective-energy
definitions based on GEVP eigenvalues rather than
GEVP correlation functions computed using the eigenvec-
tors are also shown in Appendix E for comparison. Given
this insensitivity, the value fy = 5 is chosen for the final
results. This choice is motivated by the fact that excited-
state contamination is clearly visible in GEVP correlation
function results for ¢ < 5. Therefore, the approximation that
spectral representations can be truncated to only include the
states overlapping with the chosen interpolating-operator
set may be suspect for ¢t <5, even though fitted GEVP
energy levels are insensitive. The value #, = 2ty = 10 is
then motivated by the arguments of Ref. [100], where under
the assumption that an interpolating-operator set domi-
nantly overlaps with the lowest 7 states, it is shown in
perturbation theory that #, > t/2 is sufficient to demon-
strate that excited-state effects from states outside the
subspace spanned by the GEVP eigenvectors are sup-

(BIFy) _(BIT)) . .
pressed by e~Ez " ~En "] where T is the size of the
interpolating-operator set.

The overlap factors ZL;}%'GT'S”) are obtained from

Eq. (56) using fit results for the GEVP energy levels
and eigenvectors with the same fixed 7y and 1.

Normalized relative overlap factors ZE,;,‘IE'GT'S”) are then
obtained from Eq. (57) and are given by

203909 04488(3), 29 = 0.5512(3),

Zi —0893), 2NN —on1(3).  (61)

These GEVP results for EE,I'%'GT'S”)(I) and Zf,:,'%'ar's”) can
be used to reconstruct the correlation-function matrix in
the {Ny, Ny} basis using Eq. (47). These GEVP recon-
structions can be compared to numerical results for

Ci,;}f'c‘ 'S”)(t) to check how well a spectral representation

including only the GEVP energy levels can describe the full

. . . 11GHs
correlation function. The effective masses Eix,f ! ”)(t)

obtained from the diagonal and off-diagonal elements of
the correlation-function matrix are shown in Fig. 6, along
with the effective masses obtained from the corresponding
GEVP reconstructions using Eq. (47). The GEVP recon-
structions reproduce the effective masses obtained from
the { N7, Ny} interpolating operators within 26 uncertain-
ties for t= 1ty =5. The central value of the GEVP

reconstruction of the [Ny, Ny| effective mass approaches
the GEVP ground-state energy from below because

é’(lkai,i's") = —0.12(2) is negative. These excited-state

effects in [Ny, N7| are suppressed by both the small

excited-state overlap of Ny and by TN i
t>> 1/602GSv) = 1.77(4), and it is clear from Fig. 6
that excited-state effects in [Ny, Ny| correlation functions
are negligible for r = 5.

B. The dineutron channel

The LQCD energy spectrum for two-nucleon systems
with I = 1 is independent of I, in this isospin-symmetric
calculation and results for nn, pp, and spin-singlet pn
systems are equivalent; this channel will be referred to as
the dineutron channel below in order to distinguish it
from the I = 0, spin-triplet deuteron channel. S-wave two-
nucleon wave functions in the I = 1 channel are associated
with the I'; = A] representation in the infinite-volume
limit, as discussed in Sec. Il C. The FV analogs of S-wave
@1.4)
atg
8 labels the relative-momentum shell with all positive-
parity plane-wave wave functions with 8 € {0,...,6}
included in our calculations, ¥ labels the multiplicity index
of the relative wave function (which for the I'; = Af
dineutron channel is simply 1), and g € {T, W} describes
whether thin or wide Gaussian smearing is used on all
six quark fields. In addition, we include hexaquark

dineutron operators are dibaryon operators D , Where

2,14} . 2,1,A7) .
operators H; 1) and quasilocal operators Qgg A1) with
exponential  localization ~ scales  k, € {Kj,k,k3} =

{0.035,0.070,0.14} in lattice units, corresponding to
{48,95,190} MeV. These quasilocal wave functions
resemble FV two-nucleon bound-state wave functions with
binding momenta corresponding to k, that are associated
with binding energies of {0.0010,0.0041,0.016} in lattice
units, corresponding to {1.4,5.5,22} MeV. This ranges
from less than the binding energy of the deuteron in nature
to the average of the more deeply bound results for negative
FV energy shifts for the dineutron [0.0111(21), 0.0127(21),
and 0.0137(17), corresponding to 15.1(2.8), 17.3(2.9), and
18.6(2.3) MeV] and deuteron [0.0165(26), 0.0206(22),
and 0.0194(23), corresponding to 22.5(3.5), 28.0(3.0), and
26.3(3.1) MeV] channels obtained in Refs. [15,18,25] for
the same gauge field ensemble.

The set of two-nucleon interpolating operators computed
in this work with / = 1 and I'; = A} includes 22 dibaryon,
hexaquark, and quasilocal operators. However, a
correlation-function matrix including all 22 interpolating

2,14} , .
operators leads to det[CL{ A )(t)] consistent with zero at 1o

for all ¢. This suggests that at our current statistical
precision, this is effectively a degenerate set of operators
that has statistically significant overlap with fewer than 22
LQCD energy eigenstates. In fact, all I =1, I['; = Af
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FIG. 6. Points with error bars show single-nucleon effective masses for several correlation functions built from the interpolating-
operator set Sy. Gray bands are GEVP reconstructions determined by inserting GEVP energies and overlap factors into truncated
spectral representations for the correlation functions shown. In particular, the gray bands are not obtained using fits to the individual
correlation functions shown. The GEVP reconstructions are displayed for 7> f;. Inset histograms show the central value and
68% confidence intervals (the error bars) for the relative contribution of each GEVP eigenstate to the corresponding y, ¥’ element of the
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correlation-function matrix, that is Z fmi L

and orange bars (n = 1) in the right.

interpolating-operator sets with more than 16 interpolating
operators are similarly found to be degenerate. Sets with 16
or fewer interpolating operators can be constructed that

satisfy det[Cﬁ,‘l'Aﬁ(t)] # 0 and are therefore nondegenerate
at high statistical significance.

One such nondegenerate interpolating-operator set is
given by the 16 operators

2,14} 2,1LAF 2,1LA7
So ) = {Dg, ™ 18 € {0, ... 6}, E e {1},

ge{T,W}}, (62)

where the multiplicity index ¥ is necessarily unity because

.)V(;AT) = 1. This set includes two copies (one for each
quark-field smearing) of the seven dibaryon operators
required to describe noninteracting nucleons with rela-
tive-momentum magnitude less than \/5(%) in the A} irrep
as well as two hexaquark operators (for the two quark-field
smearings). Alternative interpolating-operator sets includ-
ing different sets of 16 or fewer interpolating operators are
investigated below. The same fitting procedure described in

Sec. Il A is used to determine EE,Z'MT'S“). The FV energy

) as defined in Eq. (58). They are colored as in Eq. (50), with blue bars (n = 0) in the left

shifts AEE'MT'S'}) are determined from analogous
weighted averages of correlated differences of fit results

for E"*% and ZEEI'E'GT'S”) with independent fits
performed for one- and two-baryon correlation functions
as detailed in Appendix D. Results for the GEVP effective

FV energy shifts as well as fit results for AEE‘MT‘S'})

2,1,A7,8 . .
and Zg, 4150 for the eight lowest-energy states obtained

with S{@?JAT) are shown in Figs. 7 and 8. The ground- and

first-excited-state FV energy shifts obtained using Sg‘m, )

with this fitting procedure are

AESTS) — _0,00245(50) = —3.33(68) (4) MeV,
AEPYTS) Z0.02264(87) =30.7(1.2)(0.3) MeV.  (63)

Results for the eight lowest-energy states obtained with this
interpolating-operator set are tabulated in Appendix F.
There is a clear gap between the lowest- and highest-
energy halves of the GEVP energy levels obtained with

8(@?“""”, as seen in Fig. 9. The higher-energy levels (n > 8)
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FIG. 7. Results for two-nucleon GEVP effective FV energy shifts for the eight lowest-energy states with / = 1 and I'; = AT
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obtained using the interpolating-operator set Sg, defined in Eq. (62). Histograms show 2Zj

)

and are analogous to those in

Fig. 5 with the addition of a dashed line separating interpolating operators with thin (left) and wide (right) Gaussian quark-field

smearing; the operators with each smearing are ordered with

rightmost.
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satisfy AEE,Z'MT'SO)(I) > 5(12G1-Sv) for all ¢ where signals
can be resolved despite the presence of many noninteracting

. 2,1A+S

two-nucleon energy shifts between AEg A1%0) and
2,14}, . . .

AE; A1%) One scenario consistent with these results,

which is investigated further below, is that several QCD

LAY .Sy)

EZMTS) byt

. 2,
energy levels exist between EE, and

S{@?‘IAT) does not include interpolating operators with sig-

nificant overlap onto these states. The dineutron-channel
excitation energy gap corresponds to 1/82141S0) = 40(2)
lattice units or 5.8(2) fm. Degrading statistical precision limits
the results to the regime ¢ < 1/8(147-%) where it should not
be surprising that a scenario could arise in which the energy
states making the largest contributions to the correlation-
function matrix used are not simply the lowest-energy states.

Overlap-factor results demonstrate that states n €
{0,...,7} each dominantly overlap with either dibaryon
operators with a single 8 or with hexaquark operators
as shown in Figs. 7 and 8. States corresponding to
n € {0,1,2} have maximum overlap with Dy, operators
with 8 = n, the n = 3 state has maximum overlap with
H, operators, and n € {4,5,6,7} states have maximum

T T T
1ot | ]
. i
=
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- ;= _
TE = . B
—_—— = F T I -
:t)/ = = F 3 : L
5 06} ol - % 1
P S o S S O
= i L
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o -
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< 04} - .

FIG.9. Compilations ofthe n € {0, ..., 7} GEVP effective FV energy shifts shown in Fig. 7 (left) and of the full set of n € {0, ..., 15}

results (right) obtained with the interpolating-operator set Sg”]’ﬁn . Noninteracting two-nucleon FV energy shifts 2/M3, + 8(27/L)* —
2M, with 8 € {0,1,2,3,4,5,6, 8} are shown as dashed gray lines, and the single-nucleon excited-state energy gap &' 13G7Sv) is shown
as a shaded orange band. Horizontal offsets are applied to points and fit bands in the left panel for clarity.
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overlap with Dy, operators with 8 = n — 1. In particular,
the ground state has maximum overlap with 8 = ( dibaryon

operators, with ) _, 3(2 M‘ ) =0.712(8), and it has next

largest overlaps with 6 =1 dibaryon operators, with
2 Z{(}E::?T‘Sa) = 0.095(5), and hexaquark operators, with
Sy 2 = 0,0918(8).

The eight lowest energies obtained using S@ M) are
shown compared to the locations of the noninteracting

two-nucleon energy levels 24/M3 + 8(2x/L)? in Fig. 9.
The GEVP energy levels ne€{0,1,2,4,5,6,7} each
appear slightly below one of the 8 € {0,1,2,3,4,5,6}
noninteracting levels, with the n =3 state determined
much less precisely than the other states. The presence of

the n = 3 state dominantly overlapping with the Hﬁ'mﬁ
operator and appearing as an “extra level” when com-
pared to the noninteracting two-nucleon spectrum is
reminiscent of the extra level found in the vicinity of
the p resonance in studies of zx scattering that domi-
nantly overlaps with local quark bilinear gy;q interpolat-
ing operators [77,78].

The structure of this interesting “extra level” can be
further investigated by studying the dependence of this

energy level on variations in the interpolating-operator set

2,1.47)

used. As shown in Fig. 10, removing the HE‘, operator

2,1,A} . .
from S(@ 1) before solving the GEVP leads to a consistent
energy-level determination at the 2¢ level but increases the
excited-state effects contamination at small . Removing

the H;?JAT) operator conversely only slightly modifies the

small-t behavior associated with excited-state effects and
leads to an almost identical fitted energy with slightly larger
uncertainties. Surprisingly, excited-state contamination is

seen to be worse for t < 5 with H( 14D included than with
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=
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FIG. 10. The GEVP correlation functions for the n = 3 energy
level dominantly overlapping with hexaquark operators, also
shown in Fig. 7, is displayed in red with a horizontal offset for

clarity. It is compared with analogous GEVP correlation func-

tions for interpolating- opemtor sets in which H " @140 i removed,
A7)

in green, and with H{ removed, in purple.

this operator excluded from an otherwise identical inter-
polating-operator set. In all cases this n = 3 energy-level
dominantly overlaps with the hexaquark operators

included: with 8(2 LA , the HE‘MT} and H?'Mn overlaps
are 0.56(1) and 0.16(1), respectively; with only H"*"
included, the overlap with this operator is 0.79(1); and with

only H?'I'Aﬁ included, the overlap with this operator is
0.64(3). It is discussed further below that removing both
hexaquark operators from the interpolating-operator set
leads to determinations of the spectrum in which this level
appears to be absent. Although the statistical uncertainties
of this level are significantly larger than the others, it is
clear that the presence of this energy level is a robust feature
of the QCD spectrum that is revealed at the ¢ and statistical
precision of this work only by calculations including
hexaquark operators. Precise determinations of the spec-
trum in this energy region in multiple volumes will be
required to understand the nature of a possible resonance or
virtual bound state associated with this energy level.

The higher-energy GEVP energy levels n € {8, ..., 16}

obtained using S(@?JAT) are all with

AEE,Z'MT'SG) > 5(12G1Sv)  Given the presence of GEVP
energy levels close to the noninteracting 8 < 6 levels (and
the absence of noninteracting energy levels with 8 = 7),
one expects there to be QCD energy levels close to the
8 > 8 noninteracting states, and therefore at lower ener-
gies than these higher-energy excited states. [tis plausible

consistent

that such energy eigenstates exist, but 8(@?“”"” does not
have any interpolating operators with significant overlap
onto them (in comparison to the overlaps with other
states). In this case, the higher-energy excited states are
not free from contamination from lower-energy states.
The GEVP energy levels associated with these higher-
energy states are therefore not considered to be reliable
and are not reported.

Other nondegenerate sets with 16 or fewer operators can
also be constructed. Results for the ground-state FV energy
shifts for a variety of interpolating-operator sets,

s 1.4}) :{ (ez;gm s e {0}}

(2 14%) {D(ezfgmﬂ H(z JLAS )|5E {0}}

55 ={ el o, P s e 1, 6},
(2 14%) {ng 1,4%) Dﬁ;Aﬂ H;Z‘I‘ATHQE{I,---,G}},
(2 LA} :{ (2.14%) Dgﬁ;glAT) (2,1,4F )|§E{l 6}}
sED _ {140 p@iad p1 4 s e (0.2, ...6 ),

(64)
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leading to relatively grecise GEVP correlation functions are
shown in Fig. 11."® For all of these sets, f € {1} and
g € {T, W}. The ground-state FV energy shifts for these

147)

sets are consistent with the results for S@ at lo. It is

2,1
noteworthy that ground-state energy results from 8(@ A ),
which only includes Dy, operators, are consistent at this
level of precision with ground-state energy results using

(2.147) . (2.1.47) :
Se . It is also noteworthy that Qg4 operators with
all three values of x, can be included in place of Délg'A )
operators without significantly affecting the ground-state

FV energy-shift results, although the ground-state energy

|1
precision decreases as k, is increased. Further, the Q( A

operators can be included alongside DélgA )

LAY)

operators in

place of D( operators; this significantly decreases the

precision of the ground-state FV energy shift and leads to
some distortions of the higher-energy spectrum but leads to
consistent results for the ground-state energy Replacing
p&LAn) A7)

8lg
leads to even less precise results, suggesting that the

2,14} . .
EIQ Ar) operators dominantly overlap with the same

ground and first excited states identified by GEVP calcu-

operators with larger 8 with qu operators

: , 2,14} - , . ..
lations using S(@ A1) This is consistent with a scenario in
which there are 16 LQCD energy eigenstates that have

significant overlap with the 22 operators of the forms
D(frgmﬂ H(2 AT , and Q%Mﬁ used here.
In general, operator sets with fewer than 16 operators

do not give results that are qualitatively or quantitatively

, , , , 2,LA}
consistent with results obtained using S(@ 1) Results for

sets of 14 operators,

§3140 _ { &) g e ..
m € {0, ..., 6},

&(2, 1A 2,1,A4F

So """ = {Da; Hse {0.....6}}, (65)

6}\m},

obtained by removing one of the two-nucleon operators
with both smearings or the hexaquark operators with both
smearings, are shown in Fig. 12. It is noteworthy that the

+
") is consistent
LAT)

lowest-energy state obtained using S@

with the first excited state obtained using S@ rather

laRt=:1ati\ﬂ=:1y precise GEVP results can also be extracted from
the correlation-function matrices studied in Ref. [153] using an
(2.1.47

additional operator set related to S{ 14D by replacing Qs

with Q{ZM However, using the larger set of correlatlon—
function matrices included in the analysis presented here, the
comresponding correlation-function matrices are found to be
degenerate within 16 uncertainties.

than the corresponding ground state. Although Sg‘uﬁ
includes interpolating operators that are not orthogonal to

the ground state identified by 8(@2“"“) (the overlap factors

3(2 1A Sg) LAY)

computed using S@ are nonzero at high

atatlatical significance for several of the interpolating
( I'A+ C§(2 'Al

S@ overlapa more strongly with some excited state
than with the ground state. Therefore, over the range of ¢
considered here, the GEVP results resemble a spectrum that
LAY)

operatora mcluded in Sg )) each operator

is missing the S@ ground state, while results for the

other levels are largely unaffected (note that the lowest
M7 i still a valid bound on the
ground-state energy). Results for sets 8( 1A+) S(Z A7)
LAY)

energy obtained using S@

similarly resemble results for S@ with one low-lying

energy level “missing” while the remaining energy levels

are largely unaffected. Results for Sg“""”

1.4})

similarly

resemble results for S@ without the “extra level”

dominantly overlapping with the Hﬁ'l'An operators.
These results demonstrate the importance of using an
interpolating-operator set with significant overlap onto
all energy levels of interest and further demonstrate that
having a large interpolating-operator set is not sufficient to
guarantee that a set will have good overlap onto the ground
state or a particular excited state. It is also not guaranteed
that adding linearly independent interpolating operators
will allow a larger nondegenerate correlation-function
matrix to be resolved at a given statistical ensemble size
(as demonstrated here by the onset of degeneracy if

quasilocal interpolating operators are added to Sg'mn).
These results suggest that it is difficult to diagnose the
presence of missing energy levels, since GEVP results for
interpolating-operator sets that give rise to missing energy
levels do not show obvious signs of inconsistency without
comparing them to results from a more complete set.
Because the positions of the energy levels that are identified
by these smaller interpolating-operator sets are consistent
with the energy levels appearing in more complete sets, the
scattering phase shifts associated with these energy levels
will also be consistent and the appearance of a missing

level, for example, in results for §® LA ), is no more

obvious from a scattering amplitude analysis than from
inspection of the FV energy shifts, see Sec. lIID.

The individual correlation functions associated with the
interpolating operator most strongly overlapping with each
GEVP energy level provide good approximations to the
GEVP correlation functions for ¢t 2 ty, = 5, as shown in
Fig. 13. In all cases the FV energy shifts associated with
[Dg1w, Dg1w| correlation functions approach the GEVP
results from above. The FV energy shifts associated with
[Dg1w, Hw] correlation functions are also shown in Fig. 13.
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FIG. 11. The bottom panel shows the ground-state FV energy shifts obtained using GEVP correlation functions with interpolating-

operator set Sg 47 shown in Fig. 7 (blue) compared to results obtained using seven other interpolating-operator sets defined in Eq. (64)
(purple). Other panels show the ground-state effective FV energy shift for each interpolating-operator set as indicated in the
comresponding legend.

Both the effective energies and the effective FV energy = 5 until signal-to-noise degradation makes the difference
shifts for all [Dgy, Hy| correlation functions are consis-  consistent with zero. Applying the same fit range selection
tently (1-4)o below the corresponding GEVP results for ~ and weighted averaging procedure described in
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FIG. 12. FV energy shifts obtained using GEVP correlation functions with interpolating-operator set Sg AT (left column in each
panel and corresponding to Fig. 7) are compared to results obtained using the interpolating-operator sets defined in Eq. (64) with
ground-state energy shifts featured in Fig. 11 (left), as well as the eight other interpolating-operator sets defined in Eq. (65) (right). The

color coding for Sg AT

Appendix D to a combined fit of [Dg,,, H,] correlation
functions with s € {T, W} gives a ground-state energy
result of —0.0186(28). The same fit procedure applied
to [Dy,,,H,] gives a result for the first excited state of
0.0097(33). Higher-statistics analyses of [Dy,,, H,] and
[D114, Hy| correlation functions with smeared sources and
both smeared and pointlike sinks in Ref. [15], Ref. [25],
and Ref. [18] give more precise results of —0.0111(21),
—0.0127(21), and —0.0137(17) for the ground-state FV
energy shift, respectively, and Refs. [16,18] give results of
0.0165(26) and 0.0157(25) for the first-excited-state FV
energy shifts, respectively. These are consistent with the
[Dg14, H ] results of this work at 2. The first excited-state
energy determined in Ref. [25], —0.0061(9), is obtained
using asymmetric correlation functions with spatially
displaced two-nucleon sources and Dy, sinks. There is
therefore consistency between results from different stud-
ies using similar interpolating operators, as shown in
Fig. 14 for the ground state, but interpolating-operator
dependence is significantly larger than the statistical and
fitting systematic errors obtained using single- or multi-
exponential fits with a given interpolating-operator set.

energies follows that in Fig. 7, and the dashed lines show noninteracting two-nucleon energies as in Fig. 9.

Interpolating-operator ~ dependence also leads to

. 2,1,A7,S . . L
differences between AEE, 419 obtained using variational
methods with different S that are larger than their uncer-

tainties, in particular AE((}Z‘I'AT‘SU) = 0.0218(10) differs
from AEEZ'MT'S'}) by 2le, and it is important to recall

that the correct interpretation of results obtained using
variational methods is as upper bounds on energies. In

other words, the ground-state energy bound obtained using

=(2,L,AF) . ) .. ..
8(@ A7) is valid, but it is less constraining than the bound

obtained using 8(@?“""' ),

2,1A+S 2,LA7 .S
Results for E, i:S0) and ZE, 1S0) can be used to

reconstruct correlation functions for particular interpolating
operators as discussed for the nucleon in Sec. [I[ A. The

interpolating-operator set 8(@?“""') includes Dézl;A‘) and

2,1.AF . . .
H; A1) operators and the correlation-function matrix for

S(@?'MT} therefore includes [Dy,,, Do ). [Do1g H,. and
[H,,H,] correlation functions. Reconstructions of the FV

energy shifts associated with positive-definite [Dg,,, Dg),|
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FIG. 13. The upper (lower) panels show differences between the effective FV energy shifts computed using correlation functions with
dibaryon sources and sinks [D g, Da;w] (hexaquark sources and dibaryon sinks [Da;w, Hy]) and the fitted FV energy shifts for the

S{z 14D GEVP energy levels that dominantly overlap with DA which are n € {0, 1, 2} for the left panels and n € {4, 5,6, 7} for

a1w
the right panels.
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FIG. 14. Comparisons of FV energy-shift results for the n=0 and n=1 states between previous results obtained in
Refs. [15,16,18,25] using the same gauge field ensemble with [D, H] correlation function (as well as displaced sources in Ref. [25])
and results of this work obtained using variational methods with interpolating-operator set Sg AT , interpolating-operator set §® 1A
(in which the operators dominantly overlapping with the ground state are omitted), and nonvariational results obtained using [D, H]|
correlation functions. Arrows emphasize the fact that the variational method provides (stochastic) upper bounds on energy levels and
therefore FV energy shifts under the assumption that the nucleon mass is accurately identified, while [D, H] correlation functions
provide an estimate of the energy but have systematic uncertainties in both directions that are difficult to estimate.

correlation functions with 8 € {0, ...,6} and g € {T, W}
are shown in Fig. 15. Consistency between correlation
function and GEVP reconstruction results is found at

Analogous GEVP reconstructions for [Dy;,, Dy,
[Doig, Hy), and [H,, H,| correlation functions are shown

the (1-2)o level for tZ 6. Significant deviations for
[Dgir, Dgir] can be seen at ¢ =5, which suggests that
contributions to correlation functions with thin smearing
from excited states outside the GEVP energy levels can
only be neglected for t = 6.

in Fig. 16. There is agreement at the (1-2)o level between
the GEVP reconstructions and correlation function results
for t 2 6. The [Dgw, Dojw] correlation function is domi-
nated by the GEVP ground-state contribution with overlap

3(2141.5)

0Dy Dy = 0-962(7) and includes a few-percent-level
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FIG. 15. Points with error bars show effective FV energy shifts for positive-definite dibaryon correlation functions [Dgy,, Dg;,] With
8 € {0, ..., 6} from bottom to top with wide (thin) quark-field smearing in the left (right) panel. Gray curves and bands show the central
values and 68% confidence intervals for GEVP reconstructions that are obtained by inserting GEVP energy-level and overlap-factor

N
results obtained using the interpolating-operator set §g,1,al )

into the spectral representations for these correlation functions forall 7 > 1,

in analogy to Fig. 6. In particular, gray curves and bands are not obtained directly from fits to the correlation functions shown. Relatively
large uncertainties on the higher-energy half of the spectrum lead to larger uncertainties in GEVP reconstructions at small 7, particularly

for the narrow smearing case in the right panel.

conftribution from the GEVP first excited state. The
apparent plateau below threshold in the [Dg,w, Hy] corre-

lation function is reproduced by the GEVP reconstruction

with 2’%;12?1) = —0.61(4), a significant opposite-sign

from the first GEVP excited state

=0.14(1), a smaller contribution from the

contribution
=(2.1LA].S)
ZlewHw

second GEVP excited state E’%xiﬁ'}) =0.04(1), and

even smaller contributions from higher-energy GEVP
excited states. The GEVP reconstruction predicts that the
[Do1w, Hw] effective FV energy shifts approach the GEVP
ground-state FV energy shift for large ¢, and in particular
that the GEVP reconstruction of the [Hy, Dg,y/| effective

FV energy shift reaches lo consistency with AEEZ'M‘ So)

only for an unachievable ¢ = 80. It has been previously
argued in Refs. [80,86], based on calculations using the
HAL QCD potential method, that [D,H] correlation
functions exhibit large FV energy shifts at ~1 fm that will
approach values closer to threshold for similar ¢ to those
predicted by the GEVP analysis here. Although the results
of Ref. [80] and the GEVP analysis here both indicate

significant opposite-sign contributions to [D, H] correlation
functions from the ground state and low-energy excited
states, the pattern of E’&hﬁ;?) predicted in Ref. [80] is
relatively constant in 8 while the overlap factors calculated
here decrease rapidly with increasing 3. Further, there is no
evidence for the extra level associated with hexaquark
operators found here in the potential-method-based results
of Ref. [80].

Other asymmetric correlation functions exhibit effective
FV energy shifts significantly below threshold with mild ¢
dependence over the range ¢ = 5 where signals can be
resolved. Results for [Dgr, Dg | correlation functions
with 8 #0 are shown in Fig. 17. These correlation
functions show FV energy shifts ~0.1 below threshold
with mild, although in some cases statistically significant, ¢
dependence. Applying the same fitting procedure described
above to these correlation functions leads to statistically
significant FV energy shifts in several cases: —0.065(14),
—0.084(21), —0.088(18), —0.049(27), and —0.053(10)
for 8=2 to 8 =6, respectively. Conversely, a large
fitting systematic uncertainty is obtained for 8 = 1 with

094508-31



SAMAN AMARASINGHE et al

PHYS. REV. D 107, 094508 (2023)

0.010 ——
0.005F T
— +
= 0000 $
0 =
~3 Fratlgegpae
<3 —0.005F % o| L
- 4
<) -
& —0.010f
<
—0.015F b
—0.020 ' - :
5 10 15
t
0.02 = . .
0.01F
m _
= 000
T mg ]
& 1 ]
o =0.01F f. 0 [T — s =
s 0.01 5 T I
S5 -0.02f % g ]
=0 3]
= . ]
<] -0.03F 'y :
—0.04f ]
_UIU5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15
t
0.4} _
= -
oe 021 o 1
==o 28 g o
g —am g &
S S
& 00 %
< 1
-0.2F @ ]
0 5 10 15

t

0.010 = . . .
0.005F ]
— : —
. 0.000—s=ses ET§..
= [ == (il
paala] _F ]
fz*g —U,UUJ; / 1 ]
o . -
5 —po10f ]
< E
—0.015F ]
o020l
0 5 10 15
t
0.02 ~ . . .
0.01f :
< 0.00f
—~ r
TS 001}
el ;
a8 —0.02F
= ;
< _po3f
—0.04f
—0.05
0
04t
E L
~ 02t
o, L
=g
TR
P -
@ 00
d L
_02_
0 5 10 15

FIG. 16. Effective FV energy shifts and GEVP reconstructions obtained using S({; 4 for [Do1g. Dorgl, [Do1g, Hy), and [Hy, Hy]
correlation functions with wide (thin) quark-field smearing are shown in the left (right) panels. Histograms show the central values and

68% confidence intervals for the relative contributions EL::’;AT’%

) of each GEVP energy level to the comrelation function. Bars

correspond to n values increasing from left to right, with coloring consistent with Fig. 9. Overlap factors for thin smearing interpolating
operators are more sensitive to less precisely determined high-energy excited-state energies, which leads to the relatively large

in 2{2,],;&?’,%]

uncertainties Dy Hy

a result —0.1(1.1). The GEVP reconstructions using

8(@?“*”‘” reproduce the subthreshold behavior of all these

correlation functions over the range of t where signals can
be resolved through opposite-sign linear combinations of
ground-state contributions and contributions from excited
states above and below the single-nucleon first excited
state. One possible interpretation of the fact that GEVP

. 2,1,4F) .
results using S(@ A1) with a ground-state energy of

—0.00245(50) can reproduce the subthreshold behavior
of these correlation functions is that these subthreshold
effective FV energy shifts are not associated with physical

states at these energies but are 7-dependent combinations of
energy levels. Another possible interpretation is that some
or all of these asymmetric correlation functions are over-
lapping with states below threshold that are not visible in

the GEVP correlation functions obtained using 8(@?“""”. In

particular, it is straightforward to construct toy examples of
overlap factors for which asymmetric correlation functions
constructed from nearly orthogonal source and sink inter-
polating operators overlap with deeply bound states that
do not contribute to the corresponding positive-definite
diagonal correlation functions. Consider for example a
three-state system and a pair of interpolating operators A
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FIG. 17.

8 € {1, ..., 6}. Histograms of ZBLATS)

. are as in Fig. 16.

and B, with the true energy spectrum for this toy model
given by

AB
Eg" =n-a,

E” =n B =nts (c6)

and normalized overlap factors for operators A and B onto
these three states (in increasing energy order) given by

Z, = (e, \/1—52,0), 2y = (6,0,\/1 —e?), (67)

with € < 1 and real. Positive-definite [A, A] and (B, B|
correlation functions will overlap dominantly with the first
and second excited states, respectively, while asymmetric
[A, B] correlation functions will overlap perfectly with the
ground state and may or may not be positive definite
depending on €. In the € — 0 limit (or in practical situations

(2,1,47)
DUIT"-;le (t)

AEp”
&
=

(t)
Loy
HH

HH
=31
EH:
a8 “

(2,1.45)
DoyrDaw

AEp
)
=S

(t)

(2.1,45)
DoyrDeiw

AEp!
5

t

Effective FV energy shifts and GEVP reconstructions obtained using Sg A [Do17, Daiw] correlation functions with

where e~ (0 within statistical uncertainty), the GEVP
solution to the 2 x 2 correlation-function matrix using
the interpolating-operator set {A, B} will simply be the
[A,A] and [B, B] correlation functions. Corrections arising
from nonzero € can be calculated exactly and admit a
simple perturbative expansion in €. To O(€*) accuracy, the
GEVP eigenvalues are given by

AEAB) _ e—(r—rﬂ)q[l +€2(em _ e:ua) + 0(64)],

A(IAB) = ¢~ (-0)1+)[] 4 ¢2(e!(8+6) — o1(8+6)) 1 O(eH)),
(68)

demonstrating that variational methods will not recover

the true ground-state energy that dominates the [A, B]
correlation function unless ¢ is large enough that e
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compensates for the O(e?) overlap-factor suppression of
the ground-state contribution to the GEVP eigenvalues.
This example can be trivially generalized to include more
states. If states with energies much further below threshold

than EEZ‘IA, ) are present in QCD, additional interpolat-

ing operators that are nearly orthogonal to the dibaryon,
hexaquark, and quasilocal interpolating operators included
in this calculation will be required to construct an inter-
polating-operator set that strongly overlaps with them.
Correlation functions for two-nucleon systems with
I =1 and other cubic transformation properties associated
with nonzero angular momentum can also be constructed
using linear combinations of plane-wave dibaryon oper-
ators as described in Sec. Il C. Interpolating operators with
I=1andT; € {E*,T;, T}, A5} require nontranslation-
ally invariant wave functions and therefore only the Dy,
operators with 8 # 0 contribute to these irreps. The set of
interpolating operators computed for these irreps does not
include additional operators besides two copies (for the two
quark-field smearings) of each plane-wave dibaryon oper-
ator required to describe noninteracting nucleons, and for
these irreps the full sets of interpolating operators are
nondegenerate. Results for GEVP FV energy shifts
obtained using the same fitting methods applied to the
A irrep are tabulated in Appendix F. The lower-energy
half of the GEVP energy levels are in one-to-one corre-
spondence with the noninteracting two-nucleon energy
levels with the same 8, as shown in Fig. 18." Also, as
in the A} irrep, the higher-energy half of the GEVP energy

levels satisfy AES"T7S0) > 5(13G1Sv) and appear above
noninteracting energy levels not associated with interpolat-
ing operators present in these sets. These higher-energy
GEVP correlation functions, therefore, can be expected to
contain contamination from lower-energy states that
weakly overlap with the interpolating operators present
in this calculation, and the associated GEVP energy levels
are considered unreliable and not presented. Since only
dibaryon operators are included in these irreps, states that

are analogous to the relatively noisy state in the A irrep for

which zf,;,‘q > 20 '.f /)

their extraction would require additional localized oper-
ators to be included in the interpolating-operator set.

may well exist in these irreps but

C. The deuteron channel

The [I=0 deuteron channel includes flavor-
antisymmetric pn systems that for positive-parity spatial
wave functions must be antisymmetric in spin and therefore

"Note that the noninteracting two-nucleon energy levels have

nontrivial multiplicities Ng‘“ ), as shown in Table III, and in
particular vanish for some choices of 8 and I';. This leads to the
absence of energy levels for some combinations of 8 and I'; in
Fig. 18 as well as the presence of multiple closely spaced energy
levels near some other combinations of 8 and T';.

in a cubic FV have 'y = Tf'.m Hexaquark, quasilocal, and
8 = 0 dibaryon operators in this channel have I', = A}
and therefore I'; = T'[. Due to spin-orbit coupling, the I'; =
Ty irrep includes not only 8 > 1 dibaryon operators with
I, = A{ but also dibaryon operators with I, € {E*, T,
T5}. Since the deuteron bound state in nature can be
described as an admixture of §- and D-wave states, operators
with I', € {E*,T; } associated with D-wave wave func-
tions in the infinite-volume limit are of particular interest.
Results for I'; = T}, including operators with all relevant
I's, will be discussed first. Total-angular-momentum cubic
ireps I'; € {T5,E*,A3,A} } are associated with T, # A}
and therefore # > 0 partial waves in the infinite-volume
limit. These will be discussed at the end of this section.
A total of 48 linearly independent interpolating operators
with / =0 and I'; = T are included in our calculations:
two copies for the two quark-field smearings of each of

gzOA((;}'TT) = 20 dibaryon operators, three quasilocal
operators, and one hexaquark operator. Including all
interpolating operators leads to a correlation-function
matrix whose determinant is consistent with zero at lo
for all ¢ and whose eigenvalues cannot be reliably deter-
mined at the precision of our calculation. As in the
dineutron case, operators can be removed until a non-
degenerate set is obtained (defined as a set where the
correlation-function matrix determinant is resolved from
zero). The largest nondegenerate interpolating-operator sets
constructed in this way include 42 interpolating operators.

One choice of a nondegenerate set of 42 interpolating

. 20TH) . .
operators includes all 20 D(erg 0 interpolating operators
with each smearing required to describe noninteracting

nucleons with relative momentum less than \/g(zf) as well

20,T}) . . .
as the two H; 1) interpolating operators corresponding

to thin and wide smearing widths,

20,7} 20.TF) ,,(2.0TF
s¢ ):{Dg,g ) HP |13 €40, ..., 6},

fe {1,...,N§°‘T”},ge (1, W}}, (69)

where the multiplicities of dibaryon operators with 8-shell
i)

relative momenta N’ (30' are shown in Table III. Results

for GEVP effective FV energy shifts using Sg'ﬂ'rr) and the

corresponding fit results for AEE,Z'O'TT'SU) obtained using the

same fitting methods as before are shown for the levels
n € {0,...,20} in Figs. 19-21. The low-energy GEVP
energy levels include one state that dominantly overlaps

with the H ﬁ‘o‘rf) operator as well as energy levels that

*'This restriction does not apply to NA, AA, and other
operators with the same quantum numbers that are not con-
structed from products of two nucleon operators.
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FIG. 18. GEVP effective FV energy shifts for two-nucleon systems computed using the complete sets of interpolating operators with
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shown and the noninteracting two-nucleon energy shifts are shown as dashed gray lines. Horizontal offsets are applied to points and fit

bands for clarity.

dominantly overlap with each Dg'ﬁ,‘rﬁ operator for each 8

and . The ground-state and first two excited-state FV
energy shifts obtained with this interpolating-operator set
are given by

AEZOTTS) — 000248 (48) = —3.37(66) (4) MeV,

AEPOTTS) Z0.02173(91) =29.5(1.2)(0.3) MeV.  (70)

The inverse excitation-energy gap for the deuteron channel
corresponds to Euclidean time 1/8207T7-%) =41(2) in
lattice units or 6.0(3) fm, and degrading statistical precision
limits our results to the regime ¢ < 1/82077:S0) Further

results for AES*"5 are presented for n € {0, ...,20} in
Appendix F and a compilation of the GEVP effective FV
energy shifts for these states is shown in Fig. 22. The
lowest-energy half of the GEVP energy levels are below the
8 = 6 noninteracting energy level, while the highest-energy
half of the GEVP energy levels are at significantly higher

L 2078 1 .
energies with AEE 1S0) > §5(13G1S¥) | Several noninter-

acting energy levels lie in the gap between these two halves
of the GEVP energy levels, and as in the dineutron channel
it is very likely that there are missing energy levels
associated with states in this energy range that do not
have significant overlap with the interpolating operators in

Sg OT%) The higher-energy half of the GEVP energy levels

are therefore considered unreliable and are not reported.
Overlap-factor results demonstrate that states n &
{0, ...,20} each dominantly overlap with either dibaryon
operators with a single 8 or with hexaquark operators as
shown in Figs. 19-21 and 23. As in the dineutron channel,

the ground state has maximum overlap with 8 = 0 dibaryon

operators with } Z(()i‘)g;rr‘g") =0.60(1), and has next

largest overlaps with 8 =1 dibaryon operators with
2 Z%?;ZT'SO) = 0.103(4), and hexaquark operators with

ZQZ&S'TT'SG)zO.OSS(l). The excited-state spectrum
includes sets of approximately degenerate energy levels

with multiplicity A((eo‘rf) that are close to the noninteracting
8-shell energies and separated by comparatively large
energy gaps. States within each closely spaced set can
be clearly distinguished by their overlap factors and
dominantly overlap with either T, = A} or Ty #A]
operators, although the size of subdominant contributions
increases with increasing 8.

The state corresponding to N = 6 has maximum overlap

with HEZ'O'TT) operators and, as in the dineutron channel,
appears as an extra level not present for noninteracting two-
nucleon systems. This level is at a similar excitation energy
to that in the dineutron channel. As in the dineutron
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FIG.19. Results for two-nucleon GEVP effective FV energy shifts for the lowest-energy GEVP correlation functions, n € {0, ..., 7},

with I =0,I"; = T obtained using the set Sg’ oy

.
zLi,n,rl S0)

) Statistical and systematic fit uncertainties are shown as in Fig. 7. Histograms of

are analogous to the histograms in that figure and include a dashed line separating thin (left) and wide (right) quark-field
smearing as well as dotted lines that further divide the operators into subsets corresponding to I', = Af, ET, T, T5 from left to right.
Hexaquark operators appear rightmost among operators with I', = A}.
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FIG.20. Results for two-nucleon GEVP effective FV energy shifts for statesn € {8, ..., 15} obtained using the set S({E:!,n,rf) . Symbols

and bands are analogous to those in Fig. 19.

channel, the structure of this level can be further inves-
tigated by studying variations with interpolating-operator
set. As shown in Fig. 24, removing the Hﬁ‘o‘rf)
from S(@?'O'TT) leads to a 2o shift in the fitted energy level

and a significant increase in the excited-state contamination

operator

visible at small ¢. Conversely, removing HE'O'TT) leads to
small differences in the size of excited-state effects and in
the fitted energy results. In all cases this n = 6 energy level
has maximum overlaps with the hexaquark operators

@OT) e 0T

included: with S, and H?'O'TT) overlaps
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(2.0,
operator set S,

are 0.28(19) and 0.08(6), respectively, with only H(ZOT )

included, the overlap with this operator is 0.67(2), and with
only H(Z'O'TT) included, the overlap with this operator is
0.82(1). With ST, 1y =5, and 1o = 10, the n = 6
energy level also has significant overlap with Dg'ﬁ}ﬁ) and

DT 6f 0.20(2) and 0.12(2); however, other choices of
to and ¢ lead to smaller overlaps with D( gt

ty and ¢ choices there is no extra level v1sible when no
hexaquark operators are included in the interpolating-
operator set as discussed further below.

The interpolating-operator dependence of the other
GEVP energy-level results in this channel can also be
studied by removing or replacing interpolating operators in
8(@?‘0‘7;)

and for all

as in the dineutron channel. Relatively precise

Results for two-nucleon GEVP effective FV energy shifts for states n € {16, ...,

20} obtained using the interpolating-

™ Symbols and bands are analogous to those in Fig. 19.

GEVP correlation functions are obtained using the inter-
polating-operator sets

2,01 20,1]

so " ={Dg; " 1se {0} },

2,0} 20,TF) o, (20.TF

so " ={ DG, 1y Vs 0},

(201‘+) D(Z'O'TT) H(Z‘O‘T]*)lge{l 6}}
’ »54g LR ’

afg

(zor+) D(zor+) H(zorr)lge{l 6}}
efg LR ’

(2 0.17)

o0 = { o201 ot Hf‘ﬂ'mlﬁe{l,---,ﬁ}},

(20,17) (20T} . (20.T7)
0z, Digy "Dy

{
{d
(2 0.ry) {
=
-

8(2 0,TH)

HP 30,2, 6}}, (71)
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FIG.22. Compilations of the GEVP effective FV energy shifts shown in Figs. 19-21 corresponding to energy levels below the single-
nucleon first excited state and comparisons to noninteracting two-nucleon FV energy shifts (dashed lines) as in Fig. 9. The left (right)
figures show the GEVP energy levels domjnantly overlapping with interpolating operators with I', = A} associated with S-wave states
in the infinite-volume limit (I'; € {E*, T, T; } associated with D-wave and higher-partial wave states in the infinite-volume limit).

The multiplicities of approximately degenerate energy levels are equal to the multiplicities J\f(
.,6} shells.

the noninteracting levels associated with the 8 € {0, ..

where in all cases g € {T,W} and f € {1, ...,N(GO'TT)}.ZI

For the last set ¥ € {2, .. .,JV(IOJT)}. Results for the GEVP
effective ground-state FV energy shifts obtained using these
interpolating-operator sets are shown in Fig. 25 and

. . 20,7} .
compared to results obtained using S(@ ). As in the

dineutron channel, interpolating-operator sets obtained by

replacing Délg V) operators with QE'O'TT)

consistent results for the GEVP ground-state FV energy
shift with uncertainties that increase with increasing k.

Sets obtained by replacing the Dﬁfﬂ)

(2.0.})
qg

operators lead to

operators with

operators also give consistent results for the
ground-state and other low-lying excited-state FV energy

*!As in the dineutron channel, relatively precise GEVP results

can be extracted for an additional operator set related to Sg 0T

by replacing Q;:;’U’TT] with QZ’U’TT] using the ensemble of
correlation-function matrices studied in Ref. [153] but not using
the larger ensemble studied here.

tabulated in Table III for levels near

shifts although the uncertainties on the ground-state FV
energy shift are much larger than those obtained using

S(ZOT ). This is consistent with a scenario in which the
lower-energy half of the GEVP energy levels identified

by S

energy eigenstates, and the Q(m]r 1) operators only have
significant overlap with the same set of energy eigenstates
at the statistical precision of this calculation.

Additional interpolating-operator sets can be obtained by
removing a (thin- and wide-smeared) pair of interpolating

are in one-to-one correspondence with LQCD

operators from S(@f'o'ﬁ) in analogy to Eq. (65),

§eoTh _ {Dg;"TT),Hf‘O‘TT)lée{l,..-,ﬁ}},
g@orh) {Dggof D p2 H@“*Hse{o,...,ﬁ}\m},
me{l,...6},

2,017 2,0,
S ={Dl; Vs 0.....6}}, (72)
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FIG. 24. The GEVP correlation functions for the n = 6 energy
level dominantly overlapping with hexaquark operators, also
shown in Fig. 19, is displayed offset in blue and compared with
analogous GEVP correlation functions for interpolating-operator

. . 20T7) . . . 20.TF
sets in which H;’ T s removed, in green, and with Hiv’ I7)

removed, in purple.

ge({r,w), te{l,. . N}  and

¥ e{2,.. . NO}. Results for the GEVP effective FV
energy shifts and fit results for GEVP energy levels with
n € {0,...,20} using these interpolating-operator sets are
shown in Fig. 26. As in the dineutron channel, it is clear
that removing the interpolating-operator pair that domi-
nantly overlaps with a particular energy level also removes

where

the corresponding GEVP energy level from the results for
the energy spectrum. The fact that a large interpolating-
operator set is not sufficient to guarantee a reliable ground-

state energy extraction is demonstrated by the case of

g(@?‘o‘rf), where a set of 40 interpolating operators leads to a

ground-state energy result that is 5S¢ larger than the

. . . (20,17)
corresponding result obtained using Sg .
Differences between FV energy shifts determined with

individual [Dgw,Hy] correlation functions and the

S(@?‘O'TT) GEVP FV energy shifts from the state maximally

overlapping with Dy, as well as the corresponding
differences between [Dgw, Dg1w] FV energy shifts and

S(@?'O'TT) GEVP FV energy shifts, are shown in Fig. 27. As
in the dineutron channel, the [Dyg,,, Dy ] FV effective
energy shifts approach the GEVP results from above and
are indistinguishable for t Z #, = 5. Conversely, the effec-
tive energies and the FV energy shifts determined using
individual [Dg,,, H,] correlation functions both appear
(1-5)c lower than the corresponding GEVP results for
t=5 until statistical noise becomes larger than the
differences resolved at smaller . Applying the same fitting
procedure used above to combined fits of [Dg,, H,|
correlation functions with both quark-field smearings gives
a ground-state FV energy shift of —0.0176(26). Similarly,
combined fits of [Dyy,, H,| correlation functions with
both quark-field smearings gives a FV energy shift of
0.0098(24). Higher-statistics analyses of [Dy,,, H,| and
[Dy,4, Hy] correlation functions with smeared sources and
both smeared and pointlike sinks in Ref. [15], Ref. [25],
and Ref. [18] give more precise results of —0.0165(26),
—0.0206(22), and —0.0194(23) for the ground-state FV
energy shift, respectively, and Refs. [16,18] give results of
0.0115(29) and 0.0092(23) for the first excited-state FV
energy shift, respectively. These are consistent with the
[Dg,,4, H,| results of this work at the 1o level but are in
tension with the first excited-state energy determined in
Ref. [25], —0.0073(8), obtained using asymmetric corre-
lation functions with displaced two-nucleon sources and
Dy, sinks. As shown in Fig. 28, interpolating-operator
dependence among best-fit FV energy shift determinations
is larger than the uncertainties of individual fit results, and it
is important to emphasize that results obtained using the
variational method should be interpreted as upper bounds.

Further tests of the consistency of GEVP results using

S(@?'O'TT) are obtained by comparing GEVP reconstructions

of correlation functions in the original interpolating-
operator set to the corresponding effective FV energy-shift
results. This comparison is shown for the GEVP energy

(2.017)
Dﬂlg
interpolating operators in Fig. 29. Agreement at (1-2)o

is seen for [DGIW,DGIW] for 126 For [DGIT,DGIT]
correlation functions, there is agreement within (1-2)c

levels with the largest overlap with the S-wave
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FIG. 25. The bottom panel shows the ground-state FV energy shifts obtained using GEVP correlation functions with interpolating-

operator set gg,n,rr) shown in Fig. 19 (blue) compared to results obtained using seven other interpolating-operator sets defined in
Eq. (71) (purple). Other panels show the ground-state effective FV energy shift for each interpolating-operator set as indicated in the
comresponding legend.

uncertainties for 7 2 9. Analogous GEVP reconstructions  level of (1-2)o between the GEVP reconstructions and
for [Dgy4, Do1g)s [Dorg. Hy), and [Hy, H,y) correlation func-  correlation function results for 7 2 9 with a similar pattern
tions are shown in Fig. 30. There is agreement at the  of cancellations between opposite-sign ground- and
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FIG. 26. FV energy shifts obtained using GEVP correlation functions with interpolating-operator set Sg 0T (left column in each
panel and corresponding to Figs. 19-21) are compared to results obtained using the interpolating-operator sets defined in Eq. (71) and

featured in Fig. 25 (left) as well as the eight other interpolating-operator sets defined in Eq. (72) (right). The color coding for

§g,0,Th

energies follows that in Figs. 19-21, and the dashed lines show noninteracting two-nucleon energies as in Fig. 22.

excited-state contributions leading to the subthreshold
behavior seen in [Dg, 4, H,] effective FV energy shifts.
Other asymmetric correlation functions of the form
[Do17, Dg1w] with 8 # 0 exhibit effective FV energy shifts
significantly below zero over the range of ¢ studied in
this calculation, as shown in Fig. 31. Applying the same
fitting procedure described above to these correlation
functions leads to —0.074(25), —0.073(15), —0.073(21),
—-0.073(12), —0.045(16), and —0.035(23) for 8 =1 to
8 = 6, respectively. Despite the statistically significant
discrepancies between these results and AEEZ'O'TT'S'}) =

—0.00248(48), the GEVP reconstruction using 8(@?‘0‘7;)

reproduces the subthreshold behavior of effective FV
energy shifts over the range of ¢ where signals can be
resolved through opposite-sign linear combinations of
ground- and excited-state contributions.

Two-nucleon correlation functions with /=0 and
other cubic irreps associated with nonzero total angular
momenta can also be constructed using linear combinations
of plane-wave dibaryon operators. Interpolating operators
with 7=0 and I'; € {T;,E", Ay, A} require spatial

wave functions with 'y # A;' and therefore only include
dibaryon operators with 8 > 0. After constructing dibaryon
interpolating operators where the product of spin and
orbital angular momenta transforms appropriately under
the cubic group as described in Sec. I C and Appendix B,
it is found that the full sets of dibaryon interpolating
operators computed for each I'; can be included in a
nondegenerate interpolating-operator set where correlation-
function-matrix eigenvalues and eigenvectors can be
computed without issues of degeneracy. These correlation-
function matrices have rank 4, 10, 14, and 28 for the A;',
AJ, E*, and T irreps, respectively. The same fitting
methods applied above are used to determine energy levels
from the GEVP correlation functions for each irrep;
effective FV energy-shift results are shown in Fig. 32
and fitted energy results are tabulated in Appendix F. In all
irreps, the lower-energy half of the GEVP energy levels
are in one-to-one correspondence with the noninteracting
nucleon energy levels with the same 8, which include

nontrivial multiplicities JV(GO‘F‘) given in Table III, as shown
in Fig. 32. As in the dineutron channel, the higher-energy
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FIG. 28. Comparisons of FV energy-shift results for the n=0 and n=1 states between previous results obtained in
Refs. [15,16,18,25] using the same gauge field ensemble with [D, H] correlation function (as well as displaced sources in Ref. [25])

and results of this work obtained using variational methods with interpolating-operator set S({; o

T?) =(2.0.17)

, interpolating-operator set S({E’ o,

and nonvariational results obtained using [D, H] correlation functions. Arrows emphasize the fact that the variational method provides
(stochastic) upper bounds on energy levels and therefore FV energy shifts under the assumption that the nucleon mass is accurately
identified, while [D, H] correlation functions provide an estimate of the energy but have systematic uncertainties in both directions that

are difficult to estimate.

half of the GEVP energy levels satisfy AE(,,Q‘O‘F“SO)Z

5(12G1Sv) | appearing above noninteracting energy levels
not associated with interpolating operators present in this
calculation, and are therefore considered unreliable and are
not presented. Results for the comparatively well-deter-
mined GEVP energy levels in all irreps are discussed
further in the next section.

D. Summary of spectrum and phase shift results

The GEVP results for AE(Z‘!‘F“S"‘) obtained using inter-

polating-operator sets S@ ") and Sg'ﬂ'rr)

including all
available dibaryon and hexaquark operators (but no qua-
silocal operators) for irreps required for studying S-wave

nucleon-nucleon scattering, as well as GEVP results
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including all available dibaryon interpolating operators for
other irreps needed to study D-wave and higher partial-
wave nucleon-nucleon scattering, are shown in Fig. 33. A
total of 22 GEVP energy levels with / = 1 and 49 GEVP
energy levels with 7 = 0 (including all irreps) provide a
determination of the low-energy spectrum with no gaps
between levels that span multiple noninteracting energy
levels; as discussed above, another equal-sized set of
higher-energy levels are expected to include unsuppressed
confributions from excited states approximately orthogonal
to the interpolating-operator sets studied here and are not
included in the analysis below. Besides the energy levels
dominantly overlapping with hexaquark operators, all
GEVP energy levels appear slightly below one noninter-
acting energy level. Statistically significant differences are
found between GEVP energy levels dominantly overlap-
ping with S-wave and D-wave dibaryon operators with 8 =

1 in both channels, for example AEEZ‘I‘B) - AE(IZ‘I'AT) =

0.007(1) and AES ") — AEZOTY) = 0,008(1). Smaller
differences are seen between GEVP energy levels domi-
nantly overlapping with S-wave and D-wave dibaryon

operators with 8 = 2, for example AE(IZ‘I‘EJr) —AE&Q'I'AH =
0.005(1) and AES®™)—AEPT) —0006(1), while

analogous differences for 8 > 3 are consistent with zero
at lo.

Preliminary extractions of scattering phase shifts under
simplifying assumptions that partial-wave mixing can be
neglected are used to facilitate comparisons with results
from other works using similar but not identical LQCD
actions.”? A more detailed analysis of scattering phase
shifts including partial-wave mixing that can be used to
extract, for example, the 3S; — 3D, mixing parameters in
the deuteron channel is deferred to ongoing work, where
GEVP results for multiple lattice volumes can be also
included. We further note that all extracted FV energies sit
far above the left-hand f-channel cut [corresponding to
k*> = —(m,/2)?], and the use of Liischer’s quantization
condition to constrain k coté functions remains valid for
these energies. See Ref. [156] for further discussion of the

“We focus on comparisons of scattering phase shifts obtained
by applying quantization conditions to FV energy levels in order
to study interpolating-operator dependence and other systematic
uncertainties of this method. Potential-method-based results from
the HAL QCD collaboration predict that two-nucleon systems are
unbound in both isospin channels for similar unphysical quark
masses [154,155].
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in Fig. 16.

role of the left-hand 7-channel cut in constraining scattering
amplitudes using Liischer’s quantization condition.

For the I =1 channel, the quantization conditions
presented in Refs. [45,49], and summarized in
Appendix G, relate the FV energy shifts in each irrep to
the infinite-volume scattering phase shifts 5254_1&. In

general, the quantization condition involves the determi-
nant of a matrix that depends on the scattering phase shifts
in all partial waves. Previous works on nucleon-nucleon
scattering have truncated this matrix to a single entry
corresponding to the lowest partial wave contributing to
each irrep. Future works including results with different
boosts and lattice volumes can be used to test this
approximation; here this same approximation is applied

20T .%)
n

in order to provide direct comparisons with previous
determinations. Under this approximation, I'; = A} energy
levels can be mapped to 'Sy phase shifts and T; €
{E*, T;} energy levels can be mapped to 'D, phase shifts,
the results of which are shown in Fig. 34. For the ] =0
channel, wave functions corresponding to multiple I', are
associated with the same I';. For consistency with the
approximation of no partial-wave mixing used in this
section, only the energy levels associated with the I,
corresponding to the lowest partial wave are considered.
The quantization conditions can then be truncated to
the lowest partial wave, as presented in Ref. [45] and
summarized in Appendix G, to provide maps from
FV energy levels to scattering phase shifts neglecting
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8 € {1, ..., 6}. Histograms of Z20.T1:%0)

ey are as in Fig. 16.

partial-wave mixing.” Results are shown in Fig. 35.
The fact that the wave functions for Iy € Af and I'y €
{E*,T5} transform analogously to spherical harmonics
with # =0 and 7 =2, respectively, as discussed in
Appendix B, suggests that associating energy levels domi-
nantly overlapping with the corresponding interpolating
operators with definite # values is reasonable. Although the
I, =T/ and T, = A] spectra can be used to extract
G-wave and I-wave phase shifts under the approximation
of a single partial-wave truncation of the quantization
condition, the interpolating operators for these irreps do

ZFor the levels from I, = T/, the 38, and *D, partial waves
mix. Here, the Blatt-Biedenham parametrization of the scattering
amplitude [157] is used, with only the a-wave being computed,
but labeled as 3S;.

e
—&

(2,0,T7H)
Dmrl‘-ljuw(t)

AEp)!
L

)
Doy ()

(2,0,
AEDmT

Effective FV energy shifts and GEVP reconstructions obtained using Sg’n’rl] for [Dy;7, Daw] correlation functions with

not transform analogously to SO(3) spherical harmonics
with # =4 and # =6, and an identification of the
corresponding energy levels with purely G-wave and
I-wave states is not justified, even if partial-wave mixing
is small.

The same approximation of neglecting partial-wave
mixing has been applied in previous LQCD calculations
of two-nucleon systems with similar quark masses, various
lattice actions, and different interpolating-operator sets.
Results from previous LQCD calculations using [D, H]
correlation functions from Refs. [18,25] as well as results
using [D, D] correlation functions in several boosted frames
from Ref. [26] and GEVP results using sets of two dibaryon
interpolating operators in several boosted frames from
Ref. [28] are compared in Fig. 36 to the GEVP results

(2,1,47)

work using the Sy (2,077)

from this and Sg
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FIG. 32. GEVP effective FV energy shifts for two-nucleon systems computed using the complete sets of interpolating operators with
I=0and T, € {T],E",A], Al}. As in the left panel of Fig. 9, only GEVP energy levels below the single-nucleon first excited state
are shown and the noninteracting two-nucleon energy shifts are shown as dashed gray lines. Horizontal offsets are applied to points and

fit bands for clarity.

interpolating-operator sets. Discrepancies of (2-3)¢ in
kcotdig, and kcotésg, are seen between results associated
with the ground state on this lattice volume and corre-
sponding results from Refs. [18,25]. Conversely, there is
agreement at the 1o level in kcotdig, and k cotdzg, between
the ground state results of this work and the corresponding
ground-state results of Ref. [28], as well as 1o agreement
with the more statistically uncertain results for k cotéig, of
Ref. [26]. This agreement is consistent with the observa-

tions that subsets of 8(2 A4 and S(zoﬁ) only including

8 = 0 dibaryon operators lead to consistent ground-state
energy results with results obtained using the full sets

8(2 A and S(@?'O'TT), at the statistical precision of this
work. Higher-energy phase shifts show consistency
between the results of this work and that of Refs. [26,28]
at (1-2)e.

Although a reliable way to determine whether a bound
state is present is by determining the volume dependence of
the FV energy spectrum and finding a ground-state energy
below 2M; in the infinite-volume limit, statements about
the likelihood of a state being bound or unbound can be
made using results with a single lattice volume by invoking
the analytic structure of the constrained amplitudes. The
ground-state FV energy shift is negative at lointhe I =1
and at 2¢ in the I = 0 channels, which indicates attractive
interactions at very low energies in both channels, which is

a necessary but not sufficient condition for a bound state
to be present. Another useful criterion is that k cot § should
be negative (positive) for a bound (unbound) state in
sufficiently large volumes [37,158], which given My and
the lattice volume used here corresponds to a FV energy

shift below (above) the threshold AEBS:%dlz
—0.003073(8), where d; = —0.0959006 is obtained by

expanding Liischer’s quantization condition [34,35]
about the infinite-scattering-length limit corresponding to
the transition between interactions that do and do not
support a bound state [37,158] (under the assumption
that L is asymptotically large and higher-order terms in
1/L can be neglected). Comparing this threshold to the

results AES 1% = ~0.00245(50) and AESYTTS =
—0.00248(48) indicates a lo preference for an unbound
ground state in both channels. Results using additional
volumes will allow a determination of whether two-nucleon
ground states are bound or unbound with higher statistical
significance. As the ground-state energies obtained with the
variational method are upper bounds on the true LQCD
energies, it is also possible that a bound state exists but has
small overlap with all interpolating operators used in

this study.
The upper bounds for the first excited state FV energy
shifts obtained using 80 1) and S ) are positive, and

if they provide an accurate estimate of these energy levels
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operator with ', = A associated with S-wave states in infinite volume, a dibaryon operator with ', # A associated with D-wave and
higher partial-wave states, or a hexaquark operator. See Figs. 12 and 26 for summaries of the results, including quasilocal interpolating
operators and other interpolating-operator sets. The horizontal lines indicate the positions of noninteracting two-nucleon energy levels.
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not shown because the relatively large uncertainty of this FV energy shift crosses a singularity of the quantization condition and is
therefore consistent with any phase-shift value.

(in particular if there are not lower-energy states approx-
imately orthogonal to the interpolating operators used here)
then there cannot be two bound states in either the
dineutron or deuteron channels. The first excited-state
energy shift is closer to the noninteracting 8 = 1 energy
than zero, which is suggestive of an attractive interaction

that is not strong enough to form a bound state [37], but it
does not rule a bound state out. Qualitatively, the large
overlap of & =0 dibaryon operators onto the lowest
extracted state and the large excited-state overlap of
hexaquark operators is more reminiscent of the unbound
than the bound scenario in a QED model of bound-state
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FIG. 36. Comparison of the I = 1 (left) and 7 = 0 (right) two-nucleon S-wave phase shifts determined in this work with previous
calculations using [D, H| correlation functions from the NPLQCD [18] and CalLat collaborations [25], previous calculations using
[D, D] correlation functions in Ref. [26], and those using variational methods with sets of two dibaryon interpolating operators in several
boosted frames in Ref. [28]. The dashed vertical lines (at k> = m2/4) show the threshold above which an effective-range expansion of

the kcot§ functions is not guaranteed to converge.

formation [159], but the large overlap of hexaquark
operators with a particular excited state observed here
in contrast to the approximately uniform overlap with all
excited states found in Ref. [159] indicates that the low-
energy QCD spectrum with B = 2 and m, = 806 MeV is
likely to be more complicated than this QED-model
spectrum. Further high-precision variational studies
of the volume dependence of B =2 FV energy shifts
with a more extensive operator set are needed to con-
clusively determine whether the B = 2 ground states at
m, = 806 MeV are bound or unbound.

IV. DISCUSSION

A. Strengths and weaknesses of variational methods

In the I=1, I, =Af and I =0, [, =T/ irreps
associated with S-wave scattering, calculations using the
full sets of interpolating operators introduced in this
work lead to degenerate correlation-function matrices
whose determinants are consistent with zero at the present
statistics. Nondegenerate correlation-function matrices are

found by removing either all six quasilocal operators or by
removing combinations of six dibaryon and quasilocal
interpolating operators from the set under consideration.
Where signals could be resolved, consistent results are
obtained for interpolating-operator sets with this number of
interpolating operators that were studied. However, remov-
ing further interpolating operators leads to the appearance
of “missing energy levels” lower in the spectrum than other
energy levels determined from GEVP results. In particular,
if neither quasilocal nor zero-relative-momentum dibaryon
interpolating operators are included, then the ground-state
energy determined using GEVP results is found to be
consistent with an excited-state energy determined using
the largest available nondegenerate interpolating-operator
set. The orthogonality of GEVP eigenvectors guarantees
that GEVP results for ground-state energies are free from
excited-state contamination from states that strongly over-
lap with any interpolating operators used to construct
correlation-function matrices. However, these examples
demonstrate that the suppression of excited-state effects
provided by variational methods rests on the assumption
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that there are no additional states whose overlap with all
elements of an interpolating-operator set is sufficiently
small—perturbative calculations of the toy model in
Eq. (67) demonstrate that the ground state can be missed
entirely if, for example, the overlap of all interpolating
operators with one or more excited states is a factor of ¢2"/2
larger than the corresponding ground-state overlap where A
is the excitation energy gap and ¢ is the time extent at which
signals are resolved.

The appearance of missing energy levels using inter-
polating-operator sets that neglect particular operator
structures has been previously observed in studies of zx
systems [77,78] as well as Nz systems [114,119]. These
studies and the results of this work indicate that a
significant strength of variational methods is their ability
to disentangle contributions to correlation functions from a
large set of states with similar energies. The large number
of nearby energy levels arising from spin-orbit coupling in
the I=0,T;= T;' irrep, for example, can be resolved
using a set of 42 interpolating operators, 8(@?‘0‘7;), with
comparable precision to the more sparsely populated I = 1,
I'; = A] excited-state spectrum. Variational methods can,
therefore, provide precise determinations of energy spectra
using source/sink separations much smaller than the inverse
energy gap between neighboring levels. However, a sig-
nificant weakness of variational methods is that GEVP
solutions with finite temporal separations lead to correla-
tion functions approximating the energy eigenstates with
the largest overlap with a given interpolating-operator set
rather than necessarily the lowest-energy eigenstates.
Therefore, interpolating-operator set size is not a good
proxy for how reliably variational methods can identify the
ground state: the set of 40 interpolating operators g(@? 0Ti)
misses the ground state, and the lowest-energy state
identified is consistent with the first excited state identified

TY) 24

using 8(@?'0' ,”" while the set of two interpolating oper-

ators Sg'ﬂ'rr) leads a to ground-state energy result that
is consistent with the result obtained using the largest

_ i ) (2.0.1)
available nondegenerate interpolating operator set Sy " '
Further, the toy model overlap factors discussed above
provide an example for which variational methods would
lead to an incorrect determination of the ground-state
energy (unless correlation functions with very large
Euclidean time separations could be resolved), while the
examination of an asymmetric correlation function using
the same interpolating-operator set would lead to a correct
determination. Other surprising behaviors are seen in
previous variational calculations wusing interpolating-
operator sets with small ground-state overlap, for example,
calculations using local ggggq operators in Ref. [119] that

1t is clear that operator sets that miss multiple levels can also
be constructed by further omissions.

appear to identify the physical Nz ground state when using
partial subsets of their interpolating-operator set but not
when using the full interpolating-operator set.

The most precise results for (upper bounds on) two-
nucleon ground-state FV energy shifts with L = 4.6 fm
calculated in this work use interpolating-operator sets
without quasilocal interpolating operators and correspond
to —3.4(7) and —-3.3(7) MeV in the /=0 and I =1
channels, respectively. These results are consistent with
previous calculations using individual dibaryon correlation
functions and 2 x2 matrices of dibaryon correlation func-
tions: Ref. [26] obtained —4(8) MeV for the I = 1 channel
using a similar value of the pion mass (m, =~ 960 MeV),
a smaller lattice spacing (a = 0.066 fm), and a smaller
physical volume (L = 2.1 fm); Ref. [28] obtained —2.6(6)
and —3.7(8) MeV for each channel using a similar physical
volume (L =4.1 fm), a similar value of the pion mass
(m, ~714MeV), and a finer lattice spacing (a ~ 0.086 fm)
than used in this work. However, these FV energy shifts are
significantly closer to threshold than results obtained in
Refs. [15,18,25] using correlation functions with hexa-
quark sources and dibaryon sinks on a larger ensemble
of gauge-field configurations with the same parameters as
the ensemble used here, namely —23(4), —28(3), and
—28(4) MeV in the I = 0 channel and —15(3), —17(3),
and —21(4) MeV in the I = 1 channel, and other calcu-
lations using [D, H] correlation functions at unphysically
large quark masses [11,13,21,22,122-131]. Similar,
although less precise, discrepancies are found in direct
comparisons of [D, H] and GEVP results computed in this
work, and discrepancies of comparable size are seen for
energy levels associated with 8 € {0,...,6} dibaryon
interpolating operators. These discrepancies indicate that
either the asymmetric [D, H] correlation functions would
slowly approach the GEVP results at larger ¢ than that
accessible in this calculation, or that there are additional
lower-energy levels that are nearly orthogonal to the
interpolating operators in the sets used in this work but
that are revealed in asymmetric [D, H| correlation func-
tions. Further work is needed to discriminate between
these possibilities.

Several pieces of evidence in favor of the GEVP results
of this work providing an accurate description of a low-
energy sector of the LQCD spectrum without missing
energy levels are described in Secs. [IIB and IIIC. In
particular, interpolating-operator sets with quasilocal oper-
ators substituted in place of dibaryon operators dominantly
overlapping with either the ground state or the first excited
state reproduce the same low-lying energy spectrum, and
in some cases are inconsistent with the [D, H| results at
high statistical significance. It is not possible, with the
currently available statistics, to obtain a nondegenerate set
with quasilocal operators included in addition to all of the
dibaryon operators, which indicates that any missing
energy level would have to be associated with operators
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approximately orthogonal to those in this interpolating-
operator set. Further, GEVP correlation-function recon-
structions obtained by inserting GEVP energy and
overlap-factor results into the spectral representations for
[D,H] correlation functions are able to approximately
reproduce the corresponding GEVP effective FV energy
shifts for temporal separations where signals can be
resolved. This provides a proof-of-principle demonstration
that linear combinations of a near-threshold ground state
and above-threshold excited states can lead to t dependence
consistent with that observed in [D, H] effective FV energy
shifts. In addition, other non-positive-definite correlation
functions, for example of the form [Dy,r, Dgy] with
8 >0, lead to effective FV energy shifts that are
~100 MeV farther below threshold than either GEVP or
[D, H] correlation-function results. Some of these correla-
tion functions show significant ¢ dependence but others are
consistent with constant ¢ behavior for the range of ¢, given
the statistical precision of this work. However, the GEVP
reconstructions are able to reproduce the [Dy,7, Dg w] FV
energy shifts and suggest that effective FV energy shifts
significantly below zero for ¢ < 1/82/17) may be consis-
tent with much less negatively shifted FV energies. The
GEVP energy levels, therefore, provide a simple hypothesis
for the LQCD spectrum that is consistent with all results for
this volume. Finally, these GEVP results are consistent with
precise results obtained using [D, D] correlation functions
from Ref. [28] using similar physical parameters but a finer
lattice spacing, as well as the less precise results obtained in
Ref. [26] using [D, D] correlation functions with a smaller
physical volume in the / = 1 channel.

As stressed above, however, it is also possible for
asymmetric correlation functions to reveal the presence
of physical states that have small overlap with an
interpolating-operator set. The examples of missing energy

levels with the Sg“”"” and Sg‘o‘m operator sets show that
it is easy to construct operators that are effectively
orthogonal to states that are visible with other operator
sets using the range of ¢ studied here. It is straightforward to
construct model overlap factors realizing this scenario. This
suggests that the possibility of missing the ground state
using particular interpolating-operator sets is not neces-
sarily unlikely. Evidence in favor of [D, H] correlation
functions revealing physical energy states is provided by
the fact that there are high-precision calculations of [D, H]
correlation functions using an identical lattice action and
physical volumes that find consistent results for ground-
state FV energy shifts using three different volumes,
including smaller and larger volumes than the one used
in this work [15,16,18,25]. Analysis of the phase shifts
associated with these FV energy levels indicates that the
results are consistent with the presence of both 7 = 0 and
I =1 bound states. It seems unlikely that linear combina-
tions of FV energy eigenstates whose energies have inverse
power-law dependence on the volume, as expected for

unbound scattering states, would conspire to give FV
energy shifts with negligible volume dependence at high
precision for three values of L varying by a factor of 2 as
further discussed in Ref. [160], especially since the excited-
state contamination visible in correlation functions on the
three volumes is also consistent with being volume inde-
pendent. The scattering phase-shift results determined from
[D, H] correlation functions in Ref. [18] also pass all of the
consistency checks described in Ref. [161]. Pionless EFT
calculations have also used the B = 2 and 3 energy spectra
of Refs. [15,16] to predict the binding energies of larger
nuclei at m, = 806 MeV and find agreement with B =4
LQCD results using asymmetric correlation functions with
multinucleon sinks analogous to dibaryons and local
sources analogous to hexaquarks [52]. Furthermore, results
for nuclear matrix elements of scalar currents [130] give
consistent results with determinations of the same quan-
tities from the quark-mass dependence of the FV energy
shifts [162]. It is not clear why the spectrum extracted
from a linear combination of ground- and excited-state
correlation functions should pass these consistency checks
involving nuclear matrix elements and larger-B systems.
The clear instances of missing energy levels discussed
above show that approximate orthogonality of interpolat-
ing-operator sets from eigenstates is easily achieved. Given
these results and the consistency of the spectra and
associated scattering amplitudes determined using [D, H]
correlation functions, the results of this work obtained
using the variational method should most robustly be
interpreted as upper bounds that do not exclude the
presence of a more negatively shifted ground-state energy.

B. Summary and outlook

Two-nucleon systems are studied in this work using a
wide variety of LQCD interpolating operators: 42 and
96 dibaryon operators in the I = 1 and I = 0 channels,
respectively, including all products of plane-wave nucleon
wave functions with zero center-of-mass momentum and
relative momentum smaller than \/§(?f), six quasilocal
operators in each isospin channel with exponentially
localized nucleon wave functions inspired by FV EFT
bound-state wave functions, and two hexaquark operators
in each isospin channel describing six totally antisymme-
trized quarks centered around a common point. The
correlation-function matrix including all of these interpo-
lating operators as both sources and sinks is computed
using sparsened timeslice-to-all quark propagators and
bilocal baryon blocks. The resulting correlation-function
matrix is then projected onto cubic irreps describing the
FV analog of total angular momentum. For each irrep,
the relevant block of the correlation-function matrix is
diagonalized by solving a GEVP and the FV energy
spectrum is extracted from fits to the resulting approx-
imately orthogonal correlation functions. The ground-state
energies determined by applying variational methods to
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correlation-function matrices involving various (although
not all) combinations of hexaquark, dibaryon, and quasi-
local two-nucleon interpolating operators are consistent
with results obtained using only dibaryon interpolating
operators here and in previous works [26,28], while
variational results from all interpolating-operator sets
where signals can be resolved are inconsistent with results
obtained by fitting spectral representations to asymmetric
correlation functions with hexaquark sources and dibaryon
sinks here and in previous works [15,16,18,25]. Nucleon-
nucleon S- and D-wave scattering phase shifts are com-
puted with the assumption that mixing with higher partial
waves is negligible. The results of this work are not
conclusive as to whether the two-nucleon ground states
are bound or unbound in both the / = 0 and 7 = 1 channels
at these quark masses, and ongoing calculations using
additional lattice spacings and volumes will provide further
constraints. Calculations using additional interpolating
operators are needed to search for more deeply bound
states with small overlap with this interpolating-operator
set in order to conclusively determine the structures of the
two-nucleon ground states for these quark-mass values.
Future LQCD calculations using variational methods to
control contamination from excited low-energy states, as
well as using a range of quark masses, lattice spacings, and
volumes to extrapolate to the continuum limit and physical
quark masses, provide the most robust known route toward
controlled determinations of multinucleon energy spectra
from QCD.

The use of LQCD with variational methods and a large
set of interpolating operators is not sufficient to guarantee
the reliability of the multinucleon spectrum extracted
using LQCD calculations. It is implausible to imagine
correlation-function matrix calculations employing a genu-
ine basis that spans the LQCD Hilbert space for any given
set of quantum numbers. Further, without novel methods
for reducing the scale of exponential signal-to-noise deg-
radation such as multilevel integration [163-166], signal-
to-noise optimization [167], or path integral contour
deformations [168] for noisy observables [169,170] suc-
cessfully applied to multibaryon systems, future LQCD
calculations of two-baryon systems will be limited to
source/sink separations much smaller than the inverse of
the excited-state energy gap. Additional efforts to under-
stand and improve the completeness of an interpolating-
operator set within a low-energy sector of Hilbert space
are therefore critical. This need for physically motivated
interpolating-operator sets that overlap significantly with
low-energy states presents a challenge for studying
multinucleon systems with LQCD, but systematic uncer-
tainties related to interpolating-operator dependence can
be probed to some degree by varying the interpolating-
operator set that is used. Further, as calculations approach
the physical values of the quark masses, nuclear EFT and
models can be used to inspire new interpolating-operator

structures and expand the space of states probed in future
LQCD calculations.

ACKNOWLEDGMENTS

We are grateful to Silas Beane, Kostas Orginos, and
Martin Savage for extensive discussions. We especially
thank Kostas Orginos for his role in generating the gauge-
field ensemble used in this work. We further thank Martin
Savage for collaboration in the early stages of this work and
for use of the University of Washington Hyak computa-
tional infrastructure to perform some parts of the calcu-
lations that are presented. We acknowledge the Texas
Advanced Computing Center (TACC) at The University
of Texas at Austin for providing HPC resources on Frontera
that have contributed to the research results reported
within this paper ([171]). This research used resources
of the Oak Ridge Leadership Computing Facility at the Oak
Ridge National Laboratory, which is supported by the
Office of Science of the U.S. Department of Energy under
Contract No. DE-ACO05-000R22725. The authors thank-
fully acknowledge the computer resources at MareNostrum
and the technical support provided by Barcelona
Supercomputing Center (RES-FI-2022-1-0040).
Computations of this work were carried out using the
Chroma [150], Qlua [152], QUDA [172—-174], and Tiramisu [ 132]
software libraries. A.S. is supported in part by DARPA
under Grants No. HR0O11-18- 3-0007 and No. HROO11-
20-9-0017. Z.D. is supported by the Alfred P. Sloan
fellowship and by the Maryland Center for Fundamental
Physics at the University of Maryland, College Park. She
further acknowledges support from the RIKEN Center for
Accelerator-based Sciences with which she was affiliated
during earlier stages of this work. W.D. and P.E. S. are
supported in part by the U.S. Department of Energy, Office
of Science, Office of Nuclear Physics under a grant
contract. W. D. and A. V.P. are supported in part by the
SciDAC4 Grant No. DE-SC0018121. W.D. is also sup-
ported within the framework of the TMD Topical
Collaboration of the U.S. Department of Energy, Office
of Science, Office of Nuclear Physics. P. E. S. is addition-
ally supported by the National Science Foundation under
EAGER Grant No. 2035015, by the U.S. DOE Early Career
Award No. DE-SC0021006, by a NEC research award,
and by the Carl G and Shirley Sontheimer Research Fund.
W.D. and P.E.S. are supported by the National Science
Foundation under Cooperative Agreement PHY-2019786
(The NSF AI Institute for Artificial Intelligence and
Fundamental Interactions, [175]). M.1L. is supported by
the Universitat de Barcelona through the scholarship APIE
M. L. and A. P. acknowledge financial support from MCIN/
AEI/10.13039/501100011033 (Grants CEX2019-000918-
M and PID2020-118758GB-100), from the European
FEDER funds under Contract No. FIS2017-87534-P, and
from the EU STRONG-2020 project under the program
H2020-INFRAIA-2018-1, Grant Agreement No. 824093.

094508-52



VARIATIONAL STUDY OF TWO-NUCLEON SYSTEMS WITH ...

PHYS. REV. D 107, 094508 (2023)

This manuscript has been authored by Fermi Research
Alliance, LLC under Contract No. DE-AC02-07CH11359
with the U.S. Department of Energy, Office of Science,
Office of High Energy Physics.

APPENDIX A: SPIN-COLOR WEIGHTS

The nucleon weights wt[;N]" with a € {l,...,N‘[f] =12}
with spin component ¢ € {0, 1} are shown in Table V. The

hexaquark weights wi” with a € {l,...,N‘[f]’o} with
Al ® T} spin components p =0 and 2 are shown in
Table VI; the other components p = 1 and 3 are shown in
Table VIL

The dibaryon weights can be straightforwardly con-
structed in terms of the nucleon weights. The first

(N‘[f])z = 144 components of wLD]’G can be expressed
using the map a(a;,a,) defined by

a:(al—l)N‘[f]—i—ag, (A1)

TABLE V. The weights wiV for ¢ = 0 and 1 are shown in the
left and right tables, respectively, along with the associated index

functions i, j, k that map a to the space of spin-color indices
labeled ¢, a with ¢ € {0, ...,3} and a € {0, 1,2}.

a i(a) j(a@) k(a) wir®
1 0,0 1,1 0,2 22
2 0,0 1,2 0,1 22
3 0,1 1,0 0,2 24/2
4 0,1 1,2 0,0 22
5 0,2 1,0 0,1 -2v/2
6 0,2 1,1 0,0 24/2
7 1,0 0,1 0,2 2/2
8 1,0 0,2 0,1 22
9 1,1 0,0 0,2 22
10 1,1 0,2 0,0 24/2
11 1,2 0,0 0,1 2/2
12 1,2 0,1 0,0 22
a i(a) jla) k(a) wE" 1
1 0,0 1,1 1,2 22
2 0,0 1,2 1,1 2/2
3 0,1 1,0 1,2 22
4 0,1 1,2 1,0 22
5 0,2 1,0 1,1 22
6 0,2 1,1 1,0 22
7 1,0 0,1 1,2 24/2
8 1,0 0,2 1,1 22
9 1,1 0,0 1,2 22
10 1,1 0,2 1,0 24/2
11 1,2 0,0 1,1 2/3
12 1,2 0,1 1,0 22

TABLE VI. The weights wil for hexaquark operators with
p =0 and 2 are shown in the left and right tables, respectively,
along with the associated index functions i, j, k, [, m, n that map a
to the space of spin-color indices labeled ¢, a with ¢ € {0, ..., 3}
and a € {0, 1,2}.

a i@ jl@ ka) @ m@ n@ wi
1 0,0 0,0 0,1 1,1 1,2 1,2 40
2 0,0 0,0 0,2 1,1 1,1 1,2 —40
3 0,0 0,1 0,1 1,0 1,2 1,2 —40
4 0,0 0,1 0,2 1,0 1,1 1,2 16
5 0,0 0,1 0,2 1,0 1,2 1,1 24
6 0,0 0,1 0,2 1,1 1,0 1,2 24
7 0,0 0,2 0,1 1,0 1,1 1,2 24
8 0,0 0,2 0,1 1,0 1,2 1,1 16
9 0,0 0,2 0,1 1,1 1,0 1,2 =24
10 0,0 0,2 0,2 1,0 1,1 1,1 —40
11 0,1 0,0 0,2 1,0 1,1 1,2 24
12 0,1 0,0 0,2 1,0 1,2 1,1 =24
13 0,1 0,0 0,2 1,1 1,0 1,2 16
14 0,1 0,1 0,2 1,0 1,0 1,2 —40
15 0,1 0,2 0,2 1,0 1,0 1,1 40
16 0,0 0,0 1,1 0,1 1,2 1,2 —40
17 0,0 0,0 1,1 0,2 1,2 1,1 40
18 0,0 0,1 1,0 0,2 1,1 1,2 24
19 0,0 0,1 1,0 0,2 1,2 1,1 =24
20 0,0 0,1 1,1 0,2 1,2 1,0 -16
21 0,1 0,0 1,0 0,1 1,2 1,2 40
22 0,1 0,0 1,0 0,2 1,1 1,2 =24
23 0,1 0,0 1,0 0,2 1,2 1,1 -16
24 0,1 0,0 1,1 0,2 1,2 1,0 =24
25 0,1 0,1 1,0 0,2 1,2 1,0 40
26 0,2 0,0 1,0 0,1 1,1 1,2 -16
27 0,2 0,0 1,0 0,1 1,2 1,1 =24
28 0,2 0,0 1,0 0,2 1,1 1,1 40
29 0,2 0,0 1,1 0,1 1,2 1,0 24
30 0,2 0,1 1,0 0,2 1,1 1,0 —40
31 0,0 1,0 0,1 1,1 0,2 1,2 -96
32 1,0 0,0 1,1 0,1 1,2 0,2 96
a i@ j@ k@ o) m@ nl@ we"
1 0,0 0,0 0,1 1,1 1,2 1,2 24
2 0,0 0,0 0,2 1,1 1,1 1,2 =24
3 0,0 0,1 0,1 1,0 1,2 1,2 =24
4 0,0 0,1 0,2 1,0 1,1 1,2 -16
5 0,0 0,1 0,2 1,0 1,2 1,1 40
6 0,0 0,1 0,2 1,1 1,0 1,2 40
7 0,0 0,2 0,1 1,0 1,1 1,2 40
8 0,0 0,2 0,1 1,0 1,2 1,1 -16
9 0,0 0,2 0,1 1,1 1,0 1,2 —40
10 0,0 0,2 0,2 1,0 1,1 1,1 =24
11 0,1 0,0 0,2 1,0 1,1 1,2 40
12 0,1 0,0 0,2 1,0 1,2 1,1 —40
13 0,1 0,0 0,2 1,1 1,0 1,2 -16
14 0,1 0,1 0,2 1,0 1,0 1,2 =24
15 0,1 0,2 0,2 1,0 1,0 1,1 24
16 0,0 0,0 1,1 0,1 1,2 1,2 24
17 0,0 0,0 1,1 0,2 1,2 1,1 =24

(Table continued)
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TABLE VL. (Continued)

a i@ jl@) ka) i@ m@ n@ wg”
18 0,0 01 L0 0,2 1,1 1,2 —40
19 0,0 0,1 L0 0,2 1,2 1,1 40
20 0,0 0,1 1,1 0,2 1,2 1,0 -16
21 0,1 0,0 L0 01 1,2 1,2 —24
22 0,1 0,0 L0 0,2 1,1 1,2 40
23 0,1 0,0 L0 0,2 1,2 1,1 -16
24 0,1 0,0 1,1 0,2 1,2 1,0 40
25 0,1 0,1 L0 0,2 1,2 1,0 —24
26 0,2 0,0 L0 01 1,1 1,2 -16
27 0,2 0,0 Lo 01 1,2 1,1 40
28 0,2 0,0 L0 02 1,1 1,1 —24
29 0,2 0,0 1,1 0,1 1,2 1,0 —40
30 0,2 0,1 1,0 0,2 1,1 1,0 24
31 0,0 1,0 01 1,1 0,2 1,2 -96
32 1,0 0,0 1,1 0,1 1,2 0,2 -96

with the dibaryon index functions of a related to two
nucleon index functions applied to a; and a, as

i2)(a) = iM(a). /P (a) =M (@), KPNa)=kM(ay),
1P)(@) = iM(ay), mlP)(@)=jM (@), nlP)(a@) =K (ap),
(A2)

and dibaryon weights obtained from products of nucleon
weights as

oo _ 1 Injo (V)1

@ \/i a; Wa,
WPl _ [0, Mo

o2 _ 1 o v

Wa —_wal Wa,™
\/i 2

wLDp = wt[:]lwg]l. (A3)

The dibaryon spin components p =0 and 2 include an
additional (N‘[f])z weights that can be indexed as
a= WM+ (@ - NN 4 @y, (A4)

with index functions defined exactly as in Eq. (A2) and
weights corresponding to

Wwiplo _ _LWLN]I Vo
\/z 1 ax s
wid? = %wﬁf]‘wﬁf]". (AS)

TABLE VII. The weights wi for hexaquark operators with
p =1 and 3 are shown in the left and right tables, respectively,
along with the associated index functions i, j, k, [, m, n that map «
to the space of spin-color indices labeled ¢, a with ¢ € {0, ..., 3}
and a € {0,1,2}.

a i@ j@ k@ @) m@ n@  wi"

1 0,0 0,0 0,1 0,1 1,2 1,2 482
2 0,0 0,0 0,1 0,2 1,1 1,2 —400/2
3 0,0 0,0 0,1 0,2 1,2 1,1 —8/2
4 0,0 0,0 0,2 0,1 1,1 1,2 —8v2
5 0,0 0,0 0,2 0,1 1,2 1,1 —400/2
6 0,0 0,0 0,2 0,2 1,1 1,1 482
7 0,0 0,1 0,1 0,2 1,0 1,2 4042
8 0,0 0,1 0,1 0,2 1,2 1,0 8v2

9 0,0 0,1 0,2 0,2 1,0 1,1 —400/2
10 0,0 0,1 0,2 0,2 1,1 1,0 —8/2
11 0,1 0,0 0,2 0,1 1,0 1,2 8v2

12 0,1 0,0 0,2 0,1 1,2 1,0 40v/2
13 0,1 0,0 0,2 0,2 1,0 1,1 —8/2
14 0,1 0,0 0,2 0,2 1,1 1,0 —400/2
15 0,1 0,1 0,2 0,2 1,0 1,0 482
16 0,0 0,0 0,1 1,1 0,2 1,2 -324/2
17 0,0 0,1 0,1 1,0 0,2 1,2 322
18 0,0 02 0,1 1,0 0,2 1,1 _3,2
19 0,0 0,0 1,1 0,1 1,2 0,2 —-32¢/2
20 0,1 0,0 1,0 0,1 1,2 0,2 322
21 0,2 0,0 1,0 0,1 1,1 0,2 -324/2
a i@ j@ k@ @ m@ n@  wi”

1 0,0 0,0 1,1 1,1 1,2 1,2 43\/5
2 0,0 0,1 1,0 1,1 1,2 1,2 —404/2
3 0,0 0,1 1,1 1,0 1,2 1,2 —8v2
4 0,0 0,2 1,0 1,1 1,1 1,2 40v/2
5 0,0 0,2 1,1 1,0 1,2 1,1 82

6 0,1 0,0 1,0 1,1 1,2 1,2 —8/2
7 0,1 0,0 1,1 1,0 1,2 1,2 —400/2
8 01 01 1,0 1,0 1,2 1,2  48/2
9 0,1 0,2 1,0 1,0 1,1 1,2 —404/2
10 0,1 0,2 1,0 1,0 1,2 1,1 —8v2
11 0,2 0,0 1,0 1,1 1,1 1,2 3\/5

12 0,2 0,0 1,1 1,0 1,2 1,1 4042
13 0,2 0,1 1,0 1,0 1,1 1,2 —8/2
14 0,2 0,1 1,0 1,0 1,2 1,1 _40\/5
15 0,2 0,2 1,0 1,0 1,1 1,1 482
16 0,0 1,0 0,1 1,1 1,2 1,2 -324/2
17 00 1,0 0,2 1,1 L1 1,2 32/2
18 0,1 1,0 0,2 1,1 1,0 1,2 _32\/5
19 1,0 0,0 1,1 0,1 1,2 1,2 -324/2
20 1,0 0,0 1,1 0,2 1,2 1,1 -324/2
20 1,0 oO,1 1,1 0,2 1,2 1,0 _322
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APPENDIX B: WAVE FUNCTION AND
SPIN-ORBIT CUBIC GROUP THEORY FACTORS

A set of functions b('#%:)(¥) provides a basis for the irrep
I', if it satisfies the transformation law

bTet) () 2 pTef)(R

(%) = Y b ()DL (R),

7
(B1)

where R € Oy is a cubic transformation, and the sum
ranges over the £, eigenvalues corresponding to the rows

of [',. Any matrices DS:;,ZZ(R) satisfying Eq. (B1) furnish a
representation of the irrep I'p, but different choices of
bT#%2) (X) lead to 'D( “) R) that differ by a unitary change-
of-basis tramformatlon Although it is permissible to use
any definition of the 'D(r“) (R) in order to construct a basis

of wave functions, the same definition of the 'D&, ’ (R) must

be used to construct wave functions as to derive the cubic-
group Clebsch-Gordan coefficients required to project
I'y=T,®TIyg into irreps. The particular form of the
representations used to define a basis for each irrep can
be simply specified by providing the choice of basis vectors
satisfying Eq. (B1) in terms of coordinate functions x, y,
and z. A basis of generators for all positive-parity cubic
irreps that is compatible with the Clebsch-Gordan coef-
ficients presented in Ref. [135] is shown in Table VIIL
This choice of basis differs from the choice made in
Ref. [49] for the T{ and T irreps; further we have found
that relative signs between wave functions in different
rows of the E* irrep in the 8 € {5,6} shells and the
coefficients defining the 8 = 6 shell 75 wave functions
must be modified from the values presented in Ref. [49]
in order to obtain consistent transformation properties for
all wave functions transforming in a given irrep. For these
cases, we constructed basis vectors using group-theory
projector techniques described for example in Ref. [176]
and applied to LQCD interpolating-operator construction
in Refs. [104,134,177].

TABLE VIIL

. . . T
Basis functions used to construct wave functions y .,

The basis vectors shown in Table VIII are used to
construct a representation of the cubic group 'D(r“) (R)
using Eq. (B1) by constructing linear combmatlom
of plane-wave functions Uf( ‘- Z) (%1, %) =

>mG (el;in ) [D] (%1, %,) as in Eq. (42) that satisfy

wave

D;E‘;%(R):fd%ld%g [r;f(f" Z)(Jc xg)]

<y (R(E), R(Zy)). (B2)
The basis functions are chosen to have definite #, and
follow the usual Condon-Shortley phase convention for
spherical harmonics so that the Clebsch-Gordan coeffi-
cients of Ref. [135] can be used to form spin-orbit
products I'; with definite cubic transformation properties.
The Ay, E*, and T, basis vectors are proportional
to complex conjugated spherical harmonics (¥7')* [so

that states created by operators with wave functions

yf(ﬂ“f}(xl,xg) transform as spherical harmonics Y7']:

(YQ)* for Af; (Y9)* and (Y3+ Y;2)*/V/2 for E*; and
(Y2)*, (Y3-Y52)"/v2, and (Y5!)* for T3. All basis
vectors including those for the T and AJ irreps can be
obtained by transforming the Cartesian basis vectors in
Ref. [176] into a basis of £, eigenstates and adding
appropriate normalization and phase factors. Although
cubic transformation properties are unaffected by multi-
plying the wave functions for all rows of an irrep by a
common phase, the relative phases of wave functions in
different irreps do affect dibaryon operators that include
these wave functions in spin-orbit products. Phase factors
have therefore been chosen to ensure that all dibaryon
correlation functions transform identically under charge
conjugation.

In the 8 € {5,6} shells, there are multiple linearly
independent wave functions that transform identically.
Group-theory projector techniques must be augmented
by a method for choosing a particular wave function basis
in cases where a given irrep appears with nonunit multi-
plicity for a given 8: for the E* irrep and 8 =5 shell,

?J)(%,,%,) transforming according to each irrep of the cubic group,

I';, and the comresponding row labeled by #_ (note that for the cubic group, 7, is only defined modulo 4). Products of x, y, z denote
symmetrized tensor products. The relative signs and normalizations of generators within each column are chosen so that products of spin
and orbital angular momentum cubic irreps can be projected in total-angular-momentum cubic irreps using the spinor conventions
presented in Appendix A and the Clebsch-Gordan coefficients presented in Ref. [135].

r A B 3 I A7

0 1 22 -2 -y iv2xy(x? — yz)

1 - - —zx +iyz —zx(2? —xz) iyz(y* - 2%) =

2 V3(x*-y?) —iv/2xy (2 =22) +)4(2 -2 + (2 - y?)
3 x + iyz —zx(z? —x2)+1yz(y )

094508-55



SAMAN AMARASINGHE et al

PHYS. REV. D 107, 094508 (2023)

TABLE IX. The coefficients G;l;;‘f‘] with (I, Z,, £) shown in
the left column and #i,, shown in the top row corresponding to the
8 =0 and 8 = 1 shells.

TABLE XI. The coefficients Gg;‘:f‘] with (I'y, Z,, £) shown in
the left column and i, shown in the top row corresponding to the
8 =3 and 8 = 4 shells.

3=0 (0,0,00 8=3 (1,1,1)  (1,1,-1)  (1,-1,1)  (1,-1,-1)
(AT,0,1) 1 (AT,0,1) '3 } L L
8=1 (1,0,0 0, 1,0 (0,0, 1) (T$,2,1) - - i i
+ 141 14i 1—i 1—i
(47.,0.1) % % % (13,3,1) 22 T2 22 B
(E*,0,1) 1 L \/g
NG NG —-\/5
3=4 2,0,0 0,2,0 0,0, 2
(E+,2,1) -1 L 0 ( ) ( ) ( )
(Af,0,1) % % %
(E*,0,1) 713 715 _\/%
the basis wave functions of Ref. [49] are used, while for the (E*,2,1) — 12 12 0

T3 irrep and 8 = 6 shell, it is straightforward to construct

an orthogonal pair of wave functions by choosing l;fg;'z)

and yrg;'

yxﬁf). The results for the change-of-basis coefficients

Ggl;;fz} leading to a set of 8 € {0, ...,6} wave functions
that satisfy Eq. (B2) with Dg ;,2 (R) defined by Eq. (B1),
with the basis vectors presented in Table VIII, are shown in
Tables [X—XIIL.

For positive-parity two-nucleon systems with I = 1, the
spin-orbit tensor product is trivial and the wave functions
above provide a complete basis for 8 € {0,...,6} wave
functions that transform irreducibly under cubic trans-
formations. The corresponding /=0 systems have
[y =T, and the spin-orbit product representation must
be decomposed into direct sums of irreps. The cubic group
Clebsch-Gordan coefficients required for this decomposi-
tion can be obtained from the SO(3) Clebsch-Gordan
coefficients required to decompose products of the gen-
erators shown in Table VIII (which are related to spherical
harmonics) into direct sums of SO(3) irreps and are
presented in Ref. [135]. The nonzero Clebsch-Gordan
Cgr,‘,rz‘rf‘fz)

to be linear combinations of disjoint sets of the

coefficients appearing in Eq. (44) that are
required for constructing / = 0 correlation functions are
reproduced here for completeness.

For the A irrep, the only nonzero Clebsch-Gordan
coefficients are given by

(A+0.TF3) (AF0.TH0) (A+0.TH1) 1
e 1 = 1 = 1 =,
1 2 3 \/g

where it should be noted that, for the cubic group, J, is only
defined modulo 4, and a basis is used in which two-nucleon
spin components p = 1, 2, 3 correspond to J, = 1, J, =0,
and J, =—1 =3 mod 4, respectively. To complete the
construction of dibaryon operators with I =0 and
I'; = A, it remains only to construct the multiplicity-label

tensor Mgl;;;r“) introduced in Eq. (44). The multiplicity-

(B3)

label tensor is defined to provide a definite ordering f €

{1, ...,.N(go'r‘)} for all wave functions in the same irrep and
momentum shell, and for a given I'; and 8, it is equal to one
for a single I', and ¥’ and equal to zero otherwise. The only
momentum shells considered here which include T'y = T
wave functions are 8 € {5,6}; since only asingleI’; = A}
wave function can be constructed for each case, the
multiplicity-label tensor M;ﬁ'rﬁ is simply M;ﬁnrf) =1
for 8 € {5,6}.

TABLE X. The coefficients Gg;;‘f‘] with (I, #_,£) shown in the left column and 7, shown in the top row

comresponding to the 8 = 2 shell.

8=2 1, 1, 0) 1,0, 1) (1,0,-1) (1,-1,0) o, 1, 1) (0,1,—1)
+ 1 1 1 1 1 1
(47,0,1) 7 7 7 7 7 7
(E*+,0,1) i e 4 | v Ré
Vs 73- m m 75 m m
(E+,2,1) 0 _1% _? 0 1 %
(T3, 1.1) 0 2 =3 0 -4 5
(Tf,2,1) - 0 0 s 0 0
(77,3,1) 0 -1 1 0 ~i %
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TABLE XII. The coefficients Gg;‘:f‘] with (I, Z,, £) shown in the left column and 7, shown in the top row corresponding to the
8 =5 shell.
8=>5 2,1,0 (2,-1,0) 2,0,1) (2,0,-1) (1,2,0) (1,-2,0) (1,0,2) (1,0,-2) (0, 1,2) (0,1,-2) (0,2, 1) (0,2,-1)
+ 1 1 1 1 1 1 1 1 1 1 1 1
R RRY B S . S S v SN v S v B v SN v, S SN rv: S v S .
(A"’ 2 1) —_1 1 1 1 1 1 1 —_1 1 1 1 -1
T 23 03 243 2V3 03 23 2/3 21/3 03 23 2/3 21/3
(E+ 0 1) 5 5 1 1 5 5 I 1 1 1 1 1
T 2 2 Vig Vs 278 278 278 278 278 2778 % %
+ 1 1 1 1
E0D % w3 /& E Owm wm o wm ww ww & /3
+ 3 3 3 3 1 1 1 1
E2D -gx ~ws 3 -3 s ws Tws ws ws w3 2
(Et,2,2) —— = 1 _ 1 -5 __s5_ __1 __1 7 7 1 1
278 278 78 78 278 2V/78 2778 W B 2VT8 78 78
(T},0,1) i -5 ? O1 -i i 01 ? Q 0_ 0_ Q
(TF.1,1) 0 0 Rl 0 0 e R B R
(ry,3,1) 0 O % w0 O -5 = "5 ™ i
1 1 1 1 1 1 1 1
(;,1,1) o SO~ R~ A O 55 0w W Tw W Tws
(T5,2,1) - i 0 0 —i i 0 0 0 0 0
T3 0 0 T 0 - R
2. 22 22 22 22 22 22 2 /2
TABLE XIII.  The coefficients Gg;ff‘] with (T, £, ) shown in the left column and 7, shown in the top row corresponding to the
8 = 6 shell.
8=06 (2,1, 1) (2,1,-1) (2,-1,1) (2,-1,-1) (1,2, ) (1,2,-1) (1,-2,1) (1,-2,-1) (1, 1, 2) (1,1,-2) (1,-1,2) (1,-1,-2)
+ 1 1 1 1 1 1 1 1 1 1 1 1
(47.0.1) 50 VA 2v3 2v3 2v3 VA 2v3 2v3 2v3 2v3 V3 V3
(E‘*' 0 1) 1 1 1 1 1 1 1 1 L L L L
e 26 26 26 26 NG NG NG NG Ve Ve Ve Ve
(E+,2,1) -1 L __L L 1 1 a1 1 0 0 0 0
o 22 22 2v2 212 2v2 2v2 242 242
wsy §03 01 3 F 4 Xy oo EA
GERIE A S N A S S T S S T
(T3.1.1) -3 i -1 i i i ~3 i -8 - ra
712 55 55 " 2w Tw ow wo om0 0 0 0
ey ¥ T % T P T T S5 LN 1
2,2 —i —i i i
20 : . . : 2 2. 2. 2
T T T T ST TR R -
(3,32 55 55 “ws w35 " ws w0 0 0 0
For the A3 irrep, the nonzero Clebsch-Gordan coeffi- C(IE+<0<TT<3) _ CgE+<0<TT'1) _ L
cients are given by V6
CUEFOTO) _ 2
+ 5 7+ - + 9 7+ 1 2 —\7
C(IA2 213) _ Cg”‘z 212 _ —Cg”‘z 2r3) _ 1 (B4) 3
V3 CE 2T _ pEF2TS) 1
1 =43 -2
The 8 € {2,3,5} shells each include one T wave func- C(E+'O'T;'3) B C(E+'O'T{'l) 1
tion, while the 8 =6 shell includes two. No other T, 1 -4 _ﬁ’
contributes to I'; = A dibaryon operators, and so the (B 211 £+ T 3) 1
nonzero elements of the multiplicity-label tensor for this Cl = —Cg P =,
plicity /6
+ T+ + T+
irrep is M5 ") = 1 for8 € {2,3,5,6} and Mix2 ™) = 1. ;
. + 5 T+
For the E* irrep, the nonzero Clebsch-Gordan coeffi- CEE 213.2) _\g_ (BS)

cients are given by
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The 8 € {5, 6} shells include wave functions with both ', € {T, T }, and the multiplicity-label tensor M(ef;‘r“) is chosen

so that lower (higher) values of f are associated with Tf’ (T;') wave functions. The nonzero multiplicity-label tensor
elements have value unity, as always, and are M(;:T;) for the 8 € {2, 3} shells; Mg“ ") and Algil ™ forthe 8 = 5 shell;
and M0 ME ) and MU for the 8 = 6 shell.

For the T irrep, the nonzero Clebsch-Gordan coefficients are given by

C(ITTJA?WO) _ C;TT‘OAPO) _ CgTTﬁAT‘O) —1,
T},1,E%0) 3.6t 0 1 (TH0,E+,0)
o =G =5 G =-1
(THLES2) _ AT 3E2) V3
GUTo=aT =g
+ 1 T+ + 0 T+ 1
CgTT‘l‘TT‘l) _ _CETI‘I‘T] 2) C(rrorr 1 _ C{T 0.T+3) ﬁ
(TF 3,TF (T+3,T.3) 1
C3 _C ﬁ,
1 T+ + 0T+ + 1
Cng’f‘l‘T* D _ —cf' 1TH2) _ C(IT ort3) _ C(rr 0.TH1) ﬁ
(T} 3.7F,2) T+3,TH3) 1
i = g < 7 (B6)

All 8 shells include I'; = T operators with multiple I'y, and AJ(“;, ™) is chosen so that increasing f is assigned to the

ordering I'y € {A],E*, T, T; }. The nonzero multiplicity-label tensor elements have value unity and are as follows:

M forthe 8 = 0 shell; M7 and MTEE for the 8 = 1 shell; Mo, M) and MSE ™) for the 8 = 2 shell;
M) and MU for the 8 =3 shell; M{T1*) and Mflﬁf” for the =4 shell Mg:*”‘ M), MU,
M) and MU for the 8 = 5 shell; and MU A0, MGTE) MU MUETE) and MU for the 8 = 6 shell.
For the 1"2 irrep, the nonzero Clebsch-Gordan coefficients are given by
CgT:TJAI‘?) _ _C;TE"?AE’?J _ _6(173'3«45’2) =1,
+ + 3 gt 3 + 4 Bt
CETZ"‘I‘E 0) _ _0(372‘3‘5 0) _ % Cgrz 2E*2) _ -1,
+ + 3 gt 1
Cgr;‘l‘E 2) _ _C(1T2‘3‘E 2) -3
(TF.1.T}.0) (T}.1LTH 1) (rfariy)  rrart3) 1
(o =C,? =C,? ==C, 2 _ﬁ,
(T+3.TH0) (rfarf3) 1
CcL2 1 C =—,
} V2
(TF.1.T}1) (TH1,TF2) (T+2.TH1) T 2TH3) 1
C =yt oy —C( EAE
3 1 3 \/z
Tf3.T5.2 Tf375 3
( ) _ Cé ) ﬁ (B7)
Multiple T, lead to I'; = T operators in several 8 shells and M(er;’ ™) is chosen so that increasing f is assigned to the
ordering T'y € {A],E*, T} T+} The nonzero multiplicity-label tensor elements have value unity and are as follows:

M) forthe 8 = 1 shell; MS2 ™) and M3™2) for the 8 = 2 shell; M2 for the 8 = 3 shell; M{2* ) for the 8 = 4
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el M M ™, Mg T, MG and ™
for the & = 5 shell; and M2 M2 T Mgl ") and

M2 for the 8 = 6 shell.

APPENDIX C: CONTRACTION ALGORITHM
IMPLEMENTATION

We have implemented the contraction algorithm
described in Sec. IIB using Tiramisu [132], a domain-
specific language embedded in C++ Tiamisu provides a
C++ application programming interface (API) that allows
users to write high level, architecture-independent algo-
rithms, and a set of API calls to specify how the code
should be optimized. Tiramisu is designed for efficiently
expressing algorithms that operate over dense arrays using
loop nests, which in computer-science and applied-math
contexts are often found in the areas of dense linear algebra,
tensor operations, stencil computations, image processing,
and deep learning. Both the bilocal baryon-block con-
struction and correlation-function calculation described in
Sec. II B involve tensor operations with many nested sums
over space, spin, and color indices and are therefore
amenable to similar optimization techniques.

Tiramisu uses a mathematical model known as the poly-
hedral model internally [132,178-181] to represent code,
code transformations, and to reason about the correctness
of code transformations. Optimizations applied using
Tiramisu include loop parallelization (with OpenMP style
parallelism), vectorization (taking advantage of instruction
sets such as AVX2 and AVXS512 as well as fused-multiply-
add hardware instructions), loop reordering, and loop
fusion. A simple example of using loop reordering to
improve memory access patterns and reduce computational
redundancy via common-subexpression elimination is to
order the loop over spatial wave function types innermost
during block construction, which allows the product of
three quark propagators to be computed once and then
reused during construction of blocks with all spatial wave
functions. Loop fusion is useful for eliminating the need for
large temporary arrays as well as improving data locality
and is critical to the feasibility of the calculations presented
here. In particular, by fusing the ¥, and X, loops required to

evaluate S(q )”k (¥1,X,,t) using Eq. (34) with the loops

gom'g'
required to evaluate the X, and ¥, sums in Eq. (36), it is
possible to reduce the intermediate array storage required
for each bilocal baryon block to a single (2 x 3)* =216
component tensor for each baryon-level spin and spatial
wave function. Without loop fusion, storing all entries of

Eﬁﬂf"g}(xl,xg) for the calculations described in Sec. III

would require constructing 8 TB arrays for each quark
smearing type, but with loop fusion only 60 kB of memory
is required. Although loop fusion can introduce redundant
computation, the resultant increase in computational cost (a
subpercent increase in the number of computations to be

performed in this case) can be justified in cases of
sufficiently large memory-use optimization such as this.
This approach further permits distributed parallelization
over the ¥; and ¥, sums with no communication required
and facilitates practical GPU execution that will be used in
future work.

The advantages of a contraction algorithm based on
bilocal baryon block construction and of the Tiramisu
compiler can be seen by example. With Vs =83 and
Nge = 50, evaluating Eq. (33) without introducing baryon

blocks requires 16 x 36NL$]NEIC Vi~ 10" products of six
complex numbers for each choice of source and sink
smearing. Instead computing bilocal baryon blocks
defined by Eq. (34) using the same lattice volume and

interpolating-operator set requires 6 x 216N$)NWV§ ~
10" products of six complex numbers. Subsequently
evaluating Eq. (36) using local and bilocal baryon blocks

requires 16 x4 x 36NL$]N§ICV§ ~ 10" products of two
complex numbers. Introduction of bilocal baryon blocks
and use of Egs. (34)—(36) therefore leads to a reduction in
computational cost by 10° for this example that would be
even larger for larger V. Practically calculating bilocal
baryon blocks for this lattice volume and interpolating-
operator set then requires fusion of loops over ¥; and X, in
order to avoid excessive memory requirements as discussed
above. In comparison to a C++ code implementing this loop
fusion and the loop ordering optimization discussed above,
additional optimizations performed internally by Tiramisu
lead to a further order of magnitude speedup for Vg = 512.

In order to test the validity of our codes, we have
explicitly tested that applying all LQCD symmetry trans-
formations to the smeared-smeared sparsened timeslice-to-
all quark propagators computed for one m, = 806 MeV
gauge-field configuration and used as input to the Tiramisu
hadron correlation-function calculation code leads to
the expected transformations of all hadron correlation
functions computed.” The transformations of gauge
fields U,(x) and quark propagators S(¥,#,7,0) =
q(%,1)g(y,0)) under all the symmetries of the LQCD
action including SU(3), gauge transformations, the dis-
crete symmetries C, P, and T, and spacetime isometries
valid for a cubic finite volume with periodic boundary
conditions, as well as 7-dependent transformations asso-
ciated with U(1)g and U(1),_, symmetries, are listed in
Table XIV. The 48 elements of the cubic group R € Oy, can
be described as products of reflections r; about the &; axis
and permutations p;; of the &, and &; axes. Equivalently,
cubic-symmetry transformations R € O, can be described

We have also verified that applying symmetry transforma-
tions to a small random gauge field before calculating quark
propagators leads to the expected transformation properties
within inverter tolerances.
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TABLE XIV. Transformations associated with symmetries of the (Wilson-like) LQCD action and results of transforming gauge fields,
quark propagators, and hadron two-point correlation functions, respectively. In order to obtain expressions in terms of the original
timeslice-to-all propagator, ys Hermiticity of the propagator, S(¥,0; X, 1) = ysS(¥,1;¥, 0)7ys, has been used in conjunction with charge
conjugation. Opposite-oriented gauge links are defined by U_,(z) = U, (z — éV)T. A minus sign appropriate for antiperiodic boundary
conditions has been included with T. Translation &, represents a shift by one lattice site in the &, direction, or for sparsened quark
propagators a shift by S lattice units in the ¢, direction. p;; and r; denote cubic symmetry transformations R € {p;;, r¢} = Oy,
corresponding to permuting the &; and &; axes and reflecting with respect to the & axis, respectively; the corresponding representations
of quark fields are denoted D(R) = D1 ®%1)(R) and explicitly presented in Eq. (C3). Transformation results are independent of quark-
field smearing, and propagator smearing indices are therefore suppressed. For the case of U(1),_, isospin, 6,_; denotes that a U(1)
transformation of e™«-4' (¢~"%«-a') should be applied to u-quark propagators (d-quark propagators) with a corresponding factor of e*u-d
applied to gauge fields involved in their calculation.

Transformation U.u( z) S(, 1,5,0) {BJ r,) (1)
SUB3)c Q(2)'U,(2)Q(z +2,) Q(%,1)S(%, 1, 7,0)Q(7,0)" ng,n 0)
U(1)g {Ui(2), €9 U4(2)} e?B38(%, 1, 5,0) efasrcii;f,r;)(f)
U(1),—y {Ui(z), e~ Uy(2)} e%-itS(%, 1;5,0) ei!zgn_dqu;#’:r!] 0
c U,(2)* 127a7sS(%, £, 5,0) rsyara CO (2
P {U_i(=%,24),Ua(=Z, 24)} 7aS(X, £ 5,0)y4 C(BJ i) (t)
r {Ui(Z, —24), U_4(Z, —24)} —1475S(X, =1, 5, 0)ysv4 C(Brn (=)
Translation &, U,u(i + &, 1) S(X+ & ;5 + &,0) BJ r) )
Pij Up,w (pij(%), 1) D(pij)S(pi;(%),  pij(F), O)D(Pij)T BJ TJ) ()
"y Urygo (r(3),1) D(r)S(r(®), £ (), O)D(ry)’ dBJ ) 4y
as products of rotations R(6¢;) of @ radians about the & DY (r) = yuys,
axis and ﬂ.lf: Parity operationzgakjng X = PX = —X, with the )
two descriptions related by D(lfﬁ)(pjj)T — ﬁﬁ”j(l +Y4;5ijﬂ’ﬂ’5), (C3)
r, = PR(ne,),
pij = PR(n¢;)R (f—zr &; X éj)- (C1) with the spin-1/2 representation of the 24 transformations

in O\ {P} obtained by taking products of representations
of reflections {1,r,, r3,r,r3} and representations of
permutations {l,PIQ,P23,P31,P123,P132}= where py; =
P31P12 and Py = piaps; = Pias- This representation is

Quark fields transform under the spin-1/2 representation
of (the double cover of) the SO(3) rotation group defined

by [182

y [182] unitary, D2 (R)~! = D(Y/J(R)'. The adjoint represen-
o R ) et (e Lo ] tation can be obtained using products of DU/ (r)" =

9% )>DVI(R)'q(R), 1) = e Tg(R(X), 1), -DU/A(r,) for reflections and 'D(m)(Pij)T =

q(%, ;)3, g(R(%),))DY2(R) = Q(R(f),t)g_#”ij[fJ’j], —’D(Uz)(p,vj) for permutations. Comparing the traces of
() these representations to character tables for the cubic

group demonstrates the well-known fact that quark

fields transform in the G} @ G7 representation, that
is DG®G)(R) = DV/2(R), where D)(R) denotes
the representation I',.*” Quark propagators therefore
transform under cubic-group elements as shown in

where @;; = 0¢;j for R = R(6¢,). The representations of

quark fields under cubic group transformations can be
derived by combining Eq. (Cl) with Eq. (C2) to obtain

_ Table XIV.

**There are multiple descrlptmns of cubic group permutatlons
as rotations, another is obtained for example using p;; =
PR(5é; x eJ)P(fre) that give distinct spin-1/2 representatmns -
of these cubic group transformations. The distinct spin-1/2 *"The two parts of the direct sum G @ Gy correspond to the
representations provided by these multiple descriptions are  upper and lower spinor components of the quark field in the Dirac
related by unitary changes of basis and therefore equivalent. basis.
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Correlation functions involving interpolating operators
B0 with definite J, transform as

(BT ()7 BLTT2) (0))
L 37 DI (R) (BLE D ()BT (0)y D) (

I
g
i

(R),
(C4)

where y =y for bosonic states with even B. It follows
from Eq. (C4) and the orthogonality relation [176]

y T, 48
3 DI RDY(R) = 5m 8;8y s (C5)

Re0,

that correlation functions involving different I'; or J, at
the source and sink vanish after averaging over cubic-
symmetry transformations, and further that J,-averaged
correlation functions are invariant under cubic-symmetry
transformations,

CBI) (1) B (p), (C6)

Analogous arguments demonstrate the invariance of hadron
correlation functions under translations, C, P = r|r,r;,
T = r4 (a reflection about the Euclidean time axis analo-
gous to r;), and SU(3). gauge transformations, as well as
the U(l)y and U(l),_,; transformations shown in
Table XIV. Applying each of these transformations to
sparsened timeslice-to-all propagators with t = 7'/2 leads
to exact symmetries of correlation-function matrices con-
taining arbitrary sets of dibaryon and hexaquark operators
[up to complex conjugation for C or multiplication by an
overall phase for r-dependent U(1)g and U(1),_, trans-
formations]. We have verified that the expected symmetries
hold up to machine precision for all of the interpolating
operators described in this work.?®

The C and T symmetries provide constraints on hadron

correlation functions: 7 symmetry gives Cif}!‘r’)(t) =

Ci,f!!'r’)(—t), which justifies averaging of correlation

functions with sinks at +¢, and C symmetry gives that

*Correlation functions 1nv01vmg quasilocal mterpolating
operators Q,,,, are computed using factorized operators F,,
sources. Although [Q, F] and [Q, Q] correlation functions h have
identical expectation values, they are not equivalent before
ensemble averaging. Since F does not share all of the
symmetries of Q (in particular translation invariance), corre-
lation functions with factorized quasilocal sources are not
invariant under all of the quark propagator symmetry trans-
formations described here.

correlation functions matrix elements are real Cij +) (1) =

Ci,f}!'r‘)(t)*. Provided a symmetric set of interpolating

operators is used at the source and sink, it follows from
C symmetry that correlation-function matrices are real and
symmetric. Besides verifying that applying the transforma-
tions shown in Table XIV to a set of quark propagators
from one gauge-field configuration leads to the correct
transformations of correlation functions, we have verified
that the ensemble average imaginary and antisymmetric
parts of all hadron correlation-function matrices are con-
sistent with zero.

APPENDIX D: CORRELATION FUNCTION
FITTING PROCEDURE

This work uses the same procedure for sampling over
possible fitting analysis choices and estimating the asso-
ciated systematic uncertainties introduced in Ref. [183] and
compared to previous analysis strategies for multibaryon
correlation functions in Ref. [29]. Analysis results are
completely fixed by the specification of several tolerances
and other hyper-parameters of the fitting algorithm. Details
of this procedure and relevant features of the fitting
algorithm are described for completeness below; for more
details see Refs. [29,183].

The GEVP correlation functions C'E,B‘!‘r’)(t) are

obtained using the eigenvectors of C;f,‘!‘r‘)(t) as

described in Sec. IID. In order to provide a uniform
normalization for all interpolating operators and avoid

spuriously increasing the condition number of C(B ! r, (2).

a normalization factor of l/\/ }i”‘ O)C}ifr’ (0) is
applied to the correlation-function matrix before
solving the GEVP, Eq. (48). Single- and multiexponential
fits to truncations of the spectral representation in
Eq. (51) are performed for all C'E,B‘!‘r‘)(t) for ¢ in the
range [fmin, fmax)» Where ty, is varied over all values
Imin =2 for which at least tolyjyean =35 source/sink
separations are available for fitting. Here, 1, is chosen
to be the largest source/sink separation < toly.., for

which \/Var[Eg,B‘!‘r“Su)(t)]/Eg,B‘I‘r“S"‘)(t) < tol e, Where

toliperm = %T is used as in Ref. [183] and tol,,;,. = 0.1.
For the single- and two-nucleon ground-state GEVP
correlation functions, the condition f,, 5%1" used to
avoid contamination from thermal effects is more restric-
tive than the signal-to-noise cutoff and identical results
are obtained for any choice of tol, ;. = 0.05. The y?/N ¢
for one-state fits with a variety of f;, increase signifi-
cantly if ¢, > %T is chosen, which suggests that toly. .,
cannot be increased without introducing non-negligible
thermal effects.
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For each choice of 1,;,, a one-state fit is first performed
in which Eq. (51) is truncated to include a single expo-
nential. After performing one-state fits, two-state fits are
performed and taken to be preferred if they improve the
Akaike information criterion (AIC) [184] by at least
toly;c = —0.5 times the number of degrees of freedom
in the one-state fit. If the two-state fit is rejected, then the
one-state fit is taken to be the optimal truncation of Eq. (51)
for this choice of t,,;,. This procedure is repeated with three
and more state fits if necessary in order to determine the
optimal truncation of Eq. (51) for each f,;,. All fits are
performed using correlated y* minimization with optimal
shrinkage [185,186] implemented using the diagonal part
of the covariance matrix as the shrinkage target as in
Refs. [183,187]. Fits are then repeated Ny, = 200 times
using bootstrap ensembles sampled from the GEVP corre-
lation functions computed on each gauge-field configura-
tion. The 68% empirical bootstrap confidence interval is
used to determine the statistical uncertainties in the energy
levels and overlap factors for this fit range [188]. The
GEVP eigenvectors used in Eq. (50) are not varied during
bootstrap resampling in order to avoid numerical instabil-
ities from poorly conditioned resampled correlation-
function matrices; analogous strategies are used for
example in Ref. [145]. Several checks are then applied
to assess the consistency of the multiexponential fit
solution: two nonlinear solvers, implemented in the Julia
language [189] and using the Optim optimization package
[190], are verified to agree on EE,B"'“'S") within a tolerance
of toly,; = 107, correlated and uncorrelated fits are verified
to agree within tol,,; = 56, and bootstrap median and
sample mean fits are verified to agree within tol .4 = 26.
Fits passing these checks are then averaged using a
weighted average with weights proportional to the esti-
mated p value/variance for each energy-level result as
used in Refs. [183,187]. The lowest energy level obtained

by the fit is identified with Eg,B‘I‘r“S"‘) since the orthogon-
ality of GEVP solutions provides correlation functions
orthogonal to states m with m < n assuming that they
strongly overlap with an interpolating operator in the set

) . 2 .. . B.I.I'}..S
under consideration.” Positive definiteness of Eg, 1S0)

zgRelatively high-energy GEVP comrelation functions above
the single-nucleon first excited state are too noisy to obtain three
or more acceptable fits with tol,;. = 0.1. In these cases, the
noise tolerance is doubled and the fitting procedure is repeated
with successive noise tolerance doublings repeated until there are
at least three acceptable fits. Systematic fitting uncertainties may
be underestimated for the relatively high-energy levels where
only ~3-5 acceptable fits are used for weighted averaging.
However, these results are expected to be contaminated by small
but nonzero mixing with lower-energy states and are only used as
inputs for GEVP reconstructions of correlation-function matrix
elements such as Fig. 15. In particular, their values are not
interpreted as reliable estimates of energy levels.

and ng,‘!‘r‘) are enforced by using their logarithms as
optimization parameters.

Determinations of the FV energy shifts AE, E,Z‘I apply
the same fitting procedure above in order to determine

1rJ' 150)

estimates of both E&"™*) and Eél'%'cﬁ using each choice
of ty, sampled. Correlated differences of these fit results
are used during bootstrap resampling in order to determine

. L 2,11,.8
statistical uncertainties of AE& 750 The central value
and statistical plus fitting systematic uncertainty for

AE&Z‘I‘F“S"“) is then obtained from a weighted average of
all acceptable fit results (where the acceptable fit cuts are
applied to the two-nucleon and single-nucleon fits inde-
pendently) with the same weights described for individual
energies above.

After determining AE&Z‘I‘F“S"“) for each GEVP correla-

tion function C‘LB‘!‘F‘), the resulting energies and associated
GEVP correlation functions are reordered so that

AEZFMT S0 o« AEGTTY) for n<m. In particular, energy
levels that are degenerate within statistical uncertainties are

ordered by the central values of AE&Z‘I‘F“S'}).

APPENDIX E: TESTS OF VARIATIONAL
ANALYSIS STABILITY

1

Fit results for the nucleon mass My = EEI'E'GT) are
stable with respect to variation of ¢y and f,.¢ and both the
central values and uncertainties are compatible over a
I fm range of variation as shown in Fig. 37. Results for
the first excited-state energy are similarly stable. Results
using the GEVP eigenvalues in order to define effective
energies are also consistent within le uncertainties for
both the ground and first excited state as shown in
Fig. 38. Effective energies using GEVP eigenvalues with
to = t/2 have similar uncertainties for small ¢ and larger
uncertainties for large ¢ in comparison to those obtained
using fixed ty =5. The effective energy defined in
Eq. (53) has similar uncertainties for small ¢ and smaller
uncertainties for large ¢ than either eigenvalue-based
definition. The GEVP correlation functions defined
using eigenvectors with fixed #y and f,¢ and associated
effective energies in Eq. (53) are therefore used in the
main text.

An issue that arises with bootstrap resampling of
eigenvalue-based effective energies is that closely-spaced
eigenvalues associated with different eigenvectors may
swap ordering between bootstrap samples. This issue does
not arise in practice for the single-nucleon correlation-
function matrix studied here; however, it does arise for two-
nucleon correlation functions. To avoid this issue in
general, the eigenvalues associated with the sample-mean
correlation-function matrix are ordered for a fixed source/
sink separations, chosen here as t.s = 10, simply by
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FIG. 37. Stability of the single-nucleon GEVP ground-state energy with respect to variation of 7y and #..¢. The blue bands show the
ground-state energy determined using 7, = 5 and 7.,y = 10. In the left plot ,.; = 10 is held fixed while ¢, is varied, while in the right plot

ty = 5 is held fixed with 1., is varied.
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FIG. 38. GEVP effective energies determined using different schemes for choosing 7, and f,; to obtain GEVP eigenvectors.
Results with fixed 7y = 5 and f,.; = 10 are identical to those in Fig. 5 and detailed in the main text, while the other results shown use
fixed ry = 5 and variable 7,.; = f (omitting the singular point f = £, = 5) and variable ry = /2 (rounded down to the nearest integer
in lattice units) and f,,; = 1, respectively. In the latter two cases, GEVP eigenvectors are obtained for each bootstrap sample and the
corresponding bootstrap eigenvalues are sorted by similarity with the eigenvectors of the sample-mean correlation-function matrix
as described in the main text. Colored bands display the fit results for the fixed f, and . GEVP cormrelation functions (whose
effective energies are shown as squares) with the fit range sampling and averaging procedure described in the main text and

Appendix D and also shown in Fig. 5.

(BIIYy) (BIIYy)
n m

enforcing 4 (s, to) forn < m, and

(tret 20) > 4
. . (B.IT))
the corresponding eigenvectors vn, " " (s, fp) are com-
puted. For the sample-mean eigenvalues with £ # £
and the bootstrap resampled eigenvalues for all ¢,
eigenvalues are then ordered by enforcing that

1>, v%!‘r‘)(t,tO)*vgf,‘!‘r‘)(tmf,tg)| is maximized for
m = n. Analogous issues are discussed for example
in Ref. [98].

A similar analysis can be performed for two-nucleon

. . 2,1,A}
systems. In the dineutron channel, results using S(@ ") are

insensitive to the choice of t; and t; used to solve the
GEVP, as shown for the ground state in Fig. 39. Higher
energy states show similar levels of insensitivity to f, and

. 2,LAT,
et as long as the size of the fit results for EE, AlSo) are

used to order the energy levels. For many choices of #; and
tes the eigenvalues associated with the n € {2, 3,4} levels
fluctuate significantly enough to change the ordering of the
eigenvalues at fixed f; and f, when compared to the

. 2,1,A7,S . . .
ordering of EE, A 0), which can lead to spurious sensi-
tivity to f, and t¢ if energy levels are ordered by enforcing

ALB‘I‘F‘)(IM,IO) > Aﬁf‘!‘r‘)(tmf, to) for n < m as described
above. Analogous results for the deuteron channel are
shown in Fig. 40. Surprisingly, the ground-state energy
result with fp =8 and f = 10 has significant larger
uncertainities and a 3o larger central value than the results
with other 7, and 7. Excited-state energies computed with
to = 8 and f¢ = 10, conversely, are almost identical to
results with other fy and #,¢. Further increasing either £, or
t.s away from these values again leads to ground-state
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FIG. 39. Stability of I = 1,T"; = AT GEVP two-nucleon ground-state FV energy shifts using the interpolating-operator set §f§ AL

with respect to variation of 7y and fn¢. Details are as in Fig. 37.
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FIG. 40. Stability of I = 0,I"; = T{ GEVP two-nucleon ground-state FV energy shifts using the interpolating-operator set §f§ 07

0.000
~ —0.001f
&
N I T T A
=
g;ﬂo —0.003F
4 —0.004 |

—0.005F ,

7 8 9 0 11 12 13
tref

)

0.000F

. —0.001F

& —0.002F }

+ L

W ER T I
& —0.003f

S| C

< —0.004f

—0.005F

T & 9 10 11 12 13
Lref

)

with respect to variation of #, and 7. Details are as in Fig. 37. Results with 7, = 8 and ,; = 10 are not precisely determined and are

discussed in the main text.

energy results that are almost identical to the results shown.
The result with f, = 8 and ¢ = 10 would make negligible
contributions to a weighted average of results with a range
of 1y and f¢, and a systematic uncertainty is therefore not
explicitly included for this variation.

Results for GEVP effective FV energy shifts using the
eigenvalue-based definition, ln(lf&—'{lﬁj(—}r(ﬁﬂr))), are com-

0

pared to results using the eigenvector-based definition
in Eq. (50) for the dineutron channel in Fig. 41. The
effective FV energy shifts are seen to be insensitive to
which definition is used. Analogous results for the
deuteron channel are shown in Fig. 42. In this case most
but not all of the effective FV energy shifts are seen to be
insensitive to which definition is used. The GEVP
correlation functions computed using the eigenvalue-
based definition are significantly noisier than those
computed using Eq. (50) for the n € {4,5} states, which

as seen in Fig. 19 involve mixtures of interpolating
operators and have relatively noisy overlap factor deter-
minations. The eigenvector-based definition with fixed £,
and ¢ in Eq. (50) therefore appears useful for resolving
states involving mixtures of interpolating operators that
are not well determined at small 1.

The effective FV energy shifts for low-energy states
obtained using the interpolating-operator sets Sg“”"”, .

Sg“""” and g(@?‘o‘r;f), ...,gg'ﬂ'rﬁ are shown in Figs. 43

and 44. The missing energy levels seen in Fig. 12 for the
dineutron channel and Fig. 26 are the deuteron channel are
clearly visible in the effective FV energy shifts. Besides the
absence of particular energy levels, the effective FV energy
shifts present in Figs. 43 and 44 do not show any unusual
behavior that could be interpreted as a signature of excited-
state contamination from missing energy levels comparable
to or below the energy levels present.

.ey
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The GEVP effective FV energy shifts determined using different schemes for choosing f, and f.; to obtain GEVP

eigenvectors using the interpolating-operator set Sg’]’ﬂn. Results with fixed 7y = 5 and 7,y = 10 are identical to those in Fig. 7 and
detailed in the main text, while the other results shown use fixed f, = 5 and variable ., = f and variable fy = 1/2 and f,.; = ¢ in analogy

to Fig. 38.
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FIG. 42. Analogous results to Fig. 41 for the deuteron channel using interpolating-operator set S@

094508-66



VARIATIONAL STUDY OF TWO-NUCLEON SYSTEMS WITH ... PHYS. REV. D 107, 094508 (2023)

(1) — S S gy (1 —— S S o
] a21,47) a@1,47)
0.20f - Se I'E 0.20f = So
e S i ittt £4--F e S e aoas o
= o C =+ = T
= 015F "~ - bl fnteulu bt Ty = 015 "7 o P A e
15 F =TT E 168 £
N * 5 T e - N * 5 e o .
- 0.10p ___ = % —v—;‘.——a—g —————————————— = - U.lO-___________ﬁ_,_ ————————————
o 3 o - % 3
W gos] T E E W e T I e e~ —— =~
4 ____E_E_E_é ___________ - - - q ____________________________
0.00 T ] 0.00 ===
0 5 10 15 0 5 10 15
t t
0.25 [ LR R R B B S U O N N ——
= ij(z.l.At)
0.20f - ®
= = [ s R S
=~ = 015f - b el intials e =
"ﬂ‘_ H'h‘ - "N
o I R e A
il S 5 T e S R I
-.N_:: 9:: Y Y
& B o5l T T W W W aasa—a
< < A S N NN
0.00 B
0 5 10 15
t
0.25
0.20
= = 015
H’iﬂ‘ ""‘.
o +oe
< =010
\E‘:: s—‘::
& = 005
< <
0.00
t
025 IS R R S N S S S S|
§@1ar) .
0.20F - @ ]
— P ’_‘_;_:. ___________ T _I' _____ 3
= = o Y e g ——- P - S B
1w 1 0.15 - £ el 1 T I
o S “6—;—;—————_:—7—;—}—3— — T
= T 010k T e e ae e — e I
\-flf \-flf 0‘05_____*_*_3'_3 __________________ BN
q q ————9—6—6—6 ———————————————— —|
0.00]
0 5 10 15
t t
=(2,LA) =(2,1.4f
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FIG. 44. Analogous results to Fig. 43 for the deuteron channel.
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TABLE XV. Single-nucleon energy levels in lattice and physical units obtained from a weighted average of single-
and multiexponential fits to GEVP correlation functions as described in the main text.

" a Ei. 24.G.Sy) Ei. 245G .Sy) [GeV]
1.2045(8) 1.636(18)
1 1.7704(143) 2.404(33)

APPENDIX F: VARIATIONAL ENERGY-LEVEL RESULTS

Results for the single-nucleon ground- and first-excited-state energies obtained using the interpolating-operator set
{NW, NT} and the fitting methods adapted from Ref. [183] and discussed in Sec. III A are shown in Table XV. The
uncertainties shown include systematic uncertainties associated with the variation in fit results obtained with different
choices of t,;, added in quadrature to statistical uncertainties calculated using bootstrap methods. Results for two-nucleon

energy levels ELZ‘I‘F“S”) and FV energy shifts AE&Z‘I‘F‘S”) are shown in Tables XVI-XVIIL The interpolating-operator sets

TABLE XVI. Two-nucleon I = 1 energy levels in all positive-parity total-angular-momentum cubic irmreps I'; €
{AT,ET,T$,T{,A5} in lattice and physical units obtained from a weighted average of single- and multi-

exponential fits to GEVP correlation functions as described in the main text. Finite-volume energy differences
obtained using cormrelated differences of GEVP fit results and the associated center-of-mass momenta are also

provided.
" aELz,m;,&.,) AE(ZM .50) AEilz,l,A;,s,,) [MeV] zm 502 /m?2 2
0 2.4067(21) -0.0025(5) -3.3(0.7) —0.0084(17)
1 2.4317(25) 0.0226(9) 30.7(1.2) 0.0776(30)
2 2.4624(23) 0.0534(9) 72.6(1.4) 0.1843(30)
3 2.4640(101) 0.0575(98) 78.1(13.4) 0.1984(344)
4 2.4950(23) 0.0861(9) 117.0(1.8) 0.2991(33)
5 2.5250(26) 0.1160(10) 157.5(2.2) 0.4050(36)
6 2.5522(31) 0.1433(15) 194.6(3.0) 0.5033(56)
7 2.5811(28) 0.1725(14) 234.2(3.2) 0.6093(51)
n aEf-,z‘l‘E_‘s"] aAE(?‘ 1.E*,S) AES‘IZ,I,E‘,%] [MeV] k;z,l,r,s,,)z’!mi
0 2.4387(19) 0.0297(5) 40.3(0.8) 0.1019(17)
1 2.4679(20) 0.0589(7) 80.0(1.3) 0.2035(23)
2 2.5244(26) 0.1153(10) 156.6(2.2) 0.4027(37)
3 2.5510(26) 0.1422(13) 193.1(2.8) 0.4992(48)
4 2.5545(29) 0.1454(11) 197.4(2.6) 0.5108(39)
5 2.5801(27) 0.1715(15) 232.9(3.2) 0.6058(54)
" aELz,l,rg,s,,) AE{ZIT‘ .50) AEilz,l,r;,s,,) [MeV] 21 TFS)? /m?2 2
0 2.4676(22) 0.0585(6) 79.4(1.2) 0.2018(22)
1 2.4958(21) 0.0869(7) 118.0(1.6) 0.3016(25)
2 2.5504(19) 0.1421(10) 192.9(2.5) 0.4988(38)
3 2.5773(25) 0.1689(14) 229.4(3.1) 0.5962(50)
4 2.5812(29) 0.1721(12) 233.8(3.1) 0.6081(46)
n aELZ,l,T(,Sg] AE{?‘ LT7.50) AELZ,I,T(,S:,] [MeV] k;z,l,rf,sﬂ)zfmi
0 2.5533(25) 0.1444(12) 196.2(2.7) 0.5074(43)
1 2.5810(26) 0.1722(14) 233.9(3.2) 0.6085(50)
aELZ‘MZ_'S“] HAE;IZ,LA;,S,,) AEilz,l,A;,s,,) [MeV] (zm 50)? /m?2 2
2.5540(27) 0.1450(12) 196.9(2.7) 0.5095(44)
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TABLE XVIL. Two-nucleon I = 0 energy levels in the deuteron total-angular-momentum cubic irrep I'; = T in
lattice and physical units obtained from a weighted average of single- and multiexponential fits to GEVP correlation
functions as described in the main text. Finite-volume energy differences obtained using correlated differences of
GEVP fit results and the associated center-of-mass momenta are also provided.

20,77 So)?

n E;znr S0) aAEf‘U‘TT‘S“] AE;ZUT S0) MeV] ki. Jm2
0 2.4067(21) —0.0025(5) -3.4(0.7) —0.0085(17)
1 2.4308(24) 0.0217(9) 29.5(1.3) 0.0745(31)
2 2.4393(19) 0.0302(4) 41.0(0.8) 0.1036(15)
3 2.4616(22) 0.0527(9) 71.5(1.4) 0.1815(31)
4 2.4683(27) 0.0589(9) 80.1(1.5) 0.2035(32)
5 2.4681(20) 0.0591(6) 80.3(1.2) 0.2041(21)
6 2.4783(66) 0.0710(60) 96.4(8.2) 0.2456(209)
7 2.4900(33) 0.0819(23) 111.2(3.4) 0.2839(83)
8 2.4937(24) 0.0850(12) 115.4(2.1) 0.2950(42)
9 2.5242(22) 0.1153(9) 156.5(2.1) 0.4025(33)
10 2.5252(23) 0.1163(8) 157.9(2.1) 0.4062(29)
11 2.5524(25) 0.1416(13) 192.2(2.8) 0.4970(48)
12 2.5530(43) 0.1435(10) 194.9(2.6) 0.5042(37)
13 2.5544(26) 0.1440(22) 195.5(3.7) 0.5057(79)
14 2.5537(24) 0.1448(10) 196.7(2.6) 0.5089(36)
15 2.5502(24) 0.1454(10) 197.5(2.6) 0.5109(38)
16 2.5804(24) 0.1707(14) 231.8(3.1) 0.6028(50)
17 2.5796(29) 0.1716(12) 233.0(3.1) 0.6061(45)
18 2.5806(33) 0.1717(15) 233.2(3.3) 0.6065(57)
19 2.5802(26) 0.1718(13) 233.4(3.1) 0.6070(46)
20 2.5807(38) 0.1721(19) 233.7(3.7) 0.6079(70)

TABLEXVIIL Two-nucleon I = 0 energy levels in total-angular-momentum cubic irreps ', € {T5, ET, A] A}
in lattice and physical units obtained from a weighted average of single- and multiexponential fits to GEVP
correlation functions as described in the main text. Finite-volume energy differences obtained using correlated
differences of GEVP fit results and the associated center-of-mass momenta are also provided.

n E;znr S0) aAEf‘U‘T;‘S“] AE;,ZUT S0) MeV] (znr 50)2 =
0 2.4394(20) 0.0303(5) 41.1(0.8) 0.1039(17)
1 2.4677(22) 0.0586(7) 79.6(1.3) 0.2022(25)
2 2.4689(23) 0.0596(6) 81.0(1.2) 0.2059(23)
3 2.4964(21) 0.0874(7) 118.7(1.6) 0.3036(25)
4 2.5248(30) 0.1157(10) 157.1(2.2) 0.4040(36)
5 2.5508(26) 0.1422(12) 193.1(2.7) 0.4992(45)
6 2.5515(37) 0.1423(15) 193.2(3.0) 0.4996(55)
7 2.5539(27) 0.1450(12) 197.02.7) 0.5095(44)
8 2.5540(27) 0.1451(12) 197.1(2.7) 0.5099(43)
9 2.5548(27) 0.1460(12) 198.3(2.7) 0.5131(43)
10 2.5793(26) 0.1706(13) 231.7(3.1) 0.6026(49)
11 2.5810(36) 0.1718(13) 233.3(3.1) 0.6069(48)
12 2.5807(31) 0.1718(13) 233.4(3.1) 0.6070(48)
13 2.5813(26) 0.1724(12) 234.2(3.0) 0.6091(43)
n HELZ,U,E*',S,,] AE(znm S0) AE(an S0) MeV] an+ S0)2 m?
0 2.4677(22) 0.0585(7) 79.5(1.3) 0.2021(25)
1 2.4969(33) 0.0873(10) 118.5(1.9) 0.3031(35)
2 2.5525(37) 0.1431(17) 194.3(3.2) 0.5025(63)
3 2.5541(27) 0.1454(11) 197.4(2.7) 0.5108(42)
4 2.5788(29) 0.1699(15) 230.8(3.3) 0.6000(55)

(Table continued)

094508-70



VARIATIONAL STUDY OF TWO-NUCLEON SYSTEMS WITH ... PHYS. REV. D 107, 094508 (2023)

TABLE XVIIL (Continued)

" aEROE S aA E2OES0) AEROE S0 [Mev] k;z,n,r,s,,)z’!mi
5 2.5814(29) 0.1725(12) 234.2(3.1) 0.6093(46)
6 2.5839(70) 0.1731(24) 235.1(4.2) 0.6117(91)
n aEff‘Mz_‘S“] AEZM? S0) AES‘IZ,U,A;,S,,] [MeV] (zna Sa)? =
0 2.4682(31) 0.0586(10) 79.6(1.6) 0.2024(35)
1 2.4970(29) 0.0876(9) 118.9(1.8) 0.3041(31)
2 2.5544(67) 0.1437(37) 195.2(5.5) 0.5049(135)
3 2.5794(46) 0.1700(20) 230.9(3.7) 0.6003(72)
4 2.5812(30) 0.1722(14) 233.9(3.2) 0.6084(51)
n HELZ,UAI_,Sn] aAEf‘U‘Al_‘g“] AELZ,U,A(,SQJ MeV] k;z,n,a;,sn)z’!mz
0 2.5544(29) 0.1453(13) 197.3(2.8) 0.5105(46)
1 2.5806(24) 0.1719(13) 233.4(3.1) 0.6070(46)

AT)

8(@?'1 and 8(2 ") used to obtain results in the / = 1 T, =Af,andI = 0,T; = T} irreps include all Dy, operators with
8 < 6 and H, operators (but not Q, operators). The interpolating-operator sets used for the other irreps only include Dy,

operators with 8 > 0 as described in Sec. II C. Results are presented in both lattice and physical units, and in addition the

ELZJ‘F,‘SG) ey

values of A are used to obtain results for the corresponding center-of-mass momenta, &, ), for scattering states

and the dimensionless ratios kgz'!'r‘)z/mi are presented in Tables XVI-XVIIL

APPENDIX G: QUANTIZATION CONDITIONS

The truncated quantization conditions used to obtain the k cotd values plotted in Figs. 34 and 35 can be found in
Refs. [45,49], and are listed below for completeness. For the I = 1 system,

2
A_ll_: kcot&su = ﬁzﬂ‘(}(l;kz),
. 27\ 1 (4 g2y, 0 )
E*: kSCOt(sIDZ = (T) ﬁ (k ZO‘O(l!k )+$Z4‘0(l,k ) ,
. 2z\°> 1 (. g2y 4 72
T-ZI—. kSCOtélDz - (T) m (k‘;ZO‘O(l!k )_$Z4‘0(l,k )), (Gl)
while, for the I = 0 system,
+. 2 .72
Tl . kCOt53Sl = WZO‘O(IJC ),
. 22\ 1 (74 72y, 8 72
T_zl_. k500t5352 = (r) 3},2 (k Z@(}(l k )+21 Z40(l k ) ,
. 2n 1 4 4 =
E*: kscot&ﬂ2 = (r) 3},2 (k Zao(1; K2 )—?2’40(1 k )) (G2)
where k =kL/(27) and Z,,,(1, k%) = Y sz |1|'Y7(7)/(|fi|> — k?) is the Z function [34.35]. Methods for efficient

numerical evaluation of the Z functlon are discussed in Refs. [35,41,191].
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APPENDIX H: GLOSSARY OF NOTATION
A glossary of commonly used notation in this work is provided in Tables XIX and XX.

TABLE XIX. Glossary of notation including symbols used throughout this work (left), a description of their
meaning (center), and the first equation where the notation is first introduced or the closest equation to where
notation is introduced inline (right).

x = (X,1) Euclidean spacetime coordinates Eq. (1)
c.6 Nucleon spin indices (rows of GT) Eq. (1)
N (x) Nucleon interpolating operator Eq. (1)
i, j.k,... Spin-color indices Eq. (2)
q'(x) Quark field Eq. (2)
a,d Spin-color weight indices Eq. (2)
wille Nucleon spin-color weights Eq. (2)
NN Nucleon weight multiplicity Eq. (2)
g Smearing width index Eq. (3)
qi(x) Smeared quark fields Eq. (3)
N yq(x) Smeared nucleon field Eq. 4)
L Lattice extent in spatial directions Eq. (5)
T Lattice extent in temporal direction Eq. (24)
X, %, X Spatial positions of sink operators Eq. (5)
V. 5,5 Spatial positions of source operators Eq. (24)
s Euclidean time separation between source (at f = 0) and sink Eq. (5)
S Sparsening factor Eq. (5)
As Set of sparse lattice sites Eq. (5)
Vs Sparse lattice volume (L/S)? Eq. (5)
¢ Center-of-mass momentum index Eq. (6)
wlﬁl ) Spatial wave function for hadron h € {N, H} Eq. (6)
Nyeo(1) Nucleon interpolating operator (momentum-projected) Eq. (7)
Cl”ﬁlgj (1) Nucleon correlation function Eq. (8)
atg

My Nucleon mass Eq. (9)
H,,(1) Hexaquark interpolating operator Eq. (10)
witle Two-nucleon spin-color weights for h € {H,D, 0} Eq. (12)
N e Two-nucleon weight multiplicity for h € {H,D, 0} Eq. (12)
D (1) Dibaryon interpolating operator Eq. (13)
v, Weights for spin product G} ® G| = A @ T} Eq. (14)
wlﬁl (1, %) Dibaryon spatial wave function Eq. (15)
m Two-nucleon relative momentum index Eq. (15)
ﬁm Two-nucleon relative momentum vector Eq. (15)
7. Relative-momentum integer n,,, = (ﬁ)f’m Eq. (15)
38 Relative-momentum shell 8 = $(m) = |ii,|* Eq. (15)
TABLE XX. The continuation of Table XIX.

q Quasilocal spatial wave function index Eq. (17)
Ky Quasilocal wave function exponential localization scale Eq. (17)
Qpqq(1) Quasilocal interpolating operator Eq. (17)
W!|QI (%1, %, R) Quasilocal spatial wave function Eq. (18)
Cg’jllfj (1) Correlation function with 7,7" € {H, D, Q} and t,t' € {¢c,m, q} Eq. (19)

g
Sg}, (%,£,7,0) Quark propagator Eq. (24)

(Table continued)
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TABLE XX. (Continued)

P Element of permutation group Eq. (25)
B(i ijk 1) Local baryon block Eq. (30)
ijk i
géi’;’ ) Bilocal baryon block | Eq. (34)
J. Related to eigenvalue e/:*/? of rotation by z/2 about Z-axis Eq. (38)
£, Analogous phase for rotations applied only to spatial wave functions Eq. (38)
S.(p) Analogous phase for rotations applied to two-nucleon spin with row p Eq. (38)
r Cubic imrep associated with total angular momentum J Eq. (41)
| Cubic irrep associated with orbital angular momentum # Eq. (41)
Iy Cubic irrep associated with spin § Eq. (41)
H{ZJ,F 1.J2) (1) Hexaquark operator with definite quantum numbers Eq. (42)
{2“" i ( ) Quasilocal operator with definite quantum numbers Eq. (42)
lﬂl'll" pES (3;'1, %) Cubic-irrep projected dibaryon wave functions Eq. (42)
G;‘; e:Zz) Coefficient projecting dibaryon wave functions to cubic irreps Eq. (42)
m
DE’E! Lyd ( ) Dibaryon operator with definite quantum numbers Eq. (43)
g
M;l; 1 I) Spin-orbit multiplicity-label tensor Eq. (44)
CLF 1t Spin-orbit cubic group Clebsch-Gordon coefficients Eq. (44)
dr Dimension of representation I" Eq. (45)
(B,1,T7y) Quantum numbers of zero-momentum states Eq. 47)
n Label for energy eigenstates n = 0, 1, ... with fixed quantum numbers Eq. (47)
ELBJ’F 25) Energy of state n determined using interpolating-operator set S Eq. (47)
Z{BJ,F 1.5) Overlap of interpolating operator y with state n Eq. (47)
'[B LLy) () Correlation function with sink/source operators y /¥ Eq. 47)
CLBJ’F 0 GEVP correlation function ordered so that energy increases with n Eq. (50)
S(B.LT1.S) Energy gap between ground and first excited states Eq. (51)
E{;J,F;] (1) Effective energy of C {B”—’ (1) Eq. (52)
p?
EBITS) () Effective energy of C,{,B’!I’ (1) Eq. (53)
AEZTS)(p) Effective FV energy shift from GEVP correlation functions Eq. (54)
AEZTS) FV energy shift from fits to GEVP correlation functions Eq. (55)
3(3 LIS Relative overlap of interpolating operator y with state n Eq. (57)
zg,!,l" 1.8) Relative contribution from state n to Ci{f;!’r" (1) Eq. (58)
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